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Study No. 8: Sediment Transport and
Boundary Reservoir Tributary Delta Habitats 

Final Report 
Boundary Hydroelectric Project (FERC No. 2144) 

 
 

1 INTRODUCTION 

Study No. 8, Sediment Transport and Boundary Reservoir Tributary Delta Habitats, was 
conducted in support of the relicensing of the Boundary Hydroelectric Project (Project), Federal 
Energy Regulatory Commission (FERC) No. 2144, as identified in the Revised Study Plan (RSP; 
SCL 2007) submitted by Seattle City Light (SCL) on February 14, 2007, and approved by the 
FERC in its Study Plan Determination letter dated March 15, 2007.  This is the final report 
describing the field efforts, analyses, and determination of Project effects and represents the 
completion of the study. 
 
Study 7, Mainstem Aquatic Habitat Modeling Study Final Report (SCL 2009a), investigated the 
aquatic habitat in the mainstem of the Pend Oreille River.  Study 8 extended the investigation of 
aquatic habitat to the tributary deltas that are situated at the interface between the various 
tributaries and the mainstem Pend Oreille River.  Because of the nature of the processes that 
form the tributary deltas, much of a delta’s surface may lie within the range of elevations that are 
subject to water level fluctuations resulting from Project operations.  Therefore, it was relevant to 
determine the potential influence that Project operations may have on these features and their 
associated habitat.  Study 8 included an investigation of sediment transport processes on the 
tributary deltas since these processes help govern the historic behavior and future evolution of 
the tributary deltas.  As an extension of the sediment transport analysis, Study 8 included 
modeling of sediment transport in the mainstem of the Pend Oreille River. 
 
1.1. Background 

Deltas are depositional features that form where flowing water, such as tributary streams, enters 
a static water body such as a lake or reservoir.  Where tributary streams enter a flowing body of 
water, such as a larger river, sediments may be deposited at the confluence, forming a delta, or 
the tributary sediments may be transported downstream by mainstem river currents.  The 
proportion of sediments delivered by a tributary that is deposited as a delta or transported 
downstream is influenced by: 1) the transported sediment volume and particle size distribution of 
the sediments; 2) tributary and mainstem river flows; and 3) in the case of the Project, the water 
surface elevation of the reservoir. 
 
Tributary deltas are transition areas between the tributaries and reservoir that, depending upon 
their physical characteristics, provide a variety of ecological functions.  Fish utilization of the 
deltas, for example, may include congregation at the tributary confluence to feed on aquatic 
organisms transported downstream in the tributary flow, usage of the deltas as temperature 
refugia, or staging in delta habitats prior to spawning runs; fry and juvenile fish may rear in 
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complex habitats associated with the deltas; and the influx of tributary water may provide 
protection from dewatering associated with reservoir water surface elevation fluctuations.  
Portions of tributary deltas are present in the varial zone, and therefore are affected by 
fluctuations in water surface elevations.  The fluctuations in reservoir water surface elevations 
associated with Project operations change portions of the deltas from stream habitat to lacustrine 
habitat as the reservoir water surface elevation rises and then change these areas back to stream 
habitat as the reservoir water surface elevation falls. 
 
There are 28 tributaries that drain to Boundary Reservoir, including 13 unnamed drainages.  The 
drainage areas of all but five of the tributaries are less than 10 square miles and some do not 
contain measurable surface flow during late summer months.  The average daily flow volume of 
the largest tributary (Sullivan Creek) is approximately 295 acre-feet and this volume is greater 
than the combined average daily flow volumes from all other tributaries (R2 Resource 
Consultants 2008).  The tributaries to the Boundary Reservoir contribute approximately one 
percent of the average daily flow volume to the reservoir – the mainstem Pend Oreille River 
contributes the balance (R2 Resource Consultants 2008).  However, some tributaries to the 
Boundary Reservoir represent potential year-round habitat for native salmonids.  This study 
examined the effects of existing Project operations on the quantity and quality of tributary delta 
habitat and potential changes in tributary delta morphology using representative wet, dry, and 
average years from the historic hydrologic record.  Because the tributary deltas represent areas of 
potential high aquatic resource value and have a source of inflow separate from the mainstem 
Pend Oreille River, evaluation of the delta areas of major tributaries requires a modeling 
approach specific to their physical characteristics. 
 
1.2. Study Components 

This study complements, but is separate from, Study 7.  Study 8 as described in the RSP (SCL 
2007) consisted of three major modeling efforts:  1) Tributary Delta Habitat Modeling, 2) 
Tributary Delta Sediment Processes, and 3) Mainstem Sediment Transport.  This report provides 
the necessary information and methods utilized to perform these efforts, as well as the results and 
interpretation of the modeling output.  The report has been organized to present the efforts in five 
study components, which are described briefly in the following sections.   
 
The first two components supported the application of the modeling efforts.  These two 
components were the characterization and selection of the tributary deltas to study and the 
estimation of sediment supply. 
 
The remaining three study components consisted of the actual modeling and analysis efforts.  
The third component involved the evaluation of the sediment transport processes on the deltas to 
determine the future evolution of the tributary deltas.  The fourth component was the evaluation 
of habitat conditions on the tributary deltas, which included both application of the tributary 
habitat quality rating (HQR) model and analysis of potential thermal refugia conditions.  The 
fifth and final study component was the development and application of the mainstem sediment 
transport model. 
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1.2.1. Characterization and Selection of Tributary Deltas 

Prior to performing detailed analysis of representative tributary deltas, it was necessary to 
characterize conditions at the 28 tributaries identified within the study area.  This portion of the 
study consisted of utilizing available information and field reconnaissance to perform the 
characterization of the tributary deltas and then utilizing the characterization to select the 
representative tributary deltas for detailed study. 
 
The methods used to characterize the tributary deltas are provided in Section 4.1.  The results of 
the characterization and the actual selection of the tributary deltas to study in detail are presented 
in Section 5.1.  Appendix 1 presents details on the methods and results as well as supporting 
information.  The primary supporting information is documentation of the results of the field 
reconnaissance efforts. 
 
1.2.2. Estimation of Sediment Supply 

A significant portion of this effort involved estimating the sediment supply from multiple 
sources including the watershed upstream of Box Canyon Dam, shoreline erosion within the 
Boundary Reservoir drawdown zone, and the tributaries flowing into Boundary Reservoir.  The 
latter source, tributary sediment supply, was an important part of the information to be utilized in 
estimating tributary delta evolution over the potential 50-year term of the future license.  The 
evolution of the deltas plays an important role in determining whether the sediment supplied to 
the deltas is deposited on the deltas or is transported to the mainstem of the Pend Oreille River.  
Therefore, the results of the tributary delta evolution effort were necessary to evaluate the actual 
supply of sediment from the major tributaries to the mainstem. 
 
The methods used to conduct the determination of sediment supply to the tributary deltas and the 
mainstem are summarized in Section 4.2.  The results are presented in Section 5.2.  A more 
detailed description of the methods and results, along with supporting information, is provided in 
Appendix 2. 
 
1.2.3. Tributary Delta Evolution 

Because the erosion, transport, and accumulation of sediment within selected tributary deltas of 
the Pend Oreille River may affect aquatic habitats by altering channel morphology, delta 
morphology, and the size and distribution of substrates, it was necessary to understand these 
processes to evaluate the effects of existing operations on associated aquatic habitats.  The 
tributary delta evolution study component evaluated the effects of Project operations on the delta 
morphology of representative tributaries within the Pend Oreille River from Box Canyon Dam 
downstream to Boundary Dam.  This component supported the habitat evaluation by determining 
the potential for selected tributary deltas to change over the 50-year term of a new license, and 
the associated change in potential habitat areas.  Within this final report, the potential for change 
was evaluated only for continuation of existing Project operations.  For selected deltas that were 
expected to evolve under these conditions, the resulting changes were estimated in this study 
component.  The net change in the volume of sediment deposited on the tributary deltas was 
estimated and the corresponding configuration of future delta surfaces calculated.  During the 
Integrated Resource Analysis (IRA) process, the potential for change to physical delta habitat for 
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operations scenarios will be considered to determine whether the evolution at a delta is sensitive 
to an operation scenario; if so, specific future delta surfaces will be developed for that operation 
scenario. 
 
The methods to perform the work associated with tributary delta evolution study component are 
summarized in Section 4.3.  Results are presented in Section 5.3.  Appendix 3 presents further 
detail on the methods and results along with additional supporting information. 
 
1.2.4. Tributary Delta Habitat Evaluation 

The tributary delta habitat evaluation effort was conducted to estimate the effects of historic 
Project operations on aquatic habitats in the deltas of major tributary streams within the 
Boundary Reservoir drawdown zone.  The tributary delta habitat evaluation effort was divided 
into two components.  The first component was the HQR modeling effort and included 
determination of separate HQRs for the lacustrine and the riverine portions of the tributary 
deltas.  The second component, an evaluation of tributary delta temperature conditions, 
concentrated on characterizing potential thermal refugia at selected tributary deltas.  The 
potential for thermal refugia was important when the mainstem temperature exceeded 18°C, the 
temperature at which suitability of habitat for native salmonids starts rapidly dropping, and was 
most important above 22°C when water temperatures become unsuitable for native salmonids 
and the lacustrine HQR goes to zero. 
 
The tributary delta habitat HQR model utilized the product of habitat area and habitat suitability 
to calculate the HQR.  Two types of delta habitat were modeled.  The inundated portion of the 
delta experienced reservoir-like or lacustrine conditions.  Above the area inundated by the 
reservoir, the free-flowing stream channel across the delta experienced riverine conditions.  The 
HQR model utilized the hourly reservoir water surface elevation calculated from the Hydraulic 
Routing Model (HRM) (conducted in Study 7) for the wet (1997), dry (2001), and average 
(2002) years to calculate the area of inundated delta and free-flowing stream as a function of 
delta morphology.  The hourly changes in reservoir water surface elevation at selected deltas 
affect habitat areas and change the HQR.  The habitat suitability was quantified using the Habitat 
Suitability Indices (HSIs) for general salmonid fish species developed by Raleigh and Hickman 
(1982).  The development of the HSI values involved the collection of data to represent the 
physical habitat characteristics of selected deltas. 
 
The potential for thermal refugia was modeled utilizing data collected on the areas of thermal 
plumes at selected tributary deltas and developing relationships between the area of thermal 
refugia and the mainstem water surface elevation.  A thermal plume represents an area on an 
inundated delta where the cool water from the tributary mixes with the warming water of the 
mainstem inundating the delta.  The potential for thermal refugia was considered in the portion 
of the thermal plume where the water temperature was at least 2°C cooler than the mainstem.  
The area of potential thermal refugia was modeled when temperatures on the mainstem exceeded 
18°C.  The analysis of the area of potential thermal refugia is separate from the delta HQR 
modeling but the two efforts need to be considered in conjunction with each other.  The area of 
potential thermal refugia becomes particularly important when the mainstem water temperature 
exceeds 22°C and the lacustrine HQR goes to zero. 
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The methods to perform the work associated with the tributary delta habitat evaluation study 
component are summarized in Section 4.4.  The results are presented in Section 5.4.  Appendix 4 
contains additional details on the methods and results, along with supporting information. 
 
1.2.5. Mainstem Sediment Transport Modeling 

Because of the potentially complex interactions between sediment transport processes and 
reservoir conditions on the morphology of the Pend Oreille River, the mainstem sediment 
modeling effort was incorporated into Study 8.  For example, the erosion, transport, and 
accumulation of sediment within the mainstem Pend Oreille River may affect aquatic habitats by 
altering channel morphology and the size and distribution of channel substrates.  The mainstem 
sediment transport study effort utilized historic conditions to calibrate the sediment routing 
model.  The calibrated sediment routing model was then utilized to predict the sedimentation 
conditions for the future 50-year term of the license.  The model output was used to assess 
potential changes in channel morphology within the Pend Oreille River from Box Canyon Dam 
downstream to Red Bird Creek (located approximately 3.1 miles downstream of Boundary 
Dam). 
 
The methods to perform the work associated with the mainstem sediment transport modeling 
effort are summarized in Section 4.5.  The results are presented in Section 5.5.  Additional details 
on the methods and results, along with supporting information on the mainstem sediment 
transport modeling effort, are presented in Appendix 5. 
 

2 STUDY OBJECTIVES 

The goal of this study was to evaluate the effects of operations scenarios on aquatic habitats in 
the deltas of major tributary streams within the Boundary Reservoir drawdown zone.  The 
objectives of the study were to: 

1. Collect physical and hydraulic site information. 
2. Evaluate changes in delta morphology and characteristics over the potential term of 

the new FERC license. 
3. Develop models of delta habitats at the mouths of major tributaries that reflect 

potential changes in delta morphology. 
4. Evaluate the effects of operations scenarios on aquatic habitats in the tributary deltas. 

 
This report addresses historic Project effects and helps establish conditions for the IRA process 
that will support the development of the Preliminary License Proposal (PLP) and License 
Application (LA).  This is accomplished by analyzing conditions for historic operations under 
representative wet, dry, and average years.  The fourth objective, evaluating the effects of 
operations scenarios, is not addressed in this final report; that evaluation will be conducted 
during the IRA and reported in the LA.  This is a variance from the FERC-approved study plan 
and is discussed in Section 7. 
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In addition to evaluating the tributary deltas, this study investigated mainstem sediment transport 
with the goal of evaluating effects of Project operations on channel morphology within the Pend 
Oreille River.  The objectives of the mainstem sediment transport portion of Study 8 were to: 

1. Identify zones of erosion and accumulation of sediment from 1967 to 2006. 
2. Characterize the sediment supply to the Pend Oreille River. 
3. Develop and calibrate a sediment routing model. 
4. Using the sediment routing model, predict future patterns of erosion and 

accumulation of sediments. 
 
All four objectives for the mainstem sediment transport portion of Study 8 are addressed and 
corresponding results presented in this final report. 
 

3 STUDY AREA 

The overall study area for this effort encompassed the Pend Oreille River and its tributaries from 
Box Canyon Dam to the confluence with Red Bird Creek (Figure 3.0-1).  As shown in Figure 
3.0-1, the study area was divided into the following four reaches: 
 
Upstream of Boundary Dam (Boundary Reservoir) 

• Upper Reservoir Reach—Box Canyon Dam to Metaline Falls (PRM 34.5–26.8) 
• Canyon Reach—Metaline Falls to downstream end of Z Canyon (PRM 26.8–18.0) 
• Forebay Reach—Downstream end of Z Canyon to Boundary Dam (PRM 18.0–17.0) 

 
Downstream of Boundary Dam (Seven Mile Reservoir) 

• Tailrace Reach—Boundary Dam downstream to Red Bird Creek confluence with the 
Pend Oreille River, British Columbia (PRM 17.0–13.9) 

 
For the tributary delta portion of the effort, the study area was limited to the area from Box 
Canyon Dam to Boundary Dam.  A total of 28 tributaries were identified for potential study.  
Based on characteristics of these tributaries, 7 tributary deltas were identified for detailed study 
(Table 3.0-1).  Additionally, 2 tributaries were identified for discussion of their characteristics 
and evolution over the future relicensing period, but not for detailed study.  Table 3.0-1 provides 
a listing of the tributary drainage area and adfluvial habitat, as well as where these values rank 
among the 28 tributaries considered.  Figure 3.0-1 shows the location of the 7 tributary deltas 
chosen for detailed study, including habitat modeling.  The selection of these 7 tributaries was 
presented and agreed upon at the June 7, 2007, meeting with the relicensing participants. 
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Table 3.0-1.  List of Boundary Reservoir tributary deltas evaluated as part of Study 8. 

Tributary 
Project River 

Mile Study Reach 
Watershed

Area (sq-mi) 
Relative 
Rank3

Adfluvial 
Habitat 

Length (ft) 
Relative 
Rank3

Pewee Creek1 17.9 Forebay 10.37 5 0 264 
Lime Creek1, 2 19.45 Canyon 2.93 9 6,746 4 
Slate Creek 22.2 Canyon 32.33 2 3,474 5 
Flume Creek 25.8 Canyon 19.33 3 1,0565 8 
Sullivan Creek 26.9 Upper 142.46 1 21,729 1 
Linton Creek 28.1  Upper 2.11 11 19,159 2 
Pocahontas  Cr. 29.4 Upper 3.92 8 16,480 3 
Sweet Creek 30.9 Upper 11.12 4 2,6595 6 
Sand Creek 31.7 Upper 8.22 6 1,3205 7 

Notes: 
1 Pewee and Lime creeks are not evaluated in detail, but a qualitative discussion of their condition and future 

evolution are included in Study 8. 
2 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 

System streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge and 
enter the reservoir at either location. 

3 Relative rank of the watershed area shown in the preceding column in relation to the areas for all 28 tributaries.  
For example, the drainage area of Sullivan Creek is 142.46 square miles, and this is the greatest area of all 28 
tributaries, so the relative rank is 1. 

4 Three tributaries have zero feet of adfluvial habitat length, so the rank for all three is 26. 
5 The length of adfluvial habitat is based on the distance from the mouth of the stream to the lowermost migration 

barrier reported in McLellan and O’Connor (2001) and/or Andonaegui (2003). 
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4 METHODS 

The methods for conducting the data collection, analysis, and modeling efforts associated with 
the various study components are presented in this section.  Each study component has its own 
section as well as an associated appendix.  The methods presented in the main body of the report 
are intended to provide an overview of the procedures used to develop each study component.  
The appendices provide additional detail and supporting information beyond that included in the 
main body of the report.  The methods section in the main body of the report and the portion of 
the associated appendix that presents the detailed description of the methods are listed below. 

• Section 4.1 – Characterization and Selection of Tributary Deltas (Appendix 1, Section 
4) 

• Section 4.2 – Sediment Supply to Tributary Deltas and Mainstem (Appendix 2, 
Section 4) 

• Section 4.3 – Tributary Delta Evolution (Appendix 3, Section 4) 
• Section 4.4 – Tributary Delta Habitat Evaluation (Appendices 4a and 4b, Section 4) 
• Section 4.5 – Mainstem Sediment Transport (Appendix 5, Section 4) 

 
4.1. Characterization and Selection of Tributary Deltas 

The Boundary Reservoir contains several tributaries that have the potential to provide important 
habitat for native salmonids, or that deliver sufficient volumes of sediment to affect aquatic 
habitats in the mainstem of the Pend Oreille River.  Hydrologic and physical conditions of the 
tributary watersheds were characterized to provide a framework for initial comparisons of the 
tributary deltas.  This framework was further developed through a reconnaissance-level site visit 
to each delta.  The characterization effort was then used to compare deltas and select six to eight 
to study in more detail.  The methods used to characterize the conditions at the deltas are 
described in the following sections. 
 
4.1.1. Characterize Tributary Delta Conditions 

The hydrologic and physical conditions at each of the 28 tributaries listed in the RSP (SCL 2007) 
were characterized to identify the potentially important deltas for modeling habitat and sediment 
transport processes.  The characterization process included reviews of readily available data, 
Geographic Information System (GIS)-based analyses, and field reconnaissance. 
 
4.1.1.1. Review of Readily Available Data 

The review of readily available data focused on the length of adfluvial habitat along with 
tributary flow measurements.  The length of adfluvial habitat as presented in the RSP (SCL 
2007) is based on the distance from the mouth of the stream to the lowermost migration barrier 
reported in McLellan and O’Connor (2001) and Andonaegui (2003).  The data sources were 
supplemented with the 2002 Washington Department of Fish and Wildlife (WDFW) 
SalmonScape (2007) GIS.  The flow measurements were recorded during the late summer low 
flow period as reported in McLellan and O’Connor (2001).  Table 4.1-1 presents the lengths of 
adfluvial habitat and the flow measurements. 
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Table 4.1-1.  Length of adfluvial habitat and flow measurements for 28 Boundary Reservoir tributaries. 

Tributary Name Project River Mile 
Adfluvial Habitat 

Length (feet) 
Tributary Flow 

(cfs) 
Date Flow 
Measured

Unnamed No. 1 17.2 82   
Pewee Creek 17.9 0 0.4 9/25/2000 
Unnamed No. 2 17.9 129   
Lime Creek1 19.45 6,746 2.8 9/26/2000 
Everett Creek 21.9 60   
Whiskey Gulch 21.9 547   
Slate Creek 22.2 3,474 10.9 7/31/2000 
Beaver Creek 24.3 0   
Threemile Creek 24.3 0   
Unnamed No. 3 25.4 58   
Flume Creek 25.8 1,0562 8.8 9/6/2000 
Sullivan Creek 26.9 21,729 77.7 8/16/2000 
Unnamed No. 4 27.1 77   
Linton Creek 28.1 19,159   
Unnamed No. 5 28.9 130   
Unnamed No. 6 29.2 955   
Pocahontas Creek 29.4 16,480   
Unnamed No. 7 29.6 53   
Unnamed No. 8 30.1 66   
Wolf Creek 30.3 236   
Sweet Creek 30.9 2,6592 5.3 9/11/2000 
Unnamed No. 9 31.1 67   
Sand Creek 31.7 1,3202 0.4 9/7/2000 
Lost Creek 32.2 165   
Unnamed No. 10 33.5 99   
Unnamed No. 11 33.6 78   
Unnamed No. 12 34.0 <1003   
Unnamed No. 13 34.3 <1004   
Notes: 
1 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 

System (GIS) streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge 
and enter the reservoir at either location. 

2 The length of adfluvial habitat is based on the distance from the mouth of the stream to the lowermost migration 
barrier reported in McLellan and O’Connor (2001) and/or Andonaegui (2003). 

3 The original length of 102 feet of adfluvial habitat for Unnamed Tributary 12 was based on the 2002 WDFW 
SalmonScape (2007) GIS; however, during a September 2007 site visit, a natural fish migration barrier (a 
culvert perched higher than 15 feet) was observed near the reservoir margin.  The length of adfluvial habitat 
was estimated as less than 100 linear feet of stream. 

4 The original length of 4,184 feet of adfluvial habitat for Unnamed Tributary 13 was based on the 2002 WDFW 
SalmonScape GIS; however, during a September 2007 site visit, the outlet of the culvert through which the 
tributary flows was blocked by riprap.  Seepage flow was observed due to the low water conditions.  Due to this 
natural fish migration barrier the length of adfluvial habitat was estimated as less than 100 linear feet of stream. 

cfs – cubic feet per second 
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4.1.1.2. GIS-Based-Analyses of Physical Characteristics 

The GIS-based analyses were conducted to characterize the following physical characteristics of 
the tributary deltas: 

• Drainage area 
• Evidence of delta aggradation or degradation since construction of Boundary Dam 
• Drawdown zone habitat length 

 
Table 4.1-2 presents the findings of these GIS-based analyses.  Section 4.1 of Appendix 1 
provides a more detailed presentation of the methods used to conduct these analyses. 
 
The drainages for the 28 tributaries were delineated using GIS to evaluate U.S. Geological 
Survey (USGS) topographic maps.  Evidence of significant delta aggradation or degradation 
since construction of Boundary Dam was developed using bathymetric maps, aerial photographs, 
and observations made during the September 2007 tributary delta reconnaissance.  Aerial 
photographs taken in 1943, 1955, 1962, and 1972 were compared to assess significant 
morphologic changes at the tributary deltas.  Attachment A to Appendix 1 includes available 
aerial photographs for deltas throughout the study area.  Interviews of study area locals were also 
conducted as another means of evaluating significant delta aggradation or degradation. 
 
The determination of the drawdown zone habitat length was performed using GIS to evaluate the 
reservoir bathymetry along with output from the HRM developed in Study 7 (SCL 2009a).  The 
lengths were checked using aerial photographs of the confluence of each tributary with the 
reservoir.  If an existing delta was not observed on the aerial photography or during the field 
reconnaissance, no drawdown zone habitat length was determined. 
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Table 4.1-2.  GIS-based analyses of physical characteristic for the 28 Boundary Reservoir tributaries. 

Tributary Name 
Drainage Area

(sq-mi) 
Existing Delta 

Present

Significant 
Aggradation/ 
Degradation 

Drawdown Zone 
Habitat Length 

(feet) 
Unnamed No. 1 0.61 No N/A --1 
Pewee Creek 10.37 Yes Yes 100 
Unnamed No. 2 0.02 No N/A --1 
Lime Creek 2.93 No N/A 380 
Everett Creek 2.18 Yes, minor No 360 
Whiskey Gulch 0.70 No N/A 240 
Slate Creek 32.33 Yes Yes 510 
Beaver Creek 1.77 No N/A 30 
Threemile Creek 4.91 No N/A 40 
Unnamed No. 3 0.15 No N/A --1 
Flume Creek 19.33 Yes Yes 570 
Sullivan Creek 142.46 Yes No 1,510 
Unnamed No. 42 0.08 --2 --2 --2 
Linton Creek 2.11 Yes Yes 640 
Unnamed No. 5 0.62 No N/A --1 
Unnamed No. 6 0.01 No N/A --1 
Pocahontas Creek 3.92 Yes No 260 
Unnamed No. 7 0.30 No N/A --1 
Unnamed No. 8 0.07 No N/A --1 
Wolf Creek 1.57 Yes No 240 
Sweet Creek 11.12 Yes No 570 
Unnamed No. 9 0.04 No N/A --1 
Sand Creek 8.22 Yes No 800 
Lost Creek 1.20 Yes No 380 
Unnamed No. 10 0.93 No N/A --1 
Unnamed No. 11 0.23 No N/A --1 
Unnamed No. 12 0.93 No N/A --1 
Unnamed No. 13 1.72 No N/A --1 
Notes: 
1 Based on initial characterization and delta reconnaissance findings (e.g., no flow and no existing delta present), 

calculations of drawdown zone habitat length were not warranted. 
2 No tributary channel could be found in September 2007. 
N/A – not applicable 
 
 
4.1.2. Tributary Delta Field Reconnaissance 

In addition to reviewing available data and conducting GIS-based analyses, the characterization 
of tributary delta conditions also included a one-day tour of the reservoir in March 2007 and a 
two-day field reconnaissance effort in September 2007 that covered all 28 tributaries.  
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Observations were made during the field reconnaissance of the potential for aquatic habitat and 
of the presence of geomorphic forms and processes consistent with delta formation. 
 
The initial tour of the reservoir was conducted on March 22, 2007.  This tour was conducted by 
boat and allowed relicensing study leads, SCL staff, and relicensing consultants to observe 
conditions between Box Canyon Dam and Boundary Dam.  Of specific interest to Study 8 were 
visits to tributary deltas, where photographs were taken and observations noted.  Photographs are 
presented in Attachment B of Appendix 1.   
 
The follow-up tributary delta reconnaissance was conducted in September 2007 at all 28 
tributaries listed in the RSP (SCL 2007).  The deltas were viewed at low pool condition so that 
their full extent could be accessed.  Measurements of tributary flow (Section 4.2.1) and water 
temperature (Section 4.2.2) were recorded to further assess the potential of each delta to provide 
habitat.  A more detailed presentation of these data collection methods is provided in Section 4.2 
of Appendix 1.  The measurements are listed in Table 4.1-3. 
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Table 4.1-3.  Measurement of flow and water temperature for the 28 Boundary Reservoir tributaries. 

Tributary Name Site Visit Date 
Tributary Temperature 

(°C) Tributary Flow (cfs) 
Unnamed No. 1 9/6/2007 11 0.1 
Pewee Creek 9/6/2007 11 21 
Unnamed No. 2 9/6/2007 12 0.004 
Lime Creek 9/6/2007 11 2.7 
Everett Creek 9/6/2007 10 0.3 
Whiskey Gulch 9/6/2007 Dry Dry 
Slate Creek 9/6/2007 11 6.8 
Beaver Creek 9/7/2007 11 0.9 
Threemile Creek 9/7/2007 9 0.5 
Unnamed No. 3 9/7/2007 13 0.04 
Flume Creek 9/7/2007 10 5.0 
Sullivan Creek 9/10/2007 15 40.5 
Unnamed No. 4 --2 --2 --2 
Linton Creek 9/8/2007 11 1.9 
Unnamed No. 5 9/8/2007 9 0.1 
Unnamed No. 6 9/11/2007 Dry Dry 
Pocahontas Creek 9/9/2007 Dry Dry 
Unnamed No. 7 9/11/2007 Dry Dry 
Unnamed No. 8 9/11/2007 Dry Dry 
Wolf Creek 9/11/2007 Dry Dry 
Sweet Creek 9/11/2007 12 2.5 
Unnamed No. 9 9/11/2007 Dry Dry 
Sand Creek 9/11/2007 Dry Dry 
Lost Creek 9/12/2007 11 0.03 
Unnamed No. 10 9/12/2007 11 0.001 
Unnamed No. 11 9/12/2007 14 0.002 
Unnamed No. 12 9/12/2007 10 0.06 
Unnamed No. 13 9/12/2007 8 0.4 

Notes: 
1 Flow rate at the base of Pewee Falls was visually estimated. 
2 No tributary channel could be found in September 2007. 
cfs – cubic feet per second 
 
 
The tributary delta reconnaissance was also an opportunity to observe and record the presence of 
cultural resource features associated with streams because of the low reservoir water surface 
elevation.  As part of the reconnaissance, the presence of any fire-cracked rock (FCR) or FCR 
clusters was to be noted and described.  A description of FCR, FCR clusters, and identified 
techniques is presented in Section 4.2.3 of Appendix 1. 
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4.1.3. Selection of Tributary Deltas 

Tributary deltas to study in detail were selected through a two-stage process.  The first stage was 
an initial selection based on data available in the RSP (SCL 2007) and site visits conducted in 
March 2007.  The initial selection was used to guide the second stage, further characterization of 
tributary delta conditions (Section 4.1.1) and the tributary delta reconnaissance (Section 4.1.2).  
The general criteria considered when comparing the tributaries were the potential to provide 
high-value habitat at the delta for native salmonids, and the potential to contribute sufficient 
sediment volume to affect reservoir habitats.  Tributaries that enter the reservoir where the 
shoreline water depth is deep enough to fully submerge the delta sediment deposits under all 
operations scenarios were eliminated from further analyses. 
 
The tributary and delta-specific characteristics used to perform the selection were: 

• Drainage area (relates to overall flow volume for the tributaries which are primarily 
ungaged) 

• Flow (instantaneous measurement of late summer flow) 
• Length of adfluvial habitat (indicates the stream length that fish in the reservoir can 

access before encountering a migration barrier) 
• Water temperature (cooler tributary water, if it is present, in the late summer can 

provide thermal refugia from the warmer water in the reservoir) 
• Drawdown zone habitat length (provides an indicator of the extent of habitat that 

changes between riverine and lacustrine in response to reservoir fluctuations) 
• Evidence of significant delta aggradation or degradation since construction of 

Boundary Dam (is an indicator of sediment load from the tributary and the interaction 
of the tributary and sediment transport processes in the reservoir) 

 
4.2. Sediment Supply to Tributary Deltas and Mainstem 

Evaluating the effects of Project operations on both tributary delta habitats and on aquatic 
habitats in the mainstem Pend Oreille River (by way of channel morphology and the size and 
distribution of channel substrates) was a primary goal of Study 8.  The tributary delta habitat 
evaluation as described in Section 4.4 (and in more detail in Appendix 4) utilized estimates of 
the physical evolution of tributary delta morphology to quantify future areas of delta habitat over 
the 50-year term of a new license.  The mainstem sediment transport modeling, as described in 
Section 4.5 (and in more detail in Appendix 5), assessed the erosion, transport, and accumulation 
of sediments in the mainstem Pend Oreille River over the 50-year term of a new license.  Both of 
these components of Study 8 required determinations of the supply and associated gradation of 
sediment. 
 
Sediment is supplied to tributary deltas and the mainstem Pend Oreille River from three primary 
sources: the watersheds of tributaries flowing into the study area, erosion of the shoreline in the 
study area, and the Pend Oreille River watershed upstream of Box Canyon Dam.  The total 
sediment supply is made up of the wash load plus the bed material load.  The wash load covers 
the range of fine particles that are easily washed away by the flow, particles that are not found in 
large quantities in the bed.  Wash load transport is limited by the upstream supply.  The bed 
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material load is derived entirely by the capacity of the flow to transport the coarser sediment 
sizes found in the bed.  Although the limiting particle size between wash load and bed material 
load corresponds to the point at which the sediment transport capacity equals the sediment 
supply from upstream, 0.0625 millimeter (the lower size limit of sand) is a commonly 
recommended threshold (Julien 1998; Knighton 1998).  Unless specified otherwise, the 
calculations of sediment supply include both the wash load and the bed material load. 
 
The methods applied to calculate the weight and gradation of sediment supplied to the tributary 
deltas from their contributing watersheds are described in Section 4.2.1.  The methods used to 
quantify the supply and gradation of sediment from the erosion of the Boundary Reservoir 
shoreline are presented in Section 4.2.2.  The methods utilized to represent the supply and 
gradation of sediment delivered to the Boundary Reservoir from the mainstem Pend Oreille 
River through Box Canyon Dam are provided in Section 4.2.3.  Section 4.2.4 explains the 
methods for converting the sediment supplies and gradations to daily time series to provide 
required inputs for the mainstem sediment transport model (see Section 4.5). 
 
4.2.1. Tributary Watersheds 

As described in Appendix 1, 7 of the 28 tributaries that directly drain to the Boundary Reservoir 
were selected for modeling of the evolution of the delta morphology as well as the potential to 
provide aquatic delta habitats over the 50-year term of a new license.  The 7 tributaries were 
selected because they have deltas that provide potential habitat for native salmonids and/or have 
the potential to contribute a volume of sediment to the mainstem Pend Oreille River that could 
affect reservoir habitats.  These tributaries have deltas that are dynamic environments that have 
the potential to physically evolve.  This evolution may occur by either aggradation or 
degradation as a result of the interaction of upstream sediment supply, local hydraulic conditions 
created by Project operations, and the influence of flows in both the tributaries and the mainstem 
Pend Oreille. 
 
The four approaches described in the following sections were considered to calculate the supply 
of sediment delivered to the deltas: 

• Estimate the volume of sediments that have accumulated in the tributary deltas.  This 
method was used to calculate bed material loading, but is not appropriate for wash 
load. 

• Estimate the volume of sediments that have accumulated in the Boundary Reservoir 
and estimate reservoir trapping efficiency to calculate inflowing sediment loads (both 
bed material load and wash load).  

• Apply regional sediment yield relationships to calculate the wash load. 
• Calculate the transport of bed material load based on stream hydraulics and substrate. 

 
Although all four methods were considered (and more in-depth discussions of each are presented 
in Section 4 of Appendix 5) the approach in the first bullet above was selected to estimate the 
loading of bed material size fractions and the approach in the second bullet was selected to 
estimate the wash loading.  The following sections provide brief summaries of these methods, 
and the basis for selecting the methods for application to this study.  
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4.2.1.1. Field Surveys and Data Collection 

Two of the three approaches used to estimate future tributary sediment supply required 
information specific to the selected deltas.  Detailed field surveys and associated data collection 
efforts to address these data needs occurred during the September 2007 reservoir drawdown to 
take advantage of exposed tributary delta features.  Data collected included surveys of the 
tributary thalweg profile and channel geometry, sketches and photographic documentation of 
delta morphology, mapping of depositional features, and characterization of depositional 
material.  Detailed descriptions of these data collection efforts are presented in Section 4.1.1 of 
Appendix 2.  Figures representing the data collected during the surveys are provided in 
Attachment A to Appendix 2; an example of the Sullivan Creek delta is presented in Figure 
4.2-1.  Plots of the gradations of collected sediment samples are shown in Attachment B to 
Appendix 2; Figure 4.2-2 is an example gradation plot.  The geometry of surveyed channel cross 
sections is included in Attachment C to Appendix 2; Figure 4.2-3 is an example from Sullivan 
Creek. 
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Figure 4.2-3.  Downstream facing view of Sullivan Creek cross section BL-1. 
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4.2.1.2. Tributary Delta Deposition 

The first method explored to calculate the sediment supplied from tributary watersheds relied on 
the volume of sediment deposited on the tributary deltas since construction of Boundary Dam.  
The volume of sediment was calculated by comparing pre-dam morphology to existing 
morphology.  A more thorough discussion of the methods utilized to estimate the volume of 
sediment stored in these depositional features is provided in Section 4.1.2 of Appendix 2; a 
summary is presented in the following paragraphs. 
 
For the Slate Creek and Flume Creek deltas, located downstream from Metaline Falls, the 
creation of the Boundary Reservoir led to the development of a delta in an entirely new location 
as compared to the pre-dam location.  The volume of sediment stored in these deltas represents 
the bed material load delivered from the contributing watersheds.  For the five selected deltas 
upstream from Metaline Falls, the creation of the Boundary Reservoir was not observed to have 
caused a significant change in the delta morphology.  No significant aggradation or deposition 
was observed, and changes in depositional volume were not detected.  Thus, these five deltas 
could not be used to estimate bed material loading from the contributing watersheds.  Only the 
deltas located downstream of Metaline Falls were observed to have changed since dam 
construction, so these deltas were targeted for further evaluation.  In addition to the Slate Creek 
and Flume Creek deltas, the deposition of gravel, cobble, and small boulders in a pile at the base 
of Pewee Falls provided another estimate of bed material volume delivered from tributary 
watersheds.  The pre-dam morphology at the existing location of these three depositional features 
was characterized primarily using the topographic mapping developed by SCL in 1957. 
 
The historic morphology of the depositional features was compared to topographic and 
bathymetric mapping of existing conditions (see Section 4.2.1 of Appendix 3 for details 
regarding development of these data).  This mapping represented the physical morphology of the 
tributary deltas as it existed between September 2005 and October 2007.  The midpoint of 
conditions represented by the 2005 and 2007 mapping efforts is September 2006.  An average 
end area method was used to calculate the volume of bed material deposition stored since 
construction of Boundary Dam in the pile at the base of Pewee Falls and the Slate and Flume 
Creek deltas.  The volume of deposition calculated at each depositional area is shown in 
Table 4.2-1. 
 
Table 4.2-1.  Calculated tributary depositional volumes. 

Tributary Name Depositional Volume (cu. yds.) 
Pewee Creek 12,100 
Slate Creek 18,800 

Flume Creek 14,600 
 
 
The Boundary Reservoir was topped out in June 1967 and the first power was produced in 
September 1967.  Therefore, the volume of deposition calculated at each tributary confluence 
with the Boundary Reservoir occurred over approximately 39 years (September 1967–September 
2006).  A typical unit weight was used with the calculated depositional volumes, the watershed 
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areas, and the 39-year period of deposition to calculate an average annual areal bed material 
loading rate.  The results are shown in Table 4.2-2. 
 
Table 4.2-2.  Calculated average annual loading of bed material. 

Tributary Name Area (acres) 
Bed Material Supply 

(tons/acre/year) 
Pewee Creek 5,6031 0.0815 
Slate Creek 20,693 0.0343 

Flume Creek 12,369 0.0444 
Note: 
1 The South Fork of Pewee Creek was excluded from the watershed area due to a large wetland that traps all bed 

material upstream of Metaline Falls (the area of the South Fork watershed is 1,034.2 acres). 
 
 
The average annual bed material supplied to the depositional pile at the base of Pewee Falls was 
nearly twice the rate for either Slate Creek or Flume Creek.  After reviewing other sources of bed 
material sized sediment to this pile, it appeared that the higher rate could be attributed to sources 
in addition to the stream bed.  An average of the Slate Creek and Flume Creek bed material 
supply rates was used as an estimate of the average annual areal supply applied to all tributary 
watersheds.  The average rate was 0.0393 ton per acre per year. 
 
4.2.1.3. Regional Sediment Yield Relationships 

The tributary delta deposition discussed in the previous section targeted the development of the 
supply of bed material sediment; however, that method does not provide a means for calculating 
wash load delivered from tributary watersheds.  To address wash load, regional sediment yield 
relationships were initially considered but rejected, when more reliable estimates were derived 
from depositional volumes stored in the Boundary Reservoir.  The regional sediment yield 
relationships are briefly presented in this section; the method of estimating wash loading using 
trapped volumes in the reservoir and estimated trapping efficiencies is presented in Section 
4.2.3.2. 
 
As outlined in the RSP (SCL 2007), the finer size fractions of the sediment supply were 
estimated using watershed-based sediment yield relationships such as Rainwater (1962), Dendy 
and Bolton (1976), and the U.S. Department of Interior Bureau of Reclamation (USBR) (1987).  
These methods are described in more detail in Section 4.1.3 in Appendix 2.  In general, these 
three methods of estimating suspended sediment supply (wash load size fractions as well as finer 
bed material transported in suspension) were developed to provide estimates and approximations 
for preliminary watershed planning or relative comparisons.  Although additional regional 
sediment yield methods were initially reviewed to identify whether a method exists that is more 
appropriate for conditions in the study area, it became apparent that the best available method for 
calculating wash load supply was not a regional yield relationship. 
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4.2.1.4. Accumulated Reservoir Sediment and Reservoir Trapping Efficiency 

The estimates of trapped volumes of accumulated sediment in the Boundary Reservoir coupled 
with calculated trapping efficiencies provided the best estimate of wash load entering the 
reservoir (both from the mainstem and from tributary watersheds).  A more detailed discussion 
of this approach is presented in Section 4.2.3.2. 
 
4.2.1.5. Calculations of Bed Material Transport 

The method described in Section 4.2.1.2 provided one means for estimating the bed material load 
delivered from tributary watersheds; however, the calculated rate was based on a limited number 
of deltas.  An alternate method of determining the bed material supply was application of 
equations that relate sediment transport capacity to channel geometry, hydraulics, and bed 
material gradation.  Appropriate bed material load equations were selected based on the 
dominant sizes of sediments and hydraulic conditions at selected tributaries.  Because most bed 
material transport equations calculate transport rates assuming the needed size fractions are 
available in the surface of the bed, a condition that is frequently violated in the high gradient 
stream channels with developed pavement or armor layer common to the study area, the 
calculated transport rates had the potential to substantially overestimate actual transport.  Details 
of the methods used to synthesize the hydrologic record, develop instream hydraulics, and 
calculate bed material load are included in Section 4.1.4 of Appendix 2. 
 
4.2.1.6. Comparison of Tributary Watershed Sediment Supply Methods 

Four different methods were pursued to estimate the rate of bed material load and wash load 
delivered to tributary deltas and the mainstem from tributary watersheds.  The first method 
described in Section 4.2.1.2 provided a means for estimating the bed material loading from 
tributary watersheds.  The application of regional sediment yield relationships (Section 4.2.1.3) 
was targeted toward the finer size fractions delivered from the watershed.  The application of bed 
material transport equations described in Section 4.2.1.5 established another basis for estimating 
bed material loading.  Given the applicability of these methods to either wash load or bed 
material load, using only one method would not produce the needed sediment supply estimate.  
 
For the wash load, the regional sediment yield relationships considered were not specific enough 
to the study area to provide appropriate estimates.  The best estimate of wash load was derived 
using depositional volumes in the Boundary Reservoir and trapping efficiencies of the reservoir 
(see Section 4.2.3.2). 
 
The bed material load was calculated from volumes stored in tributary deltas and by application 
of bed material transport equations.  The method based on depositional volumes in the Slate 
Creek and Flume Creek deltas, when converted to an areal loading rate, showed close agreement 
between the calculated loading rates for each tributary.  The average of these two areal rates is 
0.0393 ton per acre per year.  When compared to rates of bed material transport calculated using 
selected transport equations, the transport equations tended to over predict supply.  The selected 
bed material transport calculations served to confirm that the presence of pavement layers 
reduces bed material sediment transport in tributaries within the study area, and that the rates 
estimated using the volume of material stored in tributary deltas were reasonable.   
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4.2.1.7. Sediment Gradation 

The sediment size selected to distinguish bed material load from wash load was 0.0625 
millimeter (mm) (the lower limit of sand and the upper limit of silt).  The weights of bed material 
load and wash load were calculated, but these weights had to be divided by sizes fractions.  For 
the bed material size fractions, representative gradations were selected from collected sediment 
samples on the deltas.  Representative gradations for bed material deposited on the deltas were 
selected to cover the range of the maximum size of mobile bed material.  The gradation of all 
samples, including bar samples and subsurface samples, were considered.  The selected 
gradations are presented in Table 4.2-3; the gradations are shown as percent of the sample by 
weight within each size class. 
 
Table 4.2-3.  Bed material gradation (percent by weight) for selected tributary watersheds. 

Symbol dgm (mm) Slate Flume Sullivan Linton Pocahontas Sweet Sand 
VFS 0.0884 0 0 1 3 1 1 2 
FS 0.177 0 1 1 10 0 2 1 
MS 0.354 1 2 11 20 3 6 4 
CS 0.707 2 4 9 13 8 8 7 

VCS 1.41 4 6 11 10 15 11 12 
VFG 2.83 4 5 7 7 14 12 10 
FG 5.66 6 6 12 12 15 14 14 
MG 11.3 10 12 18 17 13 18 18 
CG 22.6 16 19 13 5 14 14 16 

VCG 45.3 17 21 12 3 13 10 14 
SC 90.5 33 22 4 -- 3 4 2 
LC 181 7 2 1 -- 1 -- -- 
SB 362 -- -- -- -- -- -- -- 
MB 724 -- -- -- -- -- -- -- 
LB 1,448 -- -- -- -- -- -- -- 

Notes: 
VFS – very fine sand; FS – fine sand; MS – medium sand; CS – coarse sand; VCS – very coarse sand; VFG – very 
fine gravel; FG – fine gravel; MG – medium gravel; CG – coarse gravel; VCG – very coarse gravel; SC – small 
cobbles; LC – large cobbles; SB – small boulders; MB – medium boulders; LB – large boulders 
dgm – diameter of geometric mean of the size class 
 
 
The wash load comprises the clay and four silt size fractions.  Because the supply of wash load 
was calculated for the tributaries using supply and trapping in Boundary Reservoir, the 
distribution of the total wash load into these five size classes follows the same approach 
described for the mainstem Pend Oreille River (Section 4.2.3.6). 
 
4.2.2. Boundary Reservoir Shoreline 

One of the objectives of Study 1, Erosion Study Final Report (SCL 2009b), was to estimate 
erosion rates by sediment size fraction, the area and volume of land that could be lost to erosion, 
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and slope failures at each of the identified sites along the shoreline of the reservoir over the 
potential term of a new license.  The Study 1 Final Report (SCL 2009b) provides details 
regarding the methods and results of that study; an overview of relevant material is presented in 
the following paragraphs. 
 
The reservoir erosion inventory conducted in 2007 identified 54 erosion sites between Boundary 
Dam and Metaline Falls, 30 sites from Metaline Falls to Box Canyon Dam, and 3 sites along the 
Pend Oreille River between Boundary Dam and the U.S.-Canada border.  Detailed information 
on each site is included in the data table in Appendix 2 of the Study 1 Final Report (SCL 2009b).  
The erosion sites identified include both linear features (erosion along the shoreline) and 
polygons (mass wasting sites that extend above the shoreline).  A total of 81,606 feet (15.5 miles, 
32 percent of the total shoreline length) of the reservoir shoreline was identified as part of an 
erosion site.  Inclusion of a shoreline area as part of an erosion site indicated that this area either 
has been subject to shoreline erosion in the past or is eroding at present. 
 
Based on the estimated area of past shoreline loss, the estimated erosion rates at each erosion 
site, and the dimensions of each site (length and bank height), it was calculated that a total of 14 
to 15 acres of land adjacent to the shoreline has been lost in the past 40 years as a result of all 
erosion factors (Project and non-Project).  This is equivalent to the loss of an estimated 233,500 
cubic yards of material.  Based on the composite grain size distribution of the various parent 
materials applied to each erosion site, it was estimated that 1 percent of the total eroded material 
was boulder/cobble size, 47 percent was gravel size, 42 percent was sand size, 5 percent was silt 
size, and 5 percent was clay. 
 
The total volume of reservoir shoreline erosion calculated since construction of the Project for all 
identified erosion sites included in Study 1 was converted to a daily average erosion rate by size 
fraction.  This was achieved by dividing the total volume of eroded material within specified size 
fraction classes by the number of days over the 40-year period between September 1967 and 
September 2007.  The Boundary Reservoir was filled in September 1967 and the Study 1 field 
survey was conducted in September 2007.  This approach was selected because the shoreline 
erosion is not linked solely to mainstem flow rates; rather, it is the result of a variety of factors 
including peak flows, reservoir water surface elevation fluctuations, waves, and non-Project 
factors.  This makes it difficult to reliably determine a more specific temporal rate for shoreline 
erosion. 
 
4.2.3. Mainstem Pend Oreille River 

The supply of sediment to the study area from the mainstem Pend Oreille River was estimated to 
support the modeling of erosion, transport, and accumulation of sediments in the mainstem Pend 
Oreille River over the 50-year term of a new license.  The sediment supplied by the mainstem 
Pend Oreille River included bed material load and wash load, using the same divisions that were 
applied to the tributary delta watersheds.  Multiple methods were applied to estimate the 
sediment supply, including using the volume of sediment trapped in the reservoir with calculated 
trapping efficiencies and downstream suspended sediment monitoring data to calculate inflowing 
sediment (Section 4.2.3.2), application of regional sediment yield relationships (Section 4.2.3.3), 
and bed material transport calculations (Section 4.2.3.4).  These methods were compared to 
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identify the best estimate of mainstem sediment supply.  The technique used to distribute the 
supply by size fraction is described in Section 4.2.3.6. 
 
4.2.3.1. Field Surveys and Data Collection 

Applying two of the three techniques for estimating future mainstem sediment supply required 
collection of data in the field.  Data collection efforts occurred during the September 2007 
reservoir drawdown to take advantage of exposed depositional features, bars, and bedforms.  The 
focus of the data collection was characterization of the depositional and riverbed materials using 
either Wolman (1954) pebble counts or collection of volumetric samples that were later sieved.  
Percent finer fractions selected for this study include d85, d50, and d15.  A summary of the 
sediment samples and selected size fractions is presented in Table 4.2-4.  Plots of the sediment 
size distribution for each of these samples are presented in Attachment D of Appendix 2; these 
plots are similar to the example in Figure 4.2-2. 
 
Table 4.2-4.  Summary particle size statistics for sediment samples collected in the mainstem. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Volumetric Mainstem PRM 27.6, depositional bar 0.33 0.20 0.13 
BM-2 Volumetric Mainstem PRM 27.9, surface 13 4.1 0.51 
BM-3 Volumetric Mainstem PRM 27.9, subsurface 2.7 0.93 0.41 
BM-4 Volumetric Mainstem PRM 28.1 34 18 1.6 
BM-5 Volumetric Mainstem PRM 28.9, depositional bar 0.20 0.11 0.016 
BM-6 Volumetric Mainstem PRM 28.9, depositional bar 0.10 0.036 0.0042
BM-7 Wolman Count Mainstem PRM 30.15 100 51 12 
BM-8 Wolman Count Mainstem PRM 30.25 110 66 26 
BM-9 Volumetric Mainstem PRM 31.4, surface 34 17 3.3 

BM-10 Volumetric Mainstem PRM 31.4, subsurface 20 4.2 0.36 
BM-11 Volumetric Mainstem PRM 33.0, depositional bar 0.19 0.12 0.069 
BM-12 Volumetric Mainstem PRM 33.0, depositional bar 0.13 0.057 0.011 
BM-13 Wolman Count Mainstem PRM 33.15 80 32 13 
BM-14 Wolman Count Mainstem PRM 33.15 110 42 20 
BM-15 Wolman Count Mainstem PRM 31.65 100 40 17 
BM-16 Wolman Count Mainstem PRM 31.0 130 100 51 
BM-17 Volumetric Mainstem PRM 31.9, subsurface 1.5 0.65 0.35 
BM-18 Wolman Count Mainstem PRM 31.9  80 34 12 
BM-19 Volumetric Mainstem PRM 32.8, subsurface 68 18 1.3 
BM-20 Wolman Count Mainstem PRM 32.8 100 51 18 
BM-21 Volumetric Mainstem PRM 33.8, subsurface 53 2.1 0.22 
BM-22 Wolman Count Mainstem PRM 33.8 102 91 50 

Notes: 
mm – millimeter 
PRM – Project river mile 
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In addition to the sediment samples collected in September 2007, depositional materials were 
sampled throughout the reservoir as part of Study 4, Toxics Assessment: Evaluation of 
Contaminant Pathways Final Report (SCL 2009c).  Sediment sampling was conducted at 14 sites 
to characterize the longitudinal gradient of potential contaminant concentrations.  Relevant to 
Study 8 is the gradation of the depositional materials as characterized through sieve analyses.  A 
summary of the grain sizes as grouped into clay, silt, sand, and fine gravel is presented in 
Section 4.3.1 of Appendix 2. 
 
The data collected from both the Study 8 and Study 4 field efforts were useful in characterizing 
the sizes and distribution of sediment in the study area.  Upstream from Metaline Falls, the bed 
material samples collected for Study 8 show consistent gravel and cobble sized substrates.  The 
samples not collected from the bed for Study 8 revealed predominantly sand and silt size 
fractions stored on bars and depositional features in the upper reservoir.  The Study 4 samples 
show that of the locations sampled, clay is deposited only in the Boundary forebay.  The clay 
fractions represent on average approximately 20 percent of the forebay samples, with silt 
comprising the majority of the remaining material.  Moving in the upstream direction, the 
samples reveal little if any clay, smaller amounts of silt, and increasing amounts of sand and fine 
gravel.  Considering that the samples collected for Study 4 were targeted to areas where fine 
materials (and bound metals and other toxics) were expected to deposit, the lack of clay and 
minor amounts of silt in the upper reservoir indicate that silt and clay are appropriately 
considered wash load.  These size fractions are washed through the Canyon Reach (which 
extends from Metaline Falls downstream to the downstream end of Z Canyon [Project river mile 
26.8 to 18.0]), and only begin to deposit upon entering the forebay. 
 
4.2.3.2. Deposition in the Boundary Reservoir and Reservoir Trapping Efficiency 

As addressed in the previous section, the size fractions in the wash load have been deposited in 
the forebay since construction of the Project.  However, not all the wash load is trapped in the 
reservoir.  Multiple sources of data were evaluated to estimate the volume of sediment deposited 
in the Boundary Reservoir, and by association, the supply of sediment to the reservoir.  A 
comparison of existing bathymetric mapping to historic mapping provided one estimate of 
depositional volume.  This method was compared to calculated trapping efficiencies coupled 
with suspended sediment data monitored by the USGS at the international boundary.  A thorough 
discussion of the methods used is presented in Section 4.3.2 of Appendix 2; an overview follows 
below. 
 
The results of bathymetry and topographic surveys conducted prior to Project construction were 
compared to existing (i.e., 2006) bathymetry to guide the identification of zones of erosion and 
accumulation of sediment between 1967 and 2006 in the Pend Oreille River from Box Canyon 
Dam to approximately Red Bird Creek.  Figures comparing the pre-dam and existing geometry 
in the Boundary forebay are included in Attachment E of Appendix 2, an example of the 
comparison made at cross section 5623 (PRM 17.05) is shown in Figure 4.2-4.  Figure 4.2-5 is 
an example from Attachment A in Appendix 5 that illustrates the location of cross sections 
throughout the modeled reaches of the Boundary Reservoir.  The location of cross section 5623 
(PRM 17.05) is shown on Figure 4.2-5; the associated cross section geometry is presented in 
Figure 4.2-4. 
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Figure 4.2-4.  Downstream-facing view comparing 2006 to pre-Project channel geometry at modeling 
section 5623 (PRM 17.05). 
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The approach used to estimate the volume of sediment accumulation in the forebay used the 
average area of deposition at either end of reach multiplied by the reach length.  The volume of 
sediment accumulation in the Boundary forebay since construction of the dam was estimated as 
approximately 3,000 acre-feet.  Outside of the forebay, the only other likely location of 
considerable sediment accumulation was the 2-mile reach of the mainstem downstream of 
Deadman’s Eddy (PRM 25.8).  Again, the average end area method was used to calculate the 
estimate of 1,500 acre-feet of deposition in this reach. 
 
The USGS collected measurements of water quality parameters at the international boundary 
(USGS gage 12398600), including measurements of suspended sediment from 1974 to 1985.  
Approximately 105 discrete suspended sediment samples were collected over the 12-year 
monitoring period over a wide range of flows.  The suspended sediment load in tons per day was 
plotted against the daily average flow rate to develop a sediment rating curve.  The concept of 
reservoir trapping was used in conjunction with both sediment loads trapped in the Boundary 
Reservoir and sediment loads passing through Boundary Dam to estimate the total sediment 
supply to the system. 
 
Using the trapping efficiencies calculated using multiple methods, the inflowing wash load was 
calculated from the estimated weight of sediment passing through the Project.  This total wash 
load entering the Boundary Reservoir through Box Canyon Dam over the 39 years of Project 
operations was estimated as 13.07 million tons.  Similarly, the wash load entering the study area 
was estimated by adjusting the trap efficiency applied to the USGS data to match the weight of 
sediment accumulated in the reservoir over the 39-year period of operations.  Using this 
approach, the calculated weight of wash load entering the reservoir was estimated to be 12.82 
million tons.  Due to the similarity between the two methods, the wash load entering the 
reservoir was averaged. 
 
To distribute the wash load among the tributary watersheds and the watersheds upstream of Box 
Canyon Dam, the total weight of wash load was converted to an average annual basis and then 
distributed in proportion to drainage area.  It is noted that with the contributing watersheds, all 
areas upstream of significant lakes or reservoir were excluded from contributing area as all wash 
load was assumed to be trapped in these lakes/reservoirs.  The resulting areal rate of wash load 
was 0.528 ton per acre per year. 
 
Near complete trapping of all bed material sediment in the Canyon Reach and Forebay Reach 
occurs in the reservoir.  The trapping efficiency for these size fractions is essentially unity, such 
that calculated trapping efficiencies cannot be used to calculate inflow based on the volume of 
deposition.  Therefore, alternate methods were used to estimate bed material supply. 
 
4.2.3.3. Regional Sediment Yield Relationships 

Regional sediment yield relationships were considered for application to the tributary 
watersheds.  The same shortcomings identified for their application to the tributary watersheds 
holds for the mainstem Pend Oreille River (see Section 4.2.1.3).  Further, the method described 
in the previous section was based on study area–specific data and was considered more 
appropriate than yield relationships developed using data collected in other regions of the U.S. 
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4.2.3.4. Calculations of Bed Material Transport 

The transport of bed material by the mainstem Pend Oreille River into the study area is heavily 
influenced by the operation of Box Canyon Dam.  The Box Canyon project is operated in a run-
of-river mode, so the Box Canyon Reservoir water levels are primarily controlled by the flow in 
the Pend Oreille River.  No bed material can be transported through the spillway until one of the 
four bottom leaves is removed at 80,000 cubic feet per second (cfs); however, application of bed 
material transport equations revealed gravel size fractions become mobile in the mainstem at 
flow rates much lower than this threshold.  Thus, the rate of bed material sediment delivered to 
the mainstem through Box Canyon Dam was set equal to the rate generated from the tributary 
watersheds (0.0393 ton per acre per year), but the range of flows over which the annual load is 
transported was limited to flows greater than 80,000 cfs. 
 
4.2.3.5. Comparison of Mainstem Sediment Supply Methods 

The supply of sediment to the study area via the mainstem Pend Oreille River through Box 
Canyon Dam was estimated using multiple methods.  The highest level of confidence was 
assigned to method used to estimate volumes of sediment trapped in the reservoir, and the weight 
of sediment passing through the dam as derived from USGS measurements.  The reservoir traps 
all bed material load, so only wash load fractions are transported through Boundary Dam.  The 
trapping efficiency of the Forebay and the Canyon reaches were adjusted, so that the incoming 
sediment supply yielded the estimated volumes of accumulated sediment and the weight passing 
through the dam.  Given the lack of information related to the transport of the abundant gravel 
and cobble size fraction in the mainstem river bed, coupled with the hydraulic influence of the 
Box Canyon Dam spillway, the same loading rate developed for the tributary watersheds was 
applied to the mainstem watershed between Albeni Falls and Box Canyon. 
 
4.2.3.6. Sediment Gradation 

The gradation of the mainstem sediment supply to the study area was estimated differently for 
wash load and bed material load.  The two approaches are described in more detail in the Section 
4.3.6 of Appendix 2; a summary follows below. 
 
The wash load delivered to the mainstem Pend Oreille River was expected to be supply limited.  
Therefore the potential supply of these size fractions was assessed using county level soil 
surveys developed by the U.S. Department of Agriculture Natural Resources Conservation 
Service (Donaldson et al. 1992; Weisel 1982).  The composition of the surface layer of soil in the 
study area covered by the soil surveys was evaluated to determine the area weighted average clay 
and silt contents.  In the surface soil layer, assumed to be the primary source of wash load size 
fractions, the clay content was approximately 40 percent of the wash load size fractions and the 
silt content was approximately 60 percent of the wash load size fractions.  Lacking more detailed 
data, the total silt load was evenly distributed into the four available size classes of silt. 
 
The gradation of the bed material load delivered to the mainstem through Box Canyon Dam was 
based on samples of mainstem bed material sediment collected during the field work.  Due to the 
clear evidence of a pavement layer on the river bed, the subsurface samples were evaluated to 
identify the finer gravel size fractions.  A subsurface sample collected on a bar along the left 
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bank upstream of the confluence with Sweet Creek, sample BM-10, was selected to represent the 
gradation of the bed material moving through the mainstem.  The total volume of bed material 
supplied to the mainstem Pend Oreille River within the study area was distributed into size 
fractions based on the gradation of this sample. 
 
Both the wash load and bed material load gradations were further assessed during the calibration 
of the mainstem sediment transport model. 
 
4.2.4. Daily Time Series of Sediment Supply 

The methods presented in Sections 4.2.1, 4.2.2, and 4.2.3 were followed to generate estimates of 
the supply and gradation of sediment delivered to the tributary deltas and the mainstem, but these 
methods only considered the bulk volumes and weights of sediments supplied over the entire 
period from September 1967 to December 2006.  Due to differences in hydrology over this 
period, and the direct relationship between high flows and sediment transport capacity, the rate 
of sediment delivered is not constant year to year.  To account for these fluctuations in sediment 
transport, the total supply of sediment was distributed over time using the average daily flow 
rates synthesized for the tributaries in the study area (details of the hydrologic methods are 
presented in the compilation of Project hydrologic data [R2 Resource Consultants 2008]).  The 
objective of the distribution of sediment was to account for differences in hydrology and 
associated fluctuation in sediment transport.  Considering this objective, the approach was not 
intended to exactly reproduce the weight or volume of sediment delivered at a specific point in 
time.  Section 4.4 in Appendix 2 describes the methods used to generate the daily times series of 
sediment supply for individual grain size classes. 
 
A sediment supply versus flow rating curve was developed for individual size fractions as a 
function of flow, using an equation of the following form: 
 

b
cs QQaQ )( −=  

Where: 
 Qs  =  sediment transport rate 
 a    =  scaling coefficient 
 Q   =  flow discharge rate 
 Qc  =  critical flow rate to mobilize sediment  
 b    =  power coefficient  
 
A value of 2.0 was used for the exponent b as recommended by the U.S. Army Corps of 
Engineers (USACE) (1995).  This value was further validated by the exponent of the power 
relationship derived from the USGS measurements at the international boundary.  The 
coefficient a was determined by applying the rating curve to the daily flows from 1967 to 2006 
to match the total sediment volume input to a tributary delta or the mainstem over the 39-year 
period of interest.  The critical flow, Qc, for silt and clay was set to zero as these size fractions 
are supply limited.  The critical flow were estimated for sand, gravel, and cobbles using available 
information on the operations of Box Canyon Dam for the mainstem as well as calculations 
made using SAMwin software (Ayers and Associates 2003) for the tributaries. 
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4.3. Tributary Delta Evolution 

Because the erosion, transport, and accumulation of sediment within tributary deltas along the 
Pend Oreille River can affect aquatic habitats by altering channel morphology, delta 
morphology, and the size and distribution of substrates, it is necessary to consider these sediment 
processes while evaluating the effects of operations scenarios on potential salmonid habitat at the 
seven selected tributary deltas.  The sediment processes can influence the area of habitat and the 
elevation at which it is inundated/dewatered by changing the morphology of a delta. 
 
This section summarizes the methods used to conduct the evaluations of tributary delta 
evolution.  A detailed presentation of the methods is provided in Section 4 of Appendix 3.  To 
predict the future morphology of the tributary deltas, it was important to assess how, if at all, the 
selected deltas evolved since construction of Boundary Dam in 1967.  Establishing a historic 
baseline provides a reference for comparing the existing morphology.  The methods used to 
assess historic delta morphology and characterize existing morphology are presented in Sections 
4.3.1 and 4.3.2 respectively.  Section 4.3.3 describes the methods used to evaluate the stability of 
the existing delta morphology.  The basis for categorizing deltas based on their sensitivity to 
changes in Project operations is included in Section 4.3.4.  Section 4.3.5 describes the methods 
utilized to predict the morphology of the tributary deltas over the 50-year term of a new license 
under existing Project operations.  The methods for calculating future areas of lacustrine and 
riverine delta habitats are documented in Section 4.3.6. 
 
4.3.1. Pre-dam Morphology of the Tributary Deltas 

Comparisons of existing delta morphology to historic delta morphology were made to provide an 
understanding of the influence of existing Project operations on existing morphology.  The 
morphology of the deltas prior to the construction of the dam was investigated through three 
primary sources of information: 

• Reviews and comparisons of historic aerial photographs 
• Reviews of topographic maps developed prior to 1967 
• Local interviews 

 
A search of historic aerial photography yielded partial coverage in 1943 (no photographs were 
available downstream of Metaline Falls, thus Slate Creek delta and Flume Creek delta were not 
represented), 1955, and 1962.  Additional coverage was available in 1972, although at this time 
the reservoir existed.  Figures containing these historic photographs for the seven selected deltas 
are contained in Attachment A of Appendix 1.  Comparing the photographs to each other and to 
2006 aerial photographs revealed that only the Slate Creek and Flume Creek deltas appear to 
have experienced significant changes to delta morphology as a result of the construction and 
operation of the Project. 
 
A search for historic topographic mapping, bathymetric mapping, and surveys did not yield 
much usable information related to the historic morphology of the selected deltas.  Two available 
datasets were identified; one was too coarse in resolution to be useful and the other did not 
represent the morphology of tributary deltas upstream of Metaline Falls (which were below the 
river water surface at the time of mapping and thus not surveyed).  Downstream of Metaline 
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Falls the latter dataset was used to estimate the topography of the existing locations of the Slate 
Creek and Flume Creek deltas, thereby providing an estimate of the volume of sediment 
deposited since construction of the dam. 
 
Interviews of local residents provided anecdotal information as to delta morphology, but no 
specific information leading to surveys or mapping.  Of the individuals interviewed, the 
collective memory of all five was that the existing morphology of the deltas upstream of 
Metaline Falls has not changed as a result of construction and operation of the Project. 
 
The data available to establish the morphology of the seven deltas prior to construction of 
Boundary Dam were limited.  Specifically, no data other than anecdotal information were 
identified regarding the elevation of morphologic features for the five deltas upstream of 
Metaline Falls.  However, the aerial photographs and anecdotal information indicate that no 
considerable changes in morphology have occurred at these deltas as a result of existing Project 
operations.  For the two deltas downstream of Metaline Falls, the available data were sufficient 
to verify considerable changes in delta morphology as a result of dam construction. 
 
4.3.2. Existing Morphology of the Tributary Deltas 

The existing morphology of the tributary deltas was assessed using the following sources of data: 
• Existing bathymetric and topographic mapping 
• Surveys conducted at the deltas in 2007. 
• Local interviews 

 
The existing bathymetric and topographic mapping (existing mapping) together represented the 
physical morphology of the tributary deltas as it existed between September 2005 and October 
2007.  The existing mapping was used to estimate typical descriptors of delta morphology, such 
as delta length, delta area, and topset and foreset angles.  More details regarding the methods of 
calculating these descriptors are presented in Section 4.2.1 of Appendix 3. 
 
The reservoir water surface elevation was drawn down in September 2007 to the lower limit of 
normal operations, exposing the full extent of the deltas within the drawdown zone.  During 
these low flow and low reservoir pool conditions, morphologic data at each of the seven selected 
tributary deltas were collected.  These data included sketches and photographic documentation, 
mapping of depositional features, and collection of samples of depositional material to 
characterize particle size gradation.  The specific methods for these data collection efforts are 
described in Appendix 2.  Figures of the seven deltas showing the results of the surveys are 
presented in Attachment A to Appendix 2.  An example figure of the Sweet Creek delta is shown 
in Figure 4.3-1. 
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The interviews of local residents provided anecdotal information that the existing mapping and 
delta surveys were representative of conditions at the five deltas upstream of Metaline Falls.  The 
agreement between the existing mapping and the surveys, supported by the interviews, was 
sufficient to represent the physical morphology of the seven selected tributary deltas.  When 
compared to the pre-dam delta morphology, the existing morphology provides a basis for 
evaluating whether the construction and operation of the Boundary project has influenced delta 
morphology.  Physical descriptors of existing morphology at selected deltas are presented in 
Table 4.3-1; a schematic of a conceptual longitudinal profile of a delta is shown in Figure 4.3-2. 
 
Table 4.3-1.  Physical descriptors of existing tributary delta morphology. 

Tributary 
Name 

Top of 
Foreset (ft, 
NAVD 88) 

Upper 
Bound (ft, 
NAVD 88)1

Delta Area 
(sq. ft.)2

Topset 
Slope (%) 

Foreset 
Slope (%) 

Delta 
Length (ft)3

Average 
Delta Width 

(ft)4

Slate Creek 1966 1,995.02 80,400 2.5 60 555 145 

Flume Creek 1966 1,996.80 97,000 1.8 23 560 173 

Sullivan 
Creek 

1982 2,005.38 773,200 1.6 26 1,460 530 

Linton 
Creek 

N/A5 2,006.12 115,100 1.1 N/A5 610 189 

Pocahontas 
Creek 

1990 2,005.94 18,100 2.7 51 205 88 

Sweet Creek 1984 2,006.79 147,400 1.6 40 890 166 

Sand Creek 1986 2,007.20 186,500 1.9 23 920 203 
Notes: 
1 Upper elevation limit set using HRM developed for Study 7 with mainstem flow rate of 80,000 cfs and reservoir 

water surface elevation set to 1,994 feet NAVD 88 (1,990 feet NGVD 29). 
2 Delta area calculated as area between elevations set by the top of the foreset slope and the upper bound, as well 

as confining topography. 
3 Delta length calculated as straight line distance across delta between upper and lower elevation bounds. 
4 Average delta width calculated as delta area divided by delta length. 
5 Linton Creek delta does not exhibit a typical foreset, so the top of the foreset slope was set to 1,980 feet NAVD 

88 (1,982 feet NGVD 29) based on bathymetric survey data and mapping of thermal plumes. 
N/A – not applicable 
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Figure 4.3-2.  Conceptual longitudinal profile of tributary delta morphology (from Parker 2004 [as cited 
in SCL 2007]). 

 
 
Detailed descriptions of delta morphology collected during the September 2007 surveys are 
presented in Section 4.2 of Appendix 3.  These descriptions include physical characteristics of 
the deltas, photographs, habitat areas, and sediment sample locations and gradations. 
 
4.3.3. Stability of Existing Delta Morphology 

The comparison of pre-dam delta morphology to existing delta morphology provided a basis for 
understanding if and how Project operations affect delta morphology.  However, the comparisons 
did not identify whether continued changes in morphology were expected.  The stability of the 
existing delta morphology was evaluated to meet this need.  The evaluations consisted of two 
main components: the stability of the location of the existing foreset location and the influence of 
Project operations on key physical delta features.  This section provides a summary of the 
methods used to conduct these evaluations; more details are available in Section 4.3 of 
Appendix 3. 
 
The location of the foreset of a delta determines the delta length, which directly affects the area 
of the delta and the amount of delta habitats.  The approach used to evaluate the stability of the 
location of the foreset compared the hydraulic stresses applied by the mainstem to the 
depositional materials on the foreset slope.  The delta surveys and existing mapping provided the 
slope and location of the foreset and the gradation of depositional material; the HRM (Study 7) 
was used to calculate hydraulic stresses.  If the hydraulic stresses were sufficient to mobilize the 
depositional materials, the probability of occurrence of the flow rate associated with the stresses 
was considered to determine foreset stability.  Flow rates with a high probability of occurring at 
least two times in the 17-year period (17 years represents approximately one-third of the 50-year 
simulation period) that can mobilize coarser size fractions on the foreset slopes indicated 
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stability in the foreset location.  Progressive riverward advancement of the foreset was unlikely 
because newly deposited materials could be mobilized by the mainstem.  The results of this 
analysis using the d85 of the depositional material and a flow with a 0.10 exceedance probability 
(124,000 cfs) are provided in Table 4.3-2. 
 
Table 4.3-2.  Calculations of foreset stability at selected deltas. 

Delta 
Critical Shear 

Stress (lbf/sq. ft.)1
Applied Shear 

Stress (lbf/sq. ft.)2

Applied Shear 
Greater Than 
Critical Shear Foreset Condition 

Slate 0.27 0.12 No Dynamic growth 
Flume 0.57 0.53 No Dynamic growth 

Sullivan 0.56 0.56 Equal Dynamically stable 
Linton 0.32 0.41 Yes Dynamically stable 

Pocahontas 0.36 0.46 Yes Dynamically stable 
Sweet 0.39 0.41 Yes Dynamically stable 
Sand 0.13 0.17 Yes Dynamically stable 

Notes: 
1 lbf/sq. ft. = pounds force per square foot 
2 Calculated for flow rate of 124,000 cfs (0.10 exceedance probably flow) and reservoir water surface elevation 

of 1,991 feet NAVD 88 (1,987 feet NGVD 29). 
 
 
As shown in Table 4.3-2, the hydraulic stresses applied by the mainstem during the 0.10 
exceedance probability flow rate (124,000 cfs) are not yet sufficient to mobilize the d85 from the 
foreset slopes of the Slate and Flume Creek deltas; thus, these two delta can continue to extend 
into the river as additional sediments are delivered.  Not only does this increase potential delta 
habitats, it also traps bed material sediments and prevents their deposition in the mainstem 
channel.  The models of future delta morphology were checked to see if future foreset locations 
encroached into the mainstem channel, potentially exposing the foreset to hydraulic stresses 
sufficient to mobilize coarse depositional material on the foreset. 
 
The elevation of the top of the foreset is another physical feature of a delta that affects the 
amount of habitat area available at a delta.  Calculated hourly water surface elevations at each of 
the seven tributary deltas were compared to the existing top of the foreset slope to determine 
whether existing Project operations influence the elevation of the topset slope.  The percent of 
time over the 19-year period (1986–2005, representative of the existing turbine unit 
configuration ) that the top of the foreset slope was exposed was calculated and the results are 
shown in Table 4.3-3. 
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Table 4.3-3.  Comparison of elevation of top of foreset slope to 19 years of hourly water surface 
elevations (1986–2005). 

Delta 
Top of Foreset      
(ft NAVD 88) 

Minimum WSE     
(ft NAVD 88) 

Maximum WSE    
(ft NAVD 88) 

Percent of 19 years 
Top of Foreset 

Exposed
Slate 1,966 1,957.3 1,995.4 0.034 

Flume 1,966 1,961.5 1,998.7 0.021 
Sullivan 1,982 1,981.0 2,014.8 0.035 
Linton 1,9801 1,981.2 2,015.6 0 

Pocahontas 1,990 1,981.3 2,015.7 27 
Sweet 1,984 1,981.8 2,016.5 0.11 
Sand 1,986 1,981.9 2,016.9 0.55 

Notes: 
1 The Linton Creek delta does not have a defined foreset slope, so the top of the foreset was assigned a value 
of 1980 feet NAVD88 (1976 feet NGVD29) based on bathymetric survey data and mapping of thermal plumes. 
 
The 19-year period 1986–2005 was evaluated because two turbine units were added to the Project in 1986.  To make 
the historic evaluation consistent with the existing turbine configuration, previous years were excluded from this 
analysis. 
WSE – water surface elevation 
 
 
The percent of time that the top elevation of the foreset slope at the seven deltas was exposed is 
very low.  The reservoir water surface elevations at the low end of the operating range influence 
the elevation of the top of the foreset slope.  Continuing existing Project operations into the 
future was therefore not predicted to change the elevation of the top of the foreset slope. 
 
4.3.4. Models of Tributary Delta Evolution 

Sediment processes were applied to the seven tributary deltas to determine if the delta 
morphology was likely to evolve over the 50-year term of a new license.  The identification of 
any changes resulted in the categorization of the deltas using four potential models of delta 
evolution developed for Study 8: 

1. Type 1:  No significant delta present or delta is below minimum reservoir water 
surface elevation surface.  (Note: Type 1 tributary deltas will not be modeled.) 

2. Type 2:  Delta morphology is not expected to significantly change over the term of a 
new license.  (These are deltas that have reached an equilibrium condition that will 
not be significantly influenced by operations scenarios.) 

3. Type 3:  Delta morphology is expected to change, but changes are not significantly 
influenced by operations scenarios.  (These are most likely deltas that are still 
building into large sediment storage areas that are isolated from significant mainstem 
sediment transport conditions.) 

4. Type 4:  Delta morphology is expected to change and the changes will be 
significantly influenced by operations scenarios.  (These are most likely deltas that 
have an intermediate level of potential sediment storage off the mainstem that could 
be filled dependent on dominant reservoir levels and/or are exposed to mainstem 
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hydraulics that could be influenced by operations scenarios.  An example is a delta 
where the majority of the potential delta sediment storage volume is in the reservoir 
fluctuation zone.) 

 
The methods described in the previous sections provided the context for assigning the seven 
tributary deltas to one of the four delta evolution models.  Two tributaries in addition to these 
seven, Pewee Creek and Lime Creek, were candidates for the same level of study directed to the 
selected seven; however, qualitative descriptions of the sediment processes at their confluence 
with the reservoir and the rationale for excluding them from detailed study is presented in 
Section 5.1 of Appendix 1.  Section 4.3.1 and Section 4.3.2 documented the historic and existing 
morphology of the tributary deltas as a way to identify morphologic changes that have occurred 
as a result of project construction and operation.  Section 4.3.3 presented an evaluation of the 
stability of the foreset and the sensitivity of the elevation of the top of the foreset to Project 
operations.  When the results of these analyses were considered together, the delta evolution 
models were identified as shown in Table 4.3-4. 
 
Table 4.3-4.  Models of tributary delta evolution. 

Delta Evolution Model 
Slate Type 4 

Flume Type 4 
Sullivan Type 2 
Linton Type 2 

Pocahontas Type 2 
Sweet Type 2 
Sand Type 2 

 
 
4.3.5. Future Delta Morphology 

The categorization of the delta evolution models in Section 4.4 shows that the future delta 
morphology is expected to change from existing delta morphology for only two of the seven 
tributary deltas—Slate Creek and Flume Creek.  For the remaining five deltas, it was appropriate 
to use existing morphology to represent future morphology.  For the Slate Creek and Flume 
Creek deltas, the future morphology was estimated using the yield of bed material sediment from 
the contributing watershed, the available volume in which this material was deposited, and 
morphologic features of the existing deltas.  This process is described in more detail in the 
Section 4.5 of Appendix 3. 
 
The bed material sediment yield from the Slate Creek and Flume Creek watersheds was 
estimated on an average annual basis as described in Appendix 2.  The cumulative volume of 
sediment delivered to the midpoint of each third of the 50-year term of a new license was 
calculated.  The cumulative yields are presented in Table 4.3-5. 
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Table 4.3-5.  Bed material volumes delivered to the Slate Creek and Flume Creek deltas at the midpoint 
of each third of the 50-year term of a new license. 

 Slate Creek Flume Creek 
Yield Type Volume (cu. yd.) Volume (cu. ft.) Volume (cu. yd.) Volume (cu. ft.) 

Annual bed material yield 431.1 11,640 257.7 6,960 
Cumulative yield at 
midpoint of first 17 years 

3,590 96,990 2,147 57,980 

Cumulative yield at 
midpoint of second 17 
years 

10,780 291,000 6,440 173,900 

Cumulative yield at 
midpoint of third 17 years 

17,960 485,000 10,740 289,900 

 
 
The volumes available at each delta in which the yields shown in Table 4.3-5 were predicted to 
be deposited were determined by the bounding topography of the ground surface and the topset 
and foreset of the delta.  The bounding topography was represented by the 2005–2007 
topographic and bathymetric survey data.  An example of the bounding topography and 
bathymetry at the Slate Creek delta is shown in Figure 4.3-3.  The future topset slope was 
calculated as the minimum slope necessary to transport the coarser fractions of the bed material 
across the delta, given the typical cross section geometry.  The much steeper foreset slope was 
based on foreset slopes taken from existing delta morphology and the angle of repose for 
dominant particle size classes found in the bed. 
 
The elevation of the topset intersection with the stream thalweg at each delta was linked to the 
existing elevation (Section 4.3.3).  The influence of Project operations on sediment transport at 
the upper end of the delta allows for mobilization of temporary deposition farther down the delta 
once the high reservoir water surface elevations associated with peak runoff have receded.  The 
elevation of the intersection of the topset and the foreset was maintained at its current elevation 
since no changes were expected in the operation of the Project.  Schematics illustrating the 
approach utilized to calculate delta development are provided in Figure 4.3-4 and Figure 4.3-5. 
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Figure 4.3-3.  Existing ground surface of the Slate Creek delta, looking to the east (not to scale). 
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Figure 4.3-4.  Schematic model of existing delta morphology (not to scale). 
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Figure 4.3-5.  Schematic model of future delta morphology (not to scale). 
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As represented in Figures 4.3-4 and 4.3-5, the “wedge” of deposition at a delta was iteratively 
shifted in the riverward direction until the new volume of storage matched the volume of 
depositional material delivered to the delta (Table 4.3-5) for the three defined points over the 
term of a new license. 
 
4.3.6. Future Areas of Riverine and Lacustrine Delta Habitats 

The calculation of tributary delta HQR values requires the lacustrine and riverine habitat areas 
estimated for a specific water surface elevation at each of the seven tributary deltas.  For 
tributary deltas where delta morphology was not expected to change significantly over the 50-
year term of a new license (categorized as a Type 2 delta), the area-to-elevation relationships 
were based on 2006 bathymetric surveys of delta morphology and the tributary delta habitat 
surveys conducted in 2007 (see Section 4.3 of Appendix 4a).  This morphology and habitat 
surveys were used directly to represent future conditions.  Deltas where morphology was 
predicted to change significantly over the 50-year term of a new license (categorized as Type 4) 
required the development of area-to-elevation relationships representative of predicted 
morphologic changes.  Projections of future changes in delta morphology were modeled to 
generate deltas reflective of the incremental changes over the term of a new license.  Separate 
but related relationships were developed for lacustrine and riverine habitats at each delta.  Details 
of the methods used to develop these relationships are presented in Section 4.6 of Appendix 3. 
 
For the riverine habitat areas, the relationship were based on the tributary delta habitat surveys 
(see Section 4.3 of Appendix 4a).  No riverine habitat is present at the reservoir water surface 
elevation set as the upper limit for each delta, and riverine area increases as reservoir water 
surface elevation drops through the normal range of elevations affected by Project operations.  In 
cases where the minimum water surface elevation within the range of Project operations at a 
tributary delta was less than the top of the foreset slope, the riverine area relationship was 
extended only to the elevation of the top of the foreset.  For water surface elevations less than 
this limit, the stream area was held constant because no additional riverine habitat was 
considered to occupy the steep slopes of a delta foreset. 
 
For the lacustrine habitat areas, the relationships were derived from surfaces generated from the 
2006 bathymetric data.  These surfaces were analyzed with a GIS to calculate the lacustrine area 
inundated at a specified water surface elevation.  The extent of the delta areas was delineated 
using topographic and bathymetric survey data such that the depositional areas were included 
within the ranges of elevations encountered during Project operations.  For the five selected 
tributary deltas located upriver from Metaline Falls, the elevation at which no lacustrine habitat 
is present was set to the top of the foreset slope.  For the two selected tributary deltas located 
downriver from Metaline Falls, the elevation below which no lacustrine tributary delta habitat is 
present  was based on the morphology of the delta (i.e., the bottom elevation of the foreset 
slope).  This lower elevation was selected because the deltas are set back from the mainstem 
current, and even as water surface elevation drops along the foreset, lacustrine conditions are still 
likely along the foreset.  The lacustrine habitat area to elevation relationships were set up such 
that lacustrine area increases as reservoir water surface elevation increases and additional delta 
area is inundated. 
 



FINAL REPORT STUDY NO. 8 – SEDIMENT TRANSPORT AND TRIBUTARY DELTA HABITATS

 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 44 March 2009 

4.4. Tributary Delta Habitat Evaluation 

As discussed in Section 4.3, some of the tributaries draining to the Boundary Reservoir have 
deltas created by deposition of sediments.  These deltas are alternately exposed and inundated as 
the Project is operated for power production.  Depending on the area, substrate character, 
gradient/slope, woody debris deposits, flow rate, and tributary and mainstem water temperatures, 
the value of potential aquatic habitat at each tributary delta for various species and life stages of 
resident fish changes in response to reservoir water surface elevations and inflow.  The effects of 
Project operations on tributary delta aquatic habitats were evaluated using three separate but 
related habitat models (Section 4.4.1) and through evaluations of delta and tributary access due 
to the presence of fish passage barriers (Section 4.4.2). 
 
Three models were developed to evaluate the effect of Project operations on different 
components of tributary delta aquatic habitats.  Two semi-quantitative HQRs, one representing 
lacustrine delta habitats and one representing riverine habitats, were developed to assess 
changing aquatic habitat values.  The portion of the delta inundated by the reservoir experiences 
reservoir-like or lacustrine habitat conditions.  A single HQR value represents the overall 
lacustrine habitat on a delta.  The portion of the delta occupied by a free-flowing stream channel 
experiences stream-like or riverine habitat conditions.  A separate HQR value represents the 
overall riverine habitat on a delta.  A third model was developed to represent the potential for 
cooler water from the tributaries to form plumes within the lacustrine habitat areas on the deltas.  
The potential for salmonids to utilize thermal plumes as thermal refugia was an important 
consideration because the HQR model assumes the suitability of lacustrine habitat starts 
dropping rapidly when mainstem water temperatures exceed 18°C.  The lacustrine HQR values 
go to zero when mainstem water temperatures exceed 22°C, causing the thermal plume model 
results to become the primary consideration during periods of warm mainstem water 
temperatures.  During periods when the overall lacustrine habitat on a delta is unsuitable as 
reflected by the lacustrine HQR value, the suitability of lacustrine delta habitat within a thermal 
plume may provide thermal refugia.  The methods used to develop and apply these three 
tributary delta habitat models are provided in Section 4.4.1. 
 
For fish to pass between habitats in the Boundary Reservoir and habitats in the tributaries, they 
must cross the tributary deltas.  The conditions for fish passage and tributary access across the 
tributary deltas are included in Section 4.4.2   
 
4.4.1. Tributary Delta Habitat Modeling 

This section presents the methods for the evaluation of the riverine and lacustrine HQRs (Section 
4.4.1.1) and the evaluation of thermal plumes and the associated potential for thermal refugia 
(Section 4.4.1.2).  These are two separate data collection and modeling efforts; however, they are 
closely linked.  During the periods when the lacustrine portion of the delta HQR approaches zero 
due to nearly unsuitable water temperatures, the area within cool water thermal plumes becomes 
an important habitat consideration for salmonids.  A discussion of the integration of the delta 
HQR and the thermal plume modeling efforts is provided in Section 4.4.1.3. 
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4.4.1.1. Tributary Delta Habitat Modeling—HQR 

This section presents an overview of the methodology used to apply the HQRs, including the 
formulation of the HQRs, data collection to develop HSI values, and application of the HQR 
models to evaluate tributary delta habitat for the wet, dry, and average years.  A more detailed 
presentation of the methodologies is provided in Section 4 of Appendix 4a.  The HQR values 
provide a semi-quantitative metric reflecting the relative changes in potential habitat for native 
salmonids at selected tributary deltas for operations scenarios.  The HQR values calculated for 
the tributary deltas were not comparable to the mainstem habitat indicators of environmental 
effects.  Therefore, the tributary delta HQR results were evaluated separately from the mainstem 
and were not added to mainstem values. 
 
The HQRs were calculated as the product of two components: habitat area and an HSI value.  
The HSI model selected for application to the Boundary Reservoir tributary deltas was 
developed by Hickman and Raleigh (1982).  Separate HQR values were calculated for lacustrine 
and riverine habitat areas at representative tributary deltas for native salmonids (i.e., bull trout 
[Salvelinus confluentus], westslope cutthroat trout [Oncorhynchus clarki lewisi], and mountain 
whitefish [Prosopium williamsoni]).  The Hickman and Raleigh (1982) model includes HSI 
values for both lacustrine and riverine conditions for cutthroat trout.  Additional distinctions 
were made through HSI values for various life stages of these salmonids.  The application of 
Hickman and Raleigh (1982) to develop the HQR and the use of cutthroat trout as the “generic” 
native salmonid was presented to and agreed upon by the relicensing participants at the June 7, 
2007, Fish and Aquatics Workgroup meeting in Spokane, Washington. 
 
Application of the HQRs starts with identification of the area of lacustrine and the area of 
riverine habitat at specific reservoir water surface elevations during the period of Project 
operations being evaluated.  Riverine habitat is delineated by the portion of the tributary channel 
within the maximum pool fluctuation zone that is not inundated at a specific reservoir water 
surface elevation.  The riverine portion of the stream is flowing and not submerged by the 
reservoir.  The lacustrine habitat is delineated by the portion of the delta area within the 
maximum fluctuation zone inundated at a specific reservoir water surface elevation.  At the 
maximum water surface elevation within the pool fluctuation zone, no riverine habitat is present 
on the tributary delta within the fluctuation zone and 100 percent of the potential lacustrine 
habitat is achieved.  An illustration of this condition and the associated area definitions is 
provided in Figure 4.4-1.  The opposite relationship holds when the water surface elevation is at 
the minimum elevation within the pool fluctuation zone.  At this water surface elevation, no 
lacustrine habitat is present on the delta within the pool fluctuation zone; it is entirely riverine.  
An illustration of this condition is shown in Figure 4.4-2.  Water surface elevations were 
determined from the hourly HRM output for the wet (1997), dry (2001), and average (2002) 
years.  This conceptual representation of the tributary delta lacustrine and riverine habitat areas 
was presented at the June 7, 2007, meeting with the relicensing participants. 
 
The second component required to calculate the HQR was the value of the riverine and lacustrine 
HSIs.  The habitat characteristics and parameters that make up the lacustrine and riverine HSIs 
were evaluated at selected tributary deltas.  For the riverine habitats, the characteristics and 
parameters vary with salmonid life stage, so different indices were calculated for the various life 
stages.   
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Figure 4.4-1.  Plan and profile illustration of lacustrine and riverine habitat areas at a high pool elevation. 
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Figure 4.4-2.  Plan and profile illustration of lacustrine and riverine habitat areas at a low pool elevation. 
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4.4.1.1.1. Calculation of Tributary Delta Habitat Area-to-Elevation Relationships 

To apply the HQR models, it is necessary to determine the area of lacustrine habitat and the area 
of riverine habitat associated with the water surface elevation of the Pend Oreille River at each 
hourly interval.  To accomplish this, GIS and the 2006 bathymetric mapping were used to 
delineate the area of each tributary delta and develop delta area versus elevation curves.  The 
areas within the range of elevations potentially affected by Project operations at selected deltas 
needed to be incorporated in the area-to-elevation curves.  To ensure sufficient elevation range in 
the modeling, the upper limit of the area versus elevation curves was set to the water surface at 
each delta produced by applying the HRM with a flow rate of 80,000 cfs and a Boundary forebay 
water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 291).  The results of the 2007 
surveys of stream habitat were used to develop the area of riverine habitat versus elevation.   
 
There is a complicating factor to the application of the area-to-elevation curves for two tributary 
deltas; their morphology is expected to change over the 50-year term of a new license.  In these 
cases, a set of three area-to-elevation curves were determined based on the predicted future 
evolution of the tributary deltas.  Details of the calculations of future delta morphologies and 
area-to-elevation curves are presented in Appendix 3; a summary of these methods is provided in 
Section 4.3. 
 
4.4.1.1.2. Tributary Delta Habitat Surveys 

The habitat evaluations were conducted within the flowing tributary channels on the deltas at low 
reservoir water surface elevations during the late-summer, low-tributary-flow period of 2007.  
The habitat surveys were conducted to support determination of riverine and lacustrine HSI 
values using the Hickman and Raleigh (1982) models.  All seven tributary deltas were surveyed 
in September 2007, although the Sullivan Creek delta was again sampled in November 2007.  
The timing of the peak flow from the tributaries typically occurs concurrently with peak flows 
and high water surface elevations in the Pend Oreille River.  The hydraulic forces associated 
with the peak flows in the tributaries on the delta morphologies are moderated by the inundation 
of the delta by the mainstem.  The Sullivan Creek delta is an exception because flows in Sullivan 
Creek are regulated by the Pend Oreille County Public Utility District (PUD) No. 1.  Pend 
Oreille County PUD No. 1 releases stored volumes in Sullivan Lake (typically between the 
beginning of October and the end of December) creating high flows during a time of year when 
the mainstem water surface at the low point in the daily fluctuation cycle associated with Project 
operations does not extensively inundate the delta.  The tributary channels and associated 
riverine habitat on the Sullivan Creek delta can be quite dynamic as these high flows mobilize 
and rework depositional sediments on the delta.  The variability in flow conditions in Sullivan 
Creek due to the regulated flows is substantial enough that a single HSI value will not accurately 
reflect riverine conditions.  The second delta habitat survey of Sullivan Creek in November 2007 
was conducted to incorporate the influence of these regulated flows in the calculated HSI values. 
 

                                                 
1 SCL is in the process of converting all Project information from an older elevation datum (National Geodetic 
Vertical Datum of 1929 [NGVD 29]) to a more recent elevation datum (North American Vertical Datum of 1988 
[NAVD 88]).  As such, elevations are provided relative to both data but NAVD 88 is generally used throughout this 
document.  The conversion factor between the old and new data is approximately 4 feet (e.g., the crest of the dam is 
2,000 feet NGVD 29 and 2,004 feet NAVD 88). 
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The habitat surveys were conducted within the pool inundation zone, that is, within the tributary 
delta between high and low reservoir water surface elevations.  The location of the high reservoir 
pool elevation for each of the tributaries was visually estimated from physical indicators such as 
changes in vegetation, substrate particle sizes, and/or deposition of debris.  The following 
characteristics of tributary delta habitat were evaluated during the surveys:  changes in 
vegetation, substrate particle sizes, and/or deposition of debris.  The following characteristics of 
tributary delta habitat were evaluated during the surveys: 

• Macrohabitat (riverine model) 
• Substrate (riverine model) 
• Fish cover and fry habitat (riverine model) 
• Pools (riverine model) 
• Fine sediment (riverine model) 
• Large woody debris (riverine model) 
• Channel geometry (riverine model) 
• Flow (general information purposes) 
• Water quality (lacustrine) 

 
All of the physical data collected during the habitat surveys were used to quantify the amount 
and the location of riverine habitat available to fish in the tributary deltas during periods of low 
reservoir water surface elevations.  Quantification of these data provided the necessary 
information to calculate the riverine and lacustrine HSI values for the tributary delta habitats.  
Details of the habitat surveys methods are provided in Section 4.3 of Appendix 4a. 
 
4.4.1.1.3. Calculation of Tributary Delta Habitat Suitability Indices  
To assess the habitat quality of the riverine portions of the representative tributary deltas the 
physical data were applied to Hickman and Raleigh (1982) HSI models.  HSI values were 
calculated individually for selected tributary deltas for three life stages (i.e., fry, juvenile, and 
adult) of “generic” native salmonids using the species-habitat relationships developed for 
cutthroat trout.  The spawning and incubating life stages were not included in the analyses since 
the lower portions of the tributaries flowing through the delta areas (i.e., the varial zones) were 
not considered to be important spawning or incubation areas.  The HSI values representing the 
inundated portions of the delta were calculated based on water quality data using the Hickman 
and Raleigh (1982) model for lacustrine habitats.   
 
These habitat-based models evaluate a variety of habitat conditions or features (e.g., water 
quality, dominant substrate size, pool quality) important to salmonid species in both riverine and 
lacustrine habitats.  Suitability scores were synthesized into the HSI models, which are scaled to 
produce an index between zero (unsuitable habitat) and one (optimal habitat).  The details of the 
procedures and equations to determine the HSI values are presented in Appendix 4a (Section 
4.4.1 presents the riverine HSI model and Section 4.4.2 presents the lacustrine model).  
 
Two procedures for applying the riverine model were developed.  The first was for the five 
tributary deltas where, based on available information, surface flow is maintained year-round:  
Slate, Flume, Sullivan, Linton, and Sweet creeks.  The second procedure for application of the 
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riverine model was developed for the two tributaries, Sand and Pocahontas creeks, where no 
surface flows are present during portions of the year.  Neither Sand Creek nor Pocahontas Creek 
contained surface flow during the September 2007 habitat surveys.  Technically, the riverine HSI 
value for various salmonid life stages in these tributaries would be zero because the limiting 
factor, average thalweg depth, was zero.  Keeping these HSI values set to zero would mean that 
the HQR would show no differences in the effects of water level fluctuations on potential native 
salmonid riverine habitat at these two tributary deltas.  Due to the connectivity of these creeks to 
the Pend Oreille River, and noted surface flow in the creeks upstream of the tributary deltas, it is 
not expected that the lack of surface flow during the late summer would preclude the use of the 
tributaries across the deltas by salmonid species at other times of year.  Therefore, the procedure 
developed for Pocahontas and Sand creeks accounts for zero habitat suitability during the period 
when the tributaries contain no surface flow, but determines habitat suitability for the remainder 
of the year.  Table 4.4-1 presents the estimated periods of flow and no flow for wet, dry, and 
average years. 
 
Table 4.4-1.  Estimated periods of flow and no flow for Pocahontas and Sand creeks for wet, dry, and 
average years. 

Tributary Year 
Period of No Surface 

Flow 
Period with Surface   

Flow 
Pocahontas Creek Wet December 1–March 15 March 16–November 30 
Pocahontas Creek Dry July 16–April 30 May 1–July 15 
Pocahontas Creek Average August 1–April 15 April 16–July 31 
Sand Creek Wet December 1–March 15 March 16–November 30 
Sand Creek Dry July 16–April 30 May 1–July 15 
Sand Creek Average August 1–April 15 April 16–July 31 
 
 
HSI values resulting from application of the habitat survey data to the Hickman and Raleigh 
(1982) riverine model are summarized in Table 4.4-2.  The table includes HSIs for the adult, 
juvenile, and fry life stages of generic resident salmonids within each of the tributary delta areas 
surveyed.  The table includes multiple sets of values for Pocahontas and Sand creeks with the 
zero values reflecting periods of no surface flow.  Sullivan Creek also has two sets of values.  
The low flow values are for the period of January 1 through September 30 when water is held in 
Sullivan Lake.  The regulated flow values are for the period of October 1 through December 31 
when flows are released from Sullivan Lake by Pend Oreille County PUD No. 1.  The selection 
of this period for Sullivan Creek was based on review of USGS hydrologic records. 
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Table 4.4-2.  Calculated HSI values for generic salmonid adult, juvenile, and fry life stages in the 
tributary delta areas of Boundary Reservoir derived from the Hickman and Raleigh (1982) riverine model. 

HSI
Tributary Name Adult “Salmonid” Juvenile “Salmonid” “Salmonid” Fry 

Slate Creek 0.924 0.923 0.877 
Flume Creek 0.820 0.900 0.739 
Sullivan Creek (low flow) 0.703 0.340 0.340 
Sullivan Creek (regulated) 0.840 0.823 0.673 
Linton Creek 0.300 0.300 0.0001 
Pocahontas Creek (no 
surface flow) 

0.0001 0.0001 0.0001 

Pocahontas Creek 0.100 0.300 0.589 
Sweet Creek 0.100 0.577 0.600 
Sand Creek (no surface 
flow) 

0.0001 0.0001 0.0001 

Sand Creek 0.100 0.703 0.160 
Notes: 
1 0 indicates unsuitable habitat whereas 1 indicates optimal habitat. 
HSI – Habitat Suitability Index 
 
 
After conducting the habitat surveys in each of the tributary deltas and having walked and 
inspected the stream channels on each delta, the overall impression of the lead field biologist was 
that the riverine habitat model output is accurate in its relative ranking of the late summer habitat 
available on the tributary deltas to resident fish during periods of low reservoir water surface 
elevation.  Based on the agreement between the calculated HSI values and the observations and 
impressions of the lead field biologist, the HSI values are expected to provide a sound basis for 
comparing the effects of operations scenarios on habitat available to resident salmonids. 
 
Although the RSP (SCL 2007) did not specify development of riverine HSI values in the 
tributary channels upstream of the deltas, the lead field biologist observed the habitat in these 
reaches during some of the delta surveys.  No observations were made in the upstream reaches of 
Pocahontas and Sand creeks due to the absence of surface flow during the time of the surveys.  
In the remaining five tributaries, the quality of the riverine habitats on the delta did not appear as 
high as the quality in the upstream reaches.  This comparison was subjectively based only on 
limited field observations, so no reliable quantification of the comparison can be made.  The 
factors that influenced the lower quality of the riverine habitats on the deltas included: 

• The lack of stable bedforms and lack of coarse substrate on the deltas due to the 
abundance of sand and fine gravel deposition 

• Sparse cover (e.g., pool depth, turbulence, objects such as cobbles, boulders, and 
LWD) 

• Few pools present in the channels on the deltas 
• Shallow channel depths 
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Without surveys of the upstream reaches, the influence of these factors on the riverine delta 
habitats was not quantified in the riverine HSI values.  However, when reservoir water surface 
elevations are low enough to expose riverine habitats on the tributary deltas, the field 
observations were the basis for the appearance of lower quality riverine delta habitats as 
compared to the habitat in the tributary channel upstream of the deltas. 
 
Hickman and Raleigh’s (1982) lacustrine model was used to compute an HSI for the tributary 
delta areas at high reservoir pool (or at full delta inundation).  The lacustrine model relies on 
three water quality parameters—water temperature, dissolved oxygen, and pH—and the HSI 
score applies to all three salmonid life stages.  Despite the presence of cool-water thermal plumes 
on the deltas during summer months, the lacustrine HQR represents the overall lacustrine habitat 
on the delta, not just the habitat within the area of a thermal plume.  Thus, the HSIs were 
calculated for each month using monthly-average water quality data for Boundary Reservoir.  
The results are presented in Table 4.4-3.  The model output is driven by the variability in water 
temperature as represented by the average monthly water temperature.  During the month with 
the greatest average water temperature (August), the water temperature of 22.6°C exceeds the 
maximum suitable value of 22.0°C and the resulting HSI is calculated as zero (unsuitable 
habitat).  In May, June, and October when the average monthly water temperature is within the 
optimal range of 11.5 and 15°C, the pH becomes the limiting factor and the HSI values approach 
0.90.  As temperatures fluctuate between the unsuitable values in August and the near optimal 
values in May, June, and October, the HSI values change accordingly. 
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Table 4.4-3.  Final reservoir Habitat Suitability Index (HSI) values calculated using Hickman and 
Raleigh’s (1982) lacustrine model. 

Month Lacustrine HSI 
January 0.15 

February 0.24 
March 0.67 
April 0.81 
May 0.86 
June 0.86 
July 0.16 

August 0.00 
September 0.75 

October 0.86 
November 0.79 
December 0.30 

 
 
Because of the potential presence of thermal plumes at the tributary mouths, conditions 
providing thermal refugia may occur on the tributary deltas during periods when the lacustrine 
HSI values are very low or zero.  Section 4.4.1.2 provides the evaluation of the thermal plumes 
and the associated potential for thermal refugia at selected tributary deltas.  Section 4.4.1.3 
provides a more thorough discussion of the integration of the HQR modeling effort and the 
thermal plume modeling effort during the warm summer months when fish may seek thermal 
refugia on the tributary deltas.  
 
4.4.1.1.4. Application of Tributary Delta Physical Habitat Models 
The tributary delta lacustrine and riverine HQR models were run for the seven selected deltas.  
The models were run for the historic wet (1997), dry (2001), and average (2002) year hydrologic 
conditions to establish the effects of existing Project operations on potential salmonid habitat.  
Depending on the potential for the morphology of a delta to change over the term of a new 
license, the number of model runs varied.  Deltas where no morphological changes were expected 
over the 50-year term of a new license (Type 2 deltas) required only three model runs, one for 
each of the wet (1997), dry (2001), and average (2002) years.  The type 2 deltas were all located 
upstream of Metaline Falls and included Sullivan, Linton, Pocahontas, Sweet, and Sand creeks.  
Deltas where morphological changes were anticipated over the 50-year term of a new license 
(Type 3 and Type 4 deltas) required nine model runs, three for each of the wet (1997), dry (2001), 
and average (2002) years.  Slate and Flume creeks, both located downstream of Metaline Falls, 
are considered Type 4 deltas.  Three runs within each hydrologic condition (wet, dry, and 
average) were needed to account for changes in the tributary delta morphology occurring over the 
term of a new license, and the associated changes in the lacustrine and riverine habitat area-to-
elevation relationships.  The three runs within each hydrologic condition represented delta 
morphology at one-third points within the 50-year term of a new license. 
 



FINAL REPORT STUDY NO. 8 – SEDIMENT TRANSPORT AND TRIBUTARY DELTA HABITATS

 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 54 March 2009 

The HRM was used to determine the hourly water surface elevations of the mainstem Pend 
Oreille River adjacent to each tributary delta.  The water surface elevation was used with the 
area-to-elevation relationships to determine the habitat areas of each delta experiencing 
lacustrine and riverine conditions for each hour of the year.  For the case of Slate and Flume 
creeks, the Type 4 deltas, these area-to-elevation relationships were updated to reflect conditions 
at the midpoint of each third of a 50-year term of a new license. 
 
Once the HQR models were run for selected tributary deltas, the output was post-processed to 
allow for more meaningful interpretation of the effects of existing Project operations on potential 
tributary delta habitat for salmonids.  Specifically, the hourly HQR values for lacustrine habitat 
and for riverine habitat for various salmonid life stages were plotted over the course of the wet 
(1997), dry (2001), and average (2002) years.  These figures were created on an hourly as well as 
cumulative basis.  Examples of the resulting hourly and cumulative graphs of the tributary delta 
HQR results are provided in Figures 4.4-3 and 4.4-4, respectively.  The complete set of these 
figures is provided in Attachment A of Appendix 4a.  Another set of figures was developed from 
the HQR model output to illustrate the percent of each year modeled that specific HQR values 
are met or exceeded.  An example of these figures, referred to as HQR-duration curves, is shown 
in Figure 4.4-5.  This figure includes the curves for the riverine and lacustrine HQR values for 
the wet (1997), dry (2001), and average (2002) years, at a single delta for one salmonid life 
stage.  The figures for all life stages at all seven modeled deltas are presented in Attachment B of 
Appendix 4a.  Discussion and interpretation of the results are provided in Section 5.4.1.1 and in 
Section 5.1.3 of Appendix 4a. 
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Figure 4.4-3.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
future years 1–17. 
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Figure 4.4-4.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the representative wet 
year, future years 1–17. 
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Figure 4.4-5.  HQR-duration curve for salmonid juvenile on the Slate Creek delta, post-licensing years 1–
17. 
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4.4.1.2. Tributary Delta Habitat Modeling—Thermal Plumes 

Due to the inflow of cool water from the tributaries during periods of high water temperatures on 
the mainstem of the Pend Oreille River, the presence and characteristics of thermal plumes 
within the Boundary tributary deltas was investigated.  The warm water normally present in the 
mainstem of the river during summer can cause cold-water species such as salmonids to seek out 
cool-water areas that would function as thermal refugia more consistent with their water 
temperature preferences.  The surface and subsurface water flowing through the tributary deltas 
may provide for the development of unmixed cool-water pockets, or “thermal plumes,” as the 
tributary inflow meets the warmer mainstem water inundating the delta.  The goal of the 
temperature monitoring effort associated with the tributary deltas was to characterize thermal 
conditions at the tributary deltas and the potential influence of Project operations on the 
persistence and extent of thermal plumes within the reservoir.  The primary interest was 
assessing effects on potential salmonid thermal refugia during the warm summer months of July, 
August, and September.   
 
This section presents the methods used to conduct the temperature monitoring at the 
representative tributary deltas and the methods used to model the influence of Project operations 
and operations scenarios on thermal plume area at representative deltas.  The monitoring 
methods area separated based on the two types of monitoring conducted.  A detailed presentation 
of the methods is provided in Section 4 of Appendix 4b.   
 
Two types of temperature monitoring were conducted.  The first was continuous temperature 
monitoring performed at all seven of the representative tributary deltas (Section 4.4.1.2.1).  The 
continuous monitoring was called out in the RSP (SCL 2007).  The continuous temperature 
monitoring provides information on the temperatures on the inundated delta during water surface 
elevation fluctuations associated with Project operations.  The second type of temperature 
monitoring was the mapping of the thermal plumes.  The thermal plume mapping resulted from 
requests and interaction with the relicensing participants.  The thermal plume mapping was 
conducted during periods when water surface elevations were held constant.  The measurements 
where conducted at mainstem water surface elevations associated with high, medium, and low 
forebay water surface elevations.   
 
Both types of temperature monitoring were conducted in July through September, with 
continuous monitoring extending into October.  The temperature monitoring was performed 
during the period of the year with the warmest temperatures on mainstem Pend Oreille River 
because its primary purpose was to characterize temperature conditions during periods of 
potential thermal refugia on the tributary deltas.  The interaction with the relicensing participants 
to develop the details of the thermal plume mapping is presented in Section 4.4.1.2.2 along with 
the methods used to perform the thermal plume mapping.  A summary of the type of temperature 
monitoring conducted at each of the seven representative tributary deltas is provided in Table 
4.4-4. 
 
The modeling of thermal plume areas was based on the 2007 and 2008 monitoring of the thermal 
plumes and the associated reservoir water surface elevations.  Section 4.4.1.2.3 describes the 
methods used to model the influence of Project operations on thermal plume areas.  The 
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relationships used to estimate the change in thermal plume areas with changes in mainstem water 
surface elevation are developed in Section 4.4.1.2.3. 
 
Table 4.4-4.  Summary of types of temperature monitoring performed at the seven representative 
tributary deltas in 2007 and 2008. 

Continuous Temperature Thermal Plume Mapping 
Tributary Delta 2007 2008 2007 2008 

Slate Creek X X X X 
Flume Creek X X  X 

Sullivan Creek X X X X 
Linton Creek X X  X 

Pocahontas Creek X X   
Sweet Creek X X X X 
Sand Creek X X   

 
 
4.4.1.2.1. Continuous Tributary Delta Water Temperature Monitoring 

During the summer and early fall of 2007 and 2008, anchored thermographs were deployed 
along the bed of the thalweg of the seven primary tributaries (Slate, Flume, Sullivan, Linton, 
Sweet, Pocahontas, and Sand creeks) to assess the effects of fluctuating reservoir water surface 
elevations on temperatures of tributary water entering the reservoir.  Locations included one 
point in the tributary upstream of the reservoir varial zone, one in the mainstem Pend Oreille 
River, and one to three locations in the varial zone.   
 
The thermographs were Onset Hobo® Water Temp ProV2 data loggers.  The data loggers 
recorded temperatures at a logging interval of 15 minutes with a resolution of 0.02°C ±0.2°C.  
Based on discussions with SCL, no formal calibration was performed; however, the data loggers 
were verified that they were in agreement over a range of temperatures prior to deployment 
(Solonsky 2007). 
 
In 2007, thermographs were installed on July 11–12, 2007, during a period of low forebay water 
surface elevations to identify the extent of the varial zone and locate the thalweg of the tributary 
delta.  The thermographs were removed from the reservoir on November 8–14, 2007.  In 2008, 
thermographs were redeployed on June 24-25, 2008, during a period of high flow (approximately 
73,000 cfs).  The 2008 thermographs were removed from the reservoir on October 28, 2008.  
Table 4.4-5 summarizes the number of thermographs deployed at each of the tributary deltas in 
2007 and 2008.  
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Table 4.4-5.  Summary of thermographs deployed at tributary deltas during 2007 and 2008. 

Number of Thermographs Deployed per Zone 
Upstream Varial Mainstem 

Tributary Delta 2007 2008 2007 2008 2007 2008 
Slate Creek 1 1 2 2 1 2 
Flume Creek 1 1 2 2 1 1 
Sullivan Creek  1 1 3 3 1 2 
Linton Creek 1 1 1 1 1 1 
Pocahontas Creek 1 1 1 1 1 1 
Sweet Creek 1 1 2 3 1 1 
Sand Creek 1 1 1 1 1 1 

TOTAL 7 7 12 13 7 9 
 
 
The thermographs upstream of the varial zone and within the varial zone were set within 0.5 foot 
of the bed.  The mainstem thermographs were deployed 3 feet below the surface in 2007.  To 
remove the mainstem thermographs from the influence of possible warming of the upper several 
feet of the mainstem depth, the thermographs were set at 6 feet below the surface in 2008.  To 
investigate whether the surface warming did occur, additional thermographs at 3 feet were set at 
Slate Creek and Sullivan Creek.  
 
The data from the thermographs were plotted at each tributary delta and these results used to 
identify the presence of thermal plumes along the stream channels located on the tributary deltas.  
Figure 4.4-6 shows an example of one of these plots using the data from 2008 for Slate Creek.  
Temperature plots along with figures showing the location of the thermographs for all seven 
tributary deltas for 2007 and 2008 are presented in Attachment A of Appendix 4b.  Discussion 
and interpretation of these plots are provided in Section 5.1.3 of Appendix 4b.  Section 5.4.2.2 
provides an overall characterization of the tributary delta thermal plumes utilizing the 
thermograph data and the thermal plume mapping. 
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Figure 4.4-6.  Example plot of tributary delta thermograph data, Slate Creek, 2008 (note: Mainstem data 
at 3’ and 6’ depths nearly coincide). 

 
 
4.4.1.2.2. Thermal Plume Mapping 

Monitoring of tributary delta temperature conditions as identified in the RSP consisted entirely 
of the continuous recording thermographs described in Section 4.4.1.2.1.  However, at the June 
7, 2007, Fish and Aquatics Workgroup meeting, relicensing participants introduced the potential 
need for additional delta temperature monitoring outside of the longitudinal and also vertical 
thalweg profile.  The impetus for additional monitoring was to better understand the lateral and 
vertical extent of the lower-temperature plume that could develop in the summer and early fall 
when tributary inflows may be substantially cooler than the mainstem.  A July 17, 2007, 
conference call between SCL and the relicensing participants was held to further discuss 
additional temperature monitoring at the tributary deltas.  As a result of this call, SCL developed 
a proposed 2007 monitoring plan for the tributary delta thermal plumes and presented the plan to 
the relicensing participants at the July 24, 2007, Fish and Aquatics Workgroup meeting.  SCL 
proposed that the 2007 data collection be conducted mainly to gather general information about 
temperature patterns at the tributary deltas and based on the results more focused data collection 
could be undertaken in 2008 to address questions that arose as a result of the 2007 data.  The 
Fish and Aquatics Workgroup members agreed that the proposed approach for monitoring 
temperature in tributary deltas in 2007 was acceptable. 
 
Findings from the 2007 thermal plume monitoring effort and proposed 2008 thermal plume 
monitoring effort were presented to the relicensing participants at the February 28, 2008, Fish 
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and Aquatics Workgroup meeting.  The proposed 2008 effort included adding Linton and Flume 
creeks to the tributary deltas with thermal plume mapping and to perform one additional round of 
thermal plume measurements for high, medium, and low forebay elevations during the hot 
summer months.  The relicensing participants agreed that the additional data collection for 2008 
would be useful, but requested additional discussion on the subject before committing to any 
changes.  
 
During the Fish and Aquatics Workgroup meeting on March 25, 2008, additional discussion was 
held on the details of the 2008 thermal plume mapping effort.  Several relicensing participants 
expressed opinions that more than one round of thermal plume measurements should be 
performed in 2008 to more fully characterize the plumes over a wider range of temperature and 
hydrologic conditions.  During the March 26, 2008, Initial Study Report (ISR) meeting, SCL 
presented a 2008 thermal plume monitoring plan that included measurement at the five proposed 
tributary deltas being conducted in three rounds, one round each in July, August, and September.  
During the July round, measurements would be taken at high, medium, and low forebay 
elevations.  For the August and September efforts, thermal plume mapping would be performed 
at high and low forebay pool conditions.  The relicensing participants agreed to the proposed 
effort.  A summary of the locations, dates, and forebay pool conditions for thermal plume 
mapping efforts conducted in 2007 and 2008 is provided in Table 4.4-6. 
 
Table 4.4-6.  Summary of dates and forebay conditions during which a thermal plume was mapped at the 
five tributaries in 2007 and 2008. 

Forebay Condition by Tributary 
Date Slate Creek Flume Creek Sullivan Creek Linton Creek Sweet Creek 

08-20-2007 High N/A High N/A High 
08-21-2007 Medium N/A Medium N/A Medium 
08-24-2007 Low N/A N/A N/A n/a 
07-20-2008 High N/A High High High 
07-21-2008 Medium Medium Medium Medium Medium 
07-22-2008 Low Low Low Low Low 
08-16-2008 High High High High High 
08-17-2008 Low Low Low Low Low 
09-05-2008 High High High High High 
09-06-2008 Low Low Low Low Low 

 
 
The following subsections summarize the methods for the 2007 and 2008 thermal plume 
mapping.  A more detailed presentation of the methods is provided in Appendix 4b (Section 
4.2.2).    
 
2007 Mapping Efforts
 
The thermal plume profiles were measured in 2007 using an AquaCal® Clinefinder Model 411 
temperature and depth sounder deployed on a 50-foot-long cable and reel.  The probe displays 
temperatures to the nearest 0.1°C and it has an accuracy of ±0.3°C when recording temperatures 
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in the range of 5 to 38°C (Catalina Technologies, Inc. 2000).  The probe has a quick response to 
changing temperature gradients, with response times in the range of 1 to 2 seconds.   
Reservoir surface water temperatures (i.e., depths of 0 to 10 feet) just offshore of the tributary 
delta area and the water temperature in the tributary just upstream of the confluence with the 
reservoir were recorded prior to measurements of the thermal plume profile.  The thermal plumes 
were mapped as the portion of the water with a temperature at least 2°F (1.1°C) cooler than the 
recorded temperature of the adjacent well-mixed flow of the mainstem Pend Oreille River.  The 
temperature data within the thermal plume were interpolated to provide a boundary for the area 
within the plume in which the water temperature was at least 2°C cooler than the mainstem.  The 
2°C temperature difference is the criterion adopted for defining the potential area for thermal 
refugia during periods when the mainstem water temperature exceeds 18°C (see Section 5.4.1.2.1 
and Appendix 4b Section 1). 
 
Water temperatures were monitored from the mouth of the tributary out into the reservoir.  The 
probe was lowered to the surface of the delta and the temperature display was allowed to 
equilibrate.  The water temperature was recorded along with the total depth.  The probe was 
slowly raised toward the surface to a depth where the mixing zone was encountered and this 
depth was recorded.  The depth of the mixing zone indicated the thickness of the thermal plume. 
 
The position of individual monitoring locations was determined using either GPS or rangefinder 
and compass.  The surveys were generally conducted on a transect basis, though “random” 
measurements were taken to fill in details between transects where appropriate.   
 
2008 Mapping Efforts
 
Changes from the 2007 monitoring effort implemented in the 2008 effort were agreed upon by 
the relicensing participants at the March 25, 2008, Fish and Aquatics Workgroup meeting and 
the March 26, 2008, ISR meeting.  Monitoring of the thermal plumes at the tributary deltas in 
2008 included a continuation and expansion of the 2007 monitoring efforts.  The delta thermal 
plume monitoring program for 2008 was developed to address two primary goals.  The first goal 
was to monitor the thermal plume conditions at the major Boundary Reservoir tributary deltas 
that have a high potential for cool water plumes that could be utilized as thermal refugia.  To 
achieve this goal, Flume and Linton creeks were added to the list of tributary deltas monitored in 
2008.  The second goal was to monitor water temperatures over a range of mainstem water 
surface elevations to fully define thermal plume response to changes in reservoir levels.  The 
goals were achieved by performing monitoring in July, August, and September with multiple sets 
of data collected in each month at forebay elevations ranging from high pool (~1,992 feet NAVD 
88 [1,988 feet NGVD 29]) to low pool (~1,976 feet NAVD 88 [1,972 feet NGVD 29]). 
 
Adjustments were made to procedures used in 2007 to map the thermal plume profiles in 2008.  
A Clinefinder with a 100-foot-long cable and reel was used at Slate and Flume creeks.  A 
Clinefinder with a 50-foot-long cable and reel was used for the remaining tributaries.  Similar to 
the 2007 procedure, water temperatures were monitored from the mouth of the tributary out onto 
the delta and into the mainstem, if the plume persisted that far.  The water temperatures were 
typically recorded on transects extending from the left edge of water to the right edge of water.  
Locations within transects were determined using either a GPS unit or a tagline.  The reference 
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points were established using a Topcon® GTS-230 total station.  Horizontal and vertical control 
used to establish the location of the reference points were based on the temporary delta control 
points established for the 2007 delta mapping activities.  
 
Determination of Thermal Plume Areas and Other Properties
 
The field data were entered into GIS utilizing the field surveyed coordinates and transects points.  
GIS tools were used to draw the extents of the thermal plumes based on the 2°C temperature 
difference from the mainstem chosen to define thermal refugia.  GIS tools were also used to 
determine the volume, average temperature at the bed, average temperature of the plume volume, 
and average depth of the plume.  The area of the plumes for various mainstem water surface 
elevations and dates were mapped to characterize the extent and variability of the thermal 
plumes.  An example of one of these maps is provided for Slate Creek in Figure 4.4-7.  The 
complete set of maps is provided in Section 5.2.2 of Appendix 4b, along with the tabulation of 
thermal plume properties and a detailed characterization of their response to changing mainstem 
water surface elevations.  Section 5.4.1.2 provides a summary of the thermal plume behavior and 
identification of Project influences on the extent of the thermal plumes. 
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Figure 4.4-7.  Example plots of thermal plume mapping for high, medium, and low forebay elevations at 
Slate Creek, 2007 and 2008. 
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4.4.1.2.3. Modeling of Thermal Plume Areas 

The mapping of thermal plume areas at selected tributary deltas showed that the plume areas 
vary at different reservoir water surface elevations.  A model was developed to calculate thermal 
plume areas as a function of reservoir water surface elevation to evaluate the influence of Project 
operations on thermal plume areas at selected tributary deltas.  The methods used to develop and 
apply the thermal plume models are described in the following sections. 
 
Thermal Plume Model Development
 
The models of the thermal plumes were developed to calculate plume area (e.g., footprint, as 
viewed from above) as a function of reservoir water surface elevation.  Figure 4.4-8 shows a 
conceptual sketch of a thermal plume on an inundated tributary delta.  The figure shows the 
concept of the cool water from the tributary spreading out across the delta and the influence of 
the mainstem current on limiting the downstream extents of the thermal plume. 
 
Although monitoring of plume areas was conducted at five tributary deltas (Section 4.4.1.2.2), 
models were developed only for the following four deltas: Flume Creek, Sullivan Creek, Linton 
Creek, and Sweet Creek.  No model was developed for the Slate Creek delta because plume areas 
were not correlated with reservoir water surface elevation.  When water temperatures in the 
mainstem Pend Oreille River exceed the preferences of native salmonid species, there is more 
incentive for these species to congregate and remain in the cooler waters of the thermal plumes.  
When the mainstem water temperature exceeds 18°C, the water temperature in the thermal 
plumes remains near optimal habitat values while the habitat value of the water temperature on 
the rest of the delta and in the mainstem decreases rapidly with increasing temperature.  The 
thermal plume models were developed to calculate plume area when mainstem water 
temperatures exceeded 18°C.  The representative wet (1997), dry (2001), and average (2002) 
hydrologic years were evaluated using the Hydraulic Routing Model (HRM) developed for Study 
7, Mainstem Aquatic Habitat Modeling (SCL 2009a), to calculate hourly mainstem water surface 
elevations at each of the four selected deltas.  These elevations were input to the thermal plume 
models to calculate plume areas during the periods of the year when mainstem water temperature 
exceeded 18°C.  This period runs from June 30 through September 20 based on average daily 
water temperature data from the USGS gage in the Boundary Reservoir forebay (period of 
record: water year 2000 through 2008). 
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Figure 4.4-8.  Conceptual plan and profile sketches of typical thermal plume on an inundated tributary 
delta. 
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To calculate the area of the thermal plumes as a function of reservoir water surface elevation, 
relationships between these two parameters were developed based on the monitoring data.  
Thermal plume area was plotted in relation to the reservoir water surface elevation at the time the 
plume area was mapped (see Figures 5.4-7 through 5.4-9).  Regression trend lines were fit 
through the data collected at each delta to develop delta-specific equations that best related 
plume area to water surface elevation.  For all of the four selected deltas, a power relationship 
was selected for the regression equation.  The general form of these equations follows: 
 

b
foresetElevWSEaPlumeArea )(* −=  

 
Where:  
 PlumeArea is the area of the thermal plume in units of 10,000 square feet 
 a and b are constants fit to the data measured at each delta 
 WSE is the hourly reservoir water surface elevation in units of feet (NAVD 88) 
 Elevforeset is the elevation at the top of the foreset slope in units of feet (NAVD 88) 
 
The plume area and reservoir water surface elevation were surveyed during the 2007 and 2008 
monitoring.  The elevation of the top of the foreset slope was determined from bathymetric 
survey data and field surveys as described in Appendix 3.  When the reservoir water surface 
elevation drops below the elevation of the top of the foreset slope, the cooler tributary flow is 
conveyed to the foreset where flows in the mainstem sweep these waters downstream, rapidly 
mixing the cooler tributary inflow with the warmer mainstem currents, thereby limiting the 
development of a thermal plume.  For this reason, the plume area at each delta was calculated as 
zero whenever the reservoir water surface elevation fell below the top of the foreset slope.  
Table 4.4-7 includes the values of the constants in each of the four regression equations. 
 
Table 4.4-7.  Regression equation parameters for relationships between thermal plume area and reservoir 
water surface elevation. 

Delta Coefficient a Elevforeset (feet, NAVD88) Exponent b
Flume 0.1518 1,966 0.7680 

Sullivan 0.6617 1,982 1.1232 
Linton 0.01686 1,9801 1.3429 
Sweet 0.1308 1,984 0.6975 

Note: 
1 The Linton Creek delta does not have a defined foreset, so an elevation of 1,980 was selected based on the 2006 

bathymetric survey data and the mapped extents of the thermal plumes. 
 
 
Application of Thermal Plume Models
 
The coefficients presented in Table 4.4-7 were applied to calculate the thermal plume area at 
hourly increments when the mainstem water temperature exceeded 18°C (June 30 – September 
20).  In addition to setting the plume area to zero when the top of the foreset slope was exposed, 
an upper limit on plume area was set.  The reservoir water surface elevation at each delta was 
calculated using the HRM with a mainstem inflow rate of 55,000 cfs and a Boundary forebay 
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water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 29).  The calculated area of 
the thermal plume at this elevation was held constant for any greater reservoir water elevations to 
focus the comparisons to the ranges of elevations substantially influenced by Project operations. 
 
The models were used to calculate hourly thermal plume areas.  Minimum, mean, and maximum, 
statistics of plume area were calculated from the hourly output.  These statistics were calculated 
for the entire period the thermal plumes were evaluated (June 30–September 20), as well as for 
specific mainstem water temperature ranges during this period.  These ranges were set as 18–
20°C (June 30 though July 7 and September 3 through September 20), 20–22°C (July 8 through 
July 17 and August 27 through September 2), and greater than 22°C (July 18 through August 
26).  Figure 4.4-9 shows an example of the model output for Sweet Creek plotted over an 8 day 
period during the dry year.  This plot includes the mainstem water surface elevation at the Sweet 
Creek tributary mouth as determined from the HRM.  The plot shows the thermal plume area 
approaching 6,500 sq. ft. as the mainstem water surface approaches elevation 1,994 feet NAVD 
88 (1,990 feet NGVD 29).  The plume size reduces to approximately 2,200 square feet as the 
mainstem water surface elevation drops below 1,987 NAVD 88 (1,983 NGVD 29) and 
approaches the start of the foreset slope at elevation 1,984 NAVD 88 (1,980 HGVD 29). 
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Figure 4.4-9.  Example plot of Sweet Creek thermal plume area model results along with mainstem water 
surface elevations, August 9 through August 17 of the representative dry year (2001). 
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4.4.1.3. Integration of Tributary Delta Habitat Evaluation Models 

Sections 4.4.1.1 and 4.4.1.2 provided the methods that were followed to evaluate various 
components of tributary delta aquatic habitats.  Section 4.4.1.1 described the two models 
developed to quantify the effects of Project operations on lacustrine and riverine habitats at 
selected tributary deltas; the model developed to relate the influence of Project operations on the 
area of thermal plumes on the deltas was described in Section 4.4.1.2.  While these modeling 
tools address different aspects of habitat on the tributary deltas for salmonids, there is not an 
explicit linkage between the models and their outputs; rather, the model outputs were considered 
together to better understand the influence of Project operations on delta habitats.  Figure 4.4-10 
illustrates how the model output was integrated. 
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

21-Jun

19-Jul

16-A
ug

13-S
epDate

Th
er

m
al

 P
lu

m
e 

A
re

a 
(s

q.
ft.

 x
 1

0,
00

0)
or

 H
Q

R
 (s

q.
ft 

x 
10

,0
00

)

15

16

17

18

19

20

21

22

23

M
ai

ns
te

m
 W

at
er

 T
em

pe
ra

tu
re

 (o C
)

Thermal Plume

Lacustrine HQR

Riverine Adult HQR

Avg. Monthly Temp.

 
Figure 4.4-10.  Mainstem water temperature and model output for adult riverine HQR, lacustrine HQR, 
and thermal plume area for the Sweet Creek delta during an average (2002) year. 

 
 
Figure 4.4-10 shows model output for Sweet Creek delta during the period of the average (2002) 
year when mainstem water temperature exceeds 18°C (June 30 through September 20).  The 
lacustrine HQR values are shown to decrease rapidly as average monthly mainstem water 
temperatures approach 22°C.  The lacustrine HQR is an indicator of the overall reservoir-like or 
lacustrine habitat on a delta and the HQR value is largely driven by the mainstem water 
temperature.  As shown in Figure 4.4-10, when the average monthly water temperature exceeds 
22°C during the month of August, the lacustrine HQR value for salmonids goes to zero.  Even 
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though the overall lacustrine habitat on the delta is rated as unsuitable for salmonids during this 
month, the water temperature within the cool-water thermal plume within this lacustrine habitat 
area is at least 2°C cooler.  The habitat within the thermal plume may be used by salmonids as 
thermal refugia during these times of unsuitable mainstem water temperature, particularly when 
considering the relatively low HQR value for riverine habitat on the delta (due to both low 
riverine HSI values described in Section 4.4.1.1.3 and small riverine habitat areas).  When the 
mainstem water temperature drops below 18°C, the lacustrine habitat, as represented by the HQR 
value, returns to suitable conditions.  During this period of suitable mainstem water 
temperatures, the potential for salmonids to seek out cool-water thermal plumes as thermal 
refugia decreases, so the tributary delta habitat can be evaluated without consideration of the 
thermal plume component of the lacustrine habitat. 
 
The area of thermal plumes and the areas represented by HQR values are not directly 
comparable.  The thermal plume area, unlike the riverine and lacustrine HQR values, is not 
weighted by a HSI value that ranges from 0.0 to 1.0.  Extracting habitat areas from the model 
outputs shown in Figure 4.4-10 using appropriate HSI values (see Tables 4.4-2 and 4.4-3), the 
lacustrine habitat area is approximately 15,000 square feet when the lacustrine HQR goes to 
zero, the riverine area is approximately 2,500 square feet, and the thermal plume area within the 
lacustrine area is approximately 5,000 square feet.  As noted in Study 9, Fish Distribution, 
Timing, and Abundance Study Final Report (SCL 2009d), nearly all observations of fish usage 
of cool-water areas at the tributary deltas when mainstem water temperatures were at annual 
maximums occurred in the lacustrine, not riverine, delta habitats.  Under the conditions presented 
in Figure 4.4-10, the thermal plume area represented only approximately one-third of the total 
lacustrine delta habitat, but it is nearly twice as large as the riverine habitat area.  This 
comparison highlights the importance of potential thermal refugia habitat on the tributary deltas 
during certain periods of the year.   
 
Because the Project is operated for power production, delta habitats are alternately exposed and 
inundated by fluctuating water surface elevations.  Depending on the characteristics of each 
tributary delta, such as substrate, gradient/slope, channel profile, and available cover, the area 
and value of potential aquatic habitat at each tributary delta for various species and life stages of 
resident fish changes in response to fluctuating reservoir water surface elevations.  The value of 
lacustrine habitat, riverine habitat, and thermal plume area within tributary deltas cannot be 
meaningfully compiled into a single indicator of habitat quality for salmonids.  Therefore, the 
outputs from the three models were presented separately, but the evaluation of tributary delta 
habitats and the interpretation of Project influences on salmonid habitats in the tributary deltas 
considered the model outputs in conjunction with each other. 
 
4.4.2. Fish Passage/Tributary Access 

The alteration of sediment deposition patterns within tributary deltas as a result of Project 
construction and past operations has created depositional slopes at the mouth of some tributary 
deltas that may affect upstream fish movement.  The slope may be steep enough to create a 
barrier and limit the ability of fish to migrate into the tributaries when the reservoir water surface 
elevation is drawn down and the foreset slope is exposed.  As sediment continues to be delivered 
to tributary deltas over the term of a new license, the influence of Project operations may also 
affect upstream fish movement.  The following paragraphs describe the methods used to assess 
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the potential for the tributary deltas to affect fish passage and tributary access under existing 
Project operations over the 50-year term of a new license. 
 
The evaluation of potential fish passage barriers was conducted in two phases.  The first phase 
utilized bathymetric survey data collected at selected tributary deltas to establish the profile of 
the tributary thalweg across the delta.  A detailed description of the survey methods is presented 
in Section 4.2.1 of Appendix 2.  The profile of the Sullivan Creek thalweg across the delta is 
displayed in Figure 4.4-11 as an example of the plots included in Appendix 2.  Average 
incremental slopes were calculated along the length of the thalweg, upstream of the elevation of 
the intersection of the topset slope and the foreset slope.  For steep slopes, the length and height 
of the slope were compared to known swimming abilities of adult and juvenile resident 
salmonids (as surrogates for all potential migrating fish species) to identify the potential for the 
slope to affect fish passage into the tributary. 
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Figure 4.4-11.  Longitudinal plot of thalweg elevations along the Sullivan Creek delta.  

Note: Similar plots of other tributary deltas are provided in Appendix 2. 
 
 
The second phase of the evaluation compared the elevation of identified potential fish passage 
barriers to the minimum reservoir water surface elevation during the representative wet (1997), 
dry (2001), and average (2002) years.  If the minimum elevation was lower than the base of a 
steep slope, the frequency and duration of the exposure was assessed to characterize the 
significance of the potential barrier.  An example of the reservoir water surface elevations at the 
Sullivan Creek delta during the wet (1997), dry (2001), and average (2002) years is shown in 
Figure 4.4-12. 
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Figure 4.4-12.  Hourly reservoir water surface elevations at the Sullivan Creek delta for wet (1997), dry 
(2001), and average (2002) water years.  

 
 
4.5. Mainstem Sediment Transport 

The general approach used to evaluate the effect of Project operations on mainstem channel 
morphology and the size and gradation of channel substrates consisted of four primary 
components: 

• Model comparison and selection 
• Model development 
• Model calibration 
• Model application and 50-year future simulation 

 
The first component required a comparison of available sediment transport models, and selection 
of a model for use in this study (Section 4.5.1).  Based on the selected model, the data required 
for model development were identified, and appropriate methods were used to collect and input 
these data (Section 4.5.3).  The assembled models were calibrated so that the predicted 
hydraulics closely matched target values, and so that the predicted erosion and sediment 
accumulation closely matched observed erosion and accumulation (Section 4.5.4).  Once the 
models were calibrated, they were applied to existing channel morphology and substrate 
gradations to predict changes over the 50-year term of a new license under existing Project 
operations (Section 4.5.5). 
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4.5.1. Sediment Transport Model Comparison and Selection 

Public-domain, one-dimensional computer modeling software programs developed to analyze 
erosion, transport, and deposition of sediment were reviewed to assess their applicability to the 
objectives of Study 8 and the conditions of the study reach of the Pend Oreille River.  The 
primary objective of the Mainstem Sediment Transport Model study component was to evaluate 
the effects of Project operations on channel morphology and substrate gradation within the Pend 
Oreille River from Box Canyon Dam downstream to approximately Red Bird Creek.  Therefore, 
the following model requirements were considered when evaluating applicability: 

• Representation of sediment mobilization, transport, settling, and re-suspension 
• Transport of sediment by size fraction 

 
Desirable aspects of sediment transport models included: 

• Consolidation of settled sediment 
• Flexibility in selecting sediment transport routines for various sediment size fractions 
• Representation of the development of a streambed armor layer 

 
Considerations that were taken into account included: 

• Time requirements for running the sediment routing model 
• Variable computation intervals depending on boundary conditions 
• Simulation time horizon of long periods (e.g., the 50-year term of a new license) 

 
One-dimensional, public-domain sediment transport models were reviewed in consideration of 
these requirements, desirable aspects, considerations, and known conditions in the study reach of 
the Pend Oreille River.  The following models were considered as candidates: 

• HEC-6 – Scour and Deposition in Rivers and Reservoirs (USACE 1993) 
• HEC-6T – Sedimentation in Stream Networks (MBH Software, Inc. 2002) 
• EFDC1D – Environmental Fluid Dynamics Code – One Dimensional (Hamrick 2001) 
• SRH-1D – Sedimentation and River Hydraulics – One Dimension (Huang and 

Greimann 2007) 
 
A brief overview of each model is presented in Section 4.1 of Appendix 5. 
 
4.5.2. Model Selection 

The primary objective in selecting a mainstem sediment transport model was to pick the most 
efficient model that would meet the criteria set forth in Section 4.5.1.  HEC-6T was selected as 
the model for evaluation of the changes in mainstem channel morphology and the size and 
distribution of channel substrates.  A more in-depth discussion of the comparison of model 
features and the basis for selecting HEC-6T for application to this study effort is presented in 
Section 4.1 of Appendix 5. 
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4.5.3. Model Development 

The data required to apply the mainstem sediment transport models were based on the 
requirements of the HEC-6T model.  The primary data requirements can be coarsely grouped as 
geometric data, hydraulic data, and sediment data.  Due to the presence of the Project between 
Box Canyon Dam and the approximate location of the confluence of Red Bird Creek, the 
mainstem channel was divided into two reaches: the Boundary Reservoir (Box Canyon Dam to 
Boundary Dam) and the Boundary Tailrace (Boundary Dam to Red Bird Creek).  Two separate 
models were developed to represent conditions within each of these reaches because the HEC-6T 
software (along with all of the other evaluate software) does not have the capability to model 
dam operations or spillway hydraulics.  The geometric data included cross section geometry and 
reach lengths (Section 4.5.3.1).  The hydraulic data included downstream boundary conditions, 
upstream inflow rates, channel roughness and expansion and contraction coefficients, and 
ineffective flow areas (Section 4.5.3.2).  Section 4.5.3.3 describes the required sediment data, 
such as inflowing sediment loads by size fraction and the initial gradation of channel substrates. 
 
4.5.3.1. Geometric Data 

The geometric data used to develop the HEC-6T models were based on the geometric data 
developed and calibrated for the HEC-RAS models used in the analysis of peak flood flow 
conditions (Study 2, Analysis of Peak Flood Flow Conditions Above Metaline Falls Final Report 
[SCL 2009e]) and in the analysis of mainstem aquatic habitats (Study 7 [SCL 2009a]).  Although 
the cross section geometry is essentially the same for both models, the Study 2 peak flow model 
did not extend downstream of Boundary Dam, so the Study 7 HRM was used for the Boundary 
Tailrace.  In the Boundary Reservoir, the data from the Study 2 model were used for the HEC-6T 
model because the Study 2 model was calibrated for conditions more similar to those when most 
of the sediment is being transported in the mainstem (e.g., high flows) whereas the Study 7 
HRMs were calibrated using flow rates up to approximately 55,000 cfs.  High flows through the 
Boundary Reservoir can approach 140,000 cfs; it is at these high flow rates when sediment 
transport capacity is greatest.  The peak flow model developed for Study 2 was calibrated to high 
flow events (96,000–136,000 cfs). 
 
Not all of the cross sections included in the Study 2 peak flow model or in the Study 7 HRM 
were imported to the HEC-6T models.  For purposes of model stability, run efficiency, and 
needed resolution of model output, each reach was subdivided at approximately 1,000-foot 
intervals for the sediment transport models.  There are locations where shorter intervals were 
used, in particular the constriction through Metaline Falls, but these were kept to a minimum and 
only occurred where needed to satisfy hydraulic calibration objectives.  Once representative 
cross sections were selected, the cross section geometry and modified reach lengths (to account 
for unused sections) were directly imported into the HEC-6T model. 
 
4.5.3.2. Hydraulic Data 

Some of the hydraulic data required to run the mainstem sediment transport models were 
developed differently for model calibration and model application; some of the data were applied 
similarly.  For example, the upstream and downstream boundary conditions were set as steady 
state values for hydraulic calibration.  For calibration of the sediment transport routine, these 
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same boundary conditions were varied on a daily basis from September 1967 through December 
2006.  Hydraulic data such as channel roughness coefficients, expansion and contraction 
coefficients, and ineffective flow areas were treated similarly for all model runs.  A more 
complete presentation is provided in Section 4.2 of Appendix 5. 
 
Flow rates were needed for all upstream boundaries of the models, both the mainstem Pend 
Oreille River and tributaries entering the Boundary Reservoir and the Boundary tailrace.  
Average daily flow rates are available from the USGS gage 12396500 on the Pend Oreille River 
below Box Canyon Dam for the modeling horizon.  However, no similar long-term 
measurements have been recorded for the tributaries.  Documentation of the process used to 
synthesize hydrologic records for study area tributaries is compiled in a hydrology report (R2 
Resource Consultants 2008).  For the Boundary Tailrace, the average daily flow released through 
the turbines and spilled was measured by SCL since 1986.  Prior to 1986, the average daily flows 
were synthesized following the methods in the Compilation of Project Hydrologic Data report 
(R2 Resource Consultants 20008).  
 
The water temperature was required for all inflows to the model.  Water temperature is important 
for computing sediment settling velocity, and it becomes more important as particle size 
becomes smaller (MBH Software, Inc. 2002).  Cold water can transport larger quantities of fine 
sediment because the settling velocities of fine sediment reduce as water temperature decreases.  
The average daily water temperature was calculated from the USGS data and consistently 
applied to flow data every year for both the mainstem and the tributaries.  The upstream inflows 
and downstream water surface elevations comprise the boundary conditions for the sediment 
transport models.  Additional internal variables affect energy losses and the movement of flow 
and sediment through the modeled reaches.  These internal variables include roughness 
coefficients, the locations of streambank stations, the assignment of roughness coefficients 
across each cross section, expansion and contraction coefficients, and delineation of ineffective 
flow areas.  The variables are commonly used as calibration parameters.  For the development of 
the HEC-6T model, no appreciable changes were made to the value of these variables as they 
were calibrated for the Study 2 peak flow model (Boundary Reservoir) and the Study 7 HRM 
(Boundary Tailrace).  
  
4.5.3.3. Sediment Data 

The sediment data needed for the HEC-6T model included sediment inflows and the gradation of 
the bed material at each cross section.  The sediment inflows were represented using sediment 
rating curves, where the sediment load is a function of flow rate.  The bed material gradation for 
each cross section was based on visual classifications made for the Boundary Reservoir in 
October–November 2007 and for the Boundary Tailrace in April 2008.  Details regarding the 
development of the rating curves and the assignment of channel substrate gradations are 
presented in Section 4.2.3 of Appendix 5; the following paragraphs summarize the development 
of these data. 
 
The sediment inflows to the Boundary Reservoir are generated by the following sources: 

• Releases from Box Canyon Dam 
• Tributary input 
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• Shoreline erosion 
 
A thorough description of the methods used to estimate the supply and gradation of sediment 
from each of these sources since construction of Boundary Dam is presented in Appendix 2.  In 
summary, the wash load and bed material load from each source were estimated in aggregate 
over the 39 year period from September 1967–December 2006.  The HEC-6T model requires 
sediment inflows to be formatted as sediment rating curves.  The curves provide the daily 
sediment inflow (by weight) within specified grain classes as a function of a flow rate.  
Generally, a power equation is used to represent sediment rating curves relating the daily 
sediment load to the daily flow.  To reduce model complexity, a maximum of nine separate 
sediment inflows within each of the two modeling reaches was desired.  To achieve this 
objective, flow rates and sediment loads from all tributary inputs and shoreline erosion within 
sub-reaches of the model were combined and a rating curve developed for the combined input.   
 
The bed material gradation for each habitat transect in the mainstem channel was based on visual 
classifications made for the Boundary Reservoir in October and November 2007 and for the 
Boundary Tailrace in April 2008.  These classifications were made to support Study 7, so more 
details about the information are available in the Study 7 Final Report (SCL 2009a).  As an 
overview, the substrate up to depths of approximately 75 feet were observed with an underwater 
camera at increments along the habitat transects.  Each observation reported the dominant 
substrate, the subdominant substrate, and the percentage of the bed covered by the dominant 
substrate.  These codes were recorded for 54 transects in the Boundary Reservoir and for 14 
cross sections in the Seven Mile Reservoir.  The lack of data below depths of 75 feet does not 
compromise the integrity of this analysis because these deep-water areas are potential deposition 
zones. 
 
The gradations at all habitat transects were reviewed with the goal of identifying a minimum 
number of representative gradations that maximize differences between each gradation.  This 
approach provided a means for assigning gradations to cross sections included in the HEC-6T 
model without need to reflect subtle differentiations between similar gradations observed at 
different habitat transects.  The seven representative gradations are presented in Appendix 5.  
The median grain size of these seven representative gradations ranges in size from very coarse 
gravel to medium/large boulders.  
 
4.5.4. Model Calibration 

The calibration of the sediment transport models occurred in two phases.  The first phase was the 
calibration of model hydraulics; the second phase of calibration targeted the erosion, transport, 
and accumulation of sediment.  An overview of the calibration methods is presented in the 
following sections; a full discussion is provided in Section 4.3 of Appendix 5. 
  
4.5.4.1. Calibration of Model Hydraulics 

During the iterative calibration process, HEC-6T simulated water surface elevations were 
compared in Microsoft Excel� to the water surface elevations calculated using the Study 2 peak 
flow model for the Boundary Reservoir and the Study 7 Boundary Tailrace HRM for the 
Boundary Tailrace.  The arithmetic difference between the two elevations was computed for each 
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cross section included in the HEC-6T model.  To provide a quantitative measure of the deviation 
from targeted conditions, the root mean square error (RMSE) was evaluated as follows: 
 

RMSE = 
( )
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�
�
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�

�

�
�
�
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Where: 
WSELHEC-RASi  =  water surface elevation calculated in Study 2 or Study 7 HEC-RAS 

model for cross section location i 
WSELHEC-6Ti =  water surface elevation calculated in HEC-6T model for cross section 

location i 
n  =  number of cross sections in the HEC-6T model simulation 

 
At the onset of the hydraulic calibration, criteria were established that were used to guide the 
calibration and to determine when a successful calibration had been attained.  For each flow rate 
and reservoir water surface elevation, various cross sections were inserted and removed from the 
geometric data with the targeted objective of 1,000-foot minimum cross section spacing until the 
following criteria were met: 

• Maximum absolute difference between the water surface elevation calculated by the 
HEC-6T model and the water surface elevation simulated in the calibrated and 
validated HEC-RAS models of less than 0.75 foot for all cross sections included in 
the HEC-6T model 

• RMSE between HEC-6T and HEC-RAS water surface elevations less than 0.50 foot 
for all cross sections included in the HEC-6T model  

 
4.5.4.1.1. Boundary Reservoir Model 

The HEC-6T model of the Boundary Reservoir was calibrated for nine flow rates spanning the 
range of all but the most exceptional flow rates.  The results of the hydraulic calibration of the 
HEC-6T model of the Boundary Reservoir are presented in Table 4.5-1.  As shown in this table, 
the RMSE and largest calculated differences at any cross section satisfy the calibration criteria. 
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Table 4.5-1.  HEC-6T Boundary Reservoir model root mean square error for each set of flow and 
reservoir water surface elevation combinations. 

Largest Calculated Difference (feet)1

Mainstem Flow 
Rate (cfs) 

Forebay Water 
Surface Elevation 
(feet, NAVD 88) RMSE (feet)1

Minimum Maximum 
10,000 1,974 0.079 –022 0.43 
20,000 1,974 0.103 –0.02 0.38 
40,000 1,974 0.190 –0.42 0.06 
55,000 1,974 0.230 –0.51 0.10 
55,000 1,991 0.090 –0.11 0.26 
80,000 1,991 0.337 –0.05 0.64 

100,000 1,991 0.146 –0.11 0.37 
124,000 1,991 0.172 –0.11 0.36 
140,000 1,991 0.246 –0.14 0.50 

Notes: 
1 Positive root mean square error (RMSE) and calculated difference values indicate the water surface elevation 

calculated by the HEC-6T model are less than the water surface elevation calculated by the Study 2 peak flow 
model. 

 
 
A total of 96 cross sections were included in the calibrated model, although 19 of these sections 
were needed to represent approximately 1,100 feet of the mainstem through Metaline Falls.  The 
locations of these 96 cross sections, along with the location of the habitat transects defined for 
Study 7, are shown in the series of figures in Appendix 5, Attachment A; an example is provided 
in Figure 4.5-1.  The average spacing of the cross sections through the remainder of the channel 
between Box Canyon Dam and Boundary Dam was approximately 1,250 feet. 
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4.5.4.1.2. Boundary Tailrace Model 

The HEC-6T model of the Boundary Tailrace was calibrated for nine flow rates spanning the 
range of all but the most exceptional flow rates.  The results of the hydraulic calibration of the 
HEC-6T model of the Boundary Tailrace are presented in Table 4.5-2.  As shown in this table, 
the RMSE and largest calculated differences at any cross section satisfy the calibration criteria. 
 
Table 4.5-2.  HEC-6T Boundary Tailrace model root mean square error for each set of flow and reservoir 
water surface elevation combinations. 

Largest Calculated Difference (feet)1

Mainstem Flow 
Rate (cfs) 

Forebay Water 
Surface Elevation 
(feet, NAVD 88) RMSE (feet)1

Minimum Maximum 
15,000 1,733 0.015 –0.04 0.01 
25,000 1,733 0.039 –0.11 0.02 
40,000 1,733 0.071 –0.20 0.04 
55,000 1,733 0.073 –0.21 0.06 
70,000 1,733 0.076 –0.22 0.08 
95,000 1,733 0.072 –0.19 0.08 

110,000 1,733 0.072 –0.18 0.09 
125,000 1,733 0.090 –0.24 0.09 
140,000 1,733 0.089 –0.24 0.09 

Note: 
1 Positive RMSE (root mean square error) and calculated difference values indicate the water surface elevation 

calculated by the HEC-6T model are less than the water surface elevation calculated by the Study 7 HRM. 
 
 
A total of 36 cross sections were included in the calibrated model to represent the mainstem 
channel from Boundary Dam to the confluence of Red Bird Creek.  The locations of these 36 
cross sections, along with the location of the habitat transects defined for Study 7, are shown in 
the series of figures in Appendix 5, Attachment A. 
 
4.5.4.2. Calibration of Sediment Transport Model 

Upon completion of the hydraulic calibration of the Boundary Reservoir and Boundary Tailrace 
HEC-6T models, the sediment transport components of the models were calibrated.  The 
Boundary Reservoir model was calibrated first, because sediment passed through Boundary Dam 
provides the sediment inflow to the Boundary Tailrace.  A thorough presentation of the 
calibration can be found in Section 4.3.2 of Appendix 5; a summary follows below. 
 
The objective of the sediment transport calibration was to closely match the net change in the 
volume of sediment deposited within the study reach since construction of Boundary Dam using 
delineated zones of erosion or sediment accumulation.  Although no substantial zones of erosion 
were noted since 1967, two distinct areas of sediment accumulation were identified.  A more 
complete description of the process used to identify these areas along with the methods used to 
calculate the volume of accumulation, are presented in Section 4.3.2 of Appendix 2.  As a 
summary, various data sources were reviewed to compare channel geometry and thalweg 
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elevations in the mainstem Pend Oreille River.  Where considerable differences were observed as 
compared to data collected in 2005 to 2007, an average end area method was coupled with the 
distance between cross sections to estimate a volume of sediment accumulation.  Using this 
approach, approximately 3,000 acre-feet of sediment was estimated to have accumulated in the 
Forebay Reach since 1967, and approximately 1,500 acre-feet of sediment was estimated to have 
accumulated in the Canyon Reach during the same time period.  No significant zones of erosion 
or sediment accumulation were identified between Boundary Dam and the confluence of Red 
Bird Creek. 
 
Initial model runs resulted in insufficient deposition of sediment in Boundary Reservoir.  After 
adjusting transport and deposition parameters in the Boundary Reservoir model, the calculated 
volume of sediment accumulated in the Boundary Reservoir is shown in Table 4.5-3. 
 
Table 4.5-3.  Summary sediment balance for Boundary Reservoir HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet) 
Sediment Inflow +19,610 +10,930 +1,440 +31,980 

Sediment Outflow –19,550 –8,240 –5 –27,795 
Trapped Sediment +60 + 2,690 + 1,435 + 4,185 

 
 
The total volume of sediment accumulated in the reservoir from September 1967 through 
December 2006 was calculated in the Boundary Reservoir sediment transport model to be 
approximately 4,200 acre-feet.  The volume of sediment accumulation identified using pre-dam 
surveys and topographic data was 4,500 acre-feet, so the model prediction after calibration is less 
than 10 percent smaller.  This level of agreement between the two methods of estimating 
sediment accumulated in the reservoir since dam construction meets the objective of the 
sediment calibration to closely match identified volumes of sediment accumulation in the 
reservoir.  Further, this agreement suggests that the calibrated model can be used to predict 
future trends with a reasonable level of confidence. 
 
The sediment outflow from the Boundary Reservoir model was used as the sediment input to the 
Boundary Tailrace model.  The loads of sediment by size fraction were distributed over time 
through the development of sediment rating curves and average daily flow rate released through 
Boundary Dam.  Due to the depth and width of the Forebay Reach, flow velocities are typically 
near zero.  Sediment that does not settle in the Forebay Reach under these ideal settling 
conditions was expected to remain in transport through the Tailrace Reach.  This expectation was 
supported by the lack of any identified zones of sediment accumulation between Boundary Dam 
and the confluence of Red Bird Creek.  Therefore, no significant changes in channel morphology 
were expected for this reach of the mainstem. 
 
The sediment gradations and transport parameters set for the Boundary Reservoir model were 
applied to the Boundary Tailrace model.  Given the lack of useable pre-dam surveys or 
topographic/bathymetric mapping downstream of Boundary Dam, the existing channel geometry 
was used as the channel geometry on September 1, 1967.  The calculated volume of sediment 
accumulated in the Boundary Tailrace is shown in Table 4.5-4. 
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Table 4.5-4.  Summary sediment balance for Boundary Reservoir HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet)
Sediment Inflow +20,080 +8,480 +13 +28,573 

Sediment Outflow –20,080 –8,480 –68 +28,628 
Trapped Sediment 0 0 –55 –55 

 
 
The sediment inflows shown in Table 4.5-4 are slightly greater than the outflows from Boundary 
Dam shown in Table 4.5-3—the differences are due to the contribution from the tributaries and 
direct drainage along the modeled reach of the mainstem.  The net change in volume of sediment 
accumulation as calculated in the Boundary Tailrace model shows a loss of approximately 55 
acre-feet of bed material, and no difference in inflow and outflow for clay and silt.  The net loss 
of bed material results from the development of the armor layer on the channel bed.  Over the 
modeled reach, the elevation of the thalweg decreases approximately one-half to two-thirds of a 
foot as finer sands and gravels are winnowed from the surface layer.  The armor layer is in fact 
present, and the gradations of the channel substrate represent the armor layer, so no decrease in 
bed elevation associated with armor development should be represented in the HEC-6T model.  
The reason this decrease occurs is a result of the logic coded into the software regarding armor 
layer development.  Due to the relatively minor decrease in thalweg elevation, and the use of the 
2006 data to represent the thalweg profile in 1967, the calculated net loss of bed material is not 
significant enough to be of concern during interpretations of model output.  
 
4.5.5. Model Application and 50-Year Future Simulation 

The calibration of the mainstem sediment transport models was performed to support predictions 
of future patterns of erosion and accumulation of sediment in the Pend Oreille River over the 50-
year term of a new license.  Calibrating the models to historic conditions and observations of 
change over time provided a basis for accepting predictions of future channel morphology and 
channel substrate size and gradation.  The major assumptions upon which the future predictions 
were based consist of the following: 

• The presence of Boundary Dam affects sediment transport into and through the 
Boundary Reservoir, but the effect of existing Project operations on mainstem 
sediment transport will be minimally different from the effect of operations scenarios. 

• Should the upgrade of the Waneta Project proceed, it is expected that operations of 
the Seven Mile Project will change.  Currently, it is premature to predict these 
changes.  Due to the unknown nature of potential changes in operations at the Seven 
Mile Project, it was assumed that operations will continue for the duration of the 50-
year term of a new license as they have since 1988 (when flashboards were added to 
the dam). 

• The variability of hydraulic conditions over the 50-year term of a new license can be 
reasonably represented using the 19-year period of record (1987–2005).  Two larger 
turbine units were added to the Project in 1986; although the period from 1987 
through 2005 is somewhat drier than the long-term average, the period since 1986 
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does capture the range of variability of basin hydrology (R2 Resource Consultants 
2008). 

• The future supply of sediment from tributary watersheds, erosion of the Boundary 
Reservoir shoreline, and sediment supply delivered through Box Canyon Dam will be 
similar to estimates of historic inputs. 

 
Under these assumptions, the calibrated HEC-6T models of the Boundary Reservoir and 
Boundary Tailrace were run for a 50-year horizon to predict future patterns of erosion and 
sediment accumulation in the mainstem Pend Oreille River. 
 

5 RESULTS 

This section provides the results for the five study components.  Additional details on results are 
presented in the appendices associated with each study component.  This section is organized to 
concentrate on the presentation of the primary results of the analysis and modeling efforts.  The 
outcome of intermediate steps and field work supporting the primary analysis and modeling 
efforts are presented in the associated appendices.  The results section has been organized in this 
manner to allow the reader to concentrate on the most important aspects of each effort.  If more 
detailed documentation of the study results is needed, the reader should refer to the appendices. 
 
The results section in this report and the portion of the associated appendix that presents 
additional details are listed below: 

• Section 5.1 – Characterization and Selection of Tributary Deltas (Appendix 1, 
Section 5) 

• Section 5.2 – Sediment Supply to Tributary Deltas and Mainstem (Appendix 2, 
Section 5) 

• Section 5.3 – Tributary Delta Evolution (Appendix 3, Section 5) 
• Section 5.4 – Tributary Delta Habitat Evaluation (Appendix 4, Section 5) 
• Section 5.5 – Mainstem Sediment Transport (Appendix 5, Section 5) 

 
The results presented in this section address the existing Project effects to establish a baseline 
condition as a reference for comparison when the effects of operations scenarios are later 
developed and evaluated in the IRA process and for the LA.  The potential term of a new license 
is 50 years.  The evolution of the tributary deltas and mainstem sediment transport conditions 
were evaluated over the potential 50-year term of the new license.  Project effects on other 
resources were evaluated during three representative years.  The representative years were 
selected as representative of wet, dry, and average conditions based on average annual flows (R2 
Resource Consultants 2008).  The wet year is based on 1997, the dry year on 2001, and the 
average year on 2002.  The flow hydrographs for the wet, dry, and average years are plotted in 
Figures 5.0-1 through 5.0-3, respectively.  A comparison of the flow hydrographs across these 
three years is shown in Figure 5.0-4.   
 
An integration of the study results presented in this section into a discussion of Project effects is 
presented in Section 6.   
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Figure 5.0-1.  Wet (1997) year hydrographs of flow entering and being discharged from Boundary 
Reservoir. 
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Figure 5.0-2.  Dry (2001) year hydrographs of flow entering and being discharged from Boundary 
Reservoir. 
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Figure 5.0-3.  Average (2002) year hydrographs of flow entering and being discharged from Boundary 
Reservoir. 
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Figure 5.0-4.  Comparison of wet (1997), dry (2001), and average (2002) year flows entering Boundary 
Reservoir from Box Canyon Dam. 
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5.1. Characterization and Selection of Tributary Deltas 

The characterization of the tributary deltas is described in Section 5.1.1; the initial and final 
selection of tributary deltas to study in more detail is presented in Section 5.1.2.  The Cultural 
Resources Workgroup noted a correlation between certain topographic features at tributary deltas 
and the potential for prehistoric archaeological deposits (e.g., prehistoric weirs and Native 
American fishing features); the findings of the observations made during the delta surveys are 
described in Section 5.1.3. 
 
5.1.1. Characterization of Tributary Deltas 

The characterization of the physical and hydrologic conditions of the tributary deltas is 
summarized in Tables 5.1-1 and 5.1-2.  Table 5.1-1 presents most conditions that were 
characterized, except for the measurements of tributary flow and tributary water temperature as 
shown in Table 5.1-2. 
 
Table 5.1-2 includes measurements of tributary flow that were collected during the late summer 
of 2008.  These measurements were collected after the selection of tributary deltas was agreed 
upon; however, they were included in this table as another point of comparison. 
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Table 5.1-1.  Characterization of physical and hydrologic conditions for the 28 Boundary Reservoir 
tributaries. 

Tributary Name 

Drainage 
Area

(sq-mi) 

Adfluvial 
Habitat 

Length (feet)
Existing Delta 

Present

Significant 
Aggradation/ 
Degradation 

Drawdown Zone 
Habitat Length 

(feet) 
Unnamed No. 1 0.61 82 No N/A --1 
Pewee Creek 10.37 0 Yes Yes 100 
Unnamed No. 2 0.02 129 No N/A --1 
Lime Creek 2.93 6,746 No N/A 380 
Everett Creek 2.18 60 Yes, minor No 360 
Whiskey Gulch 0.70 547 No N/A 240 
Slate Creek 32.33 3,474 Yes Yes 510 
Beaver Creek 1.77 0 No N/A 30 
Threemile Creek 4.91 0 No N/A 40 
Unnamed No. 3 0.15 58 No N/A --1 
Flume Creek 19.33 1,0563 Yes Yes 570 
Sullivan Creek 142.46 21,729 Yes No 1,510 
Unnamed No. 42 0.08 77 --2 --2 --2 
Linton Creek 2.11 19,159 Yes Yes 640 
Unnamed No. 5 0.62 130 No N/A --1 
Unnamed No. 6 0.01 955 No N/A --1 
Pocahontas Creek 3.92 16,480 Yes No 260 
Unnamed No. 7 0.30 53 No N/A --1 
Unnamed No. 8 0.07 66 No N/A --1 
Wolf Creek 1.57 236 Yes No 240 
Sweet Creek 11.12 2,6593 Yes No 570 
Unnamed No. 9 0.04 67 No N/A --1 
Sand Creek 8.22 1,3203 Yes No 800 
Lost Creek 1.20 165 Yes No 380 
Unnamed No. 10 0.93 99 No N/A --1 
Unnamed No. 11 0.23 78 No N/A --1 
Unnamed No. 12 0.93 <1004 No N/A --1 
Unnamed No. 13 1.72 <1005 No N/A --1 

Notes: 
1 Based on initial characterization and delta reconnaissance findings (e.g., no flow and no existing delta present), 

calculations of drawdown zone habitat length were not warranted. 
2 No tributary channel could be found in September 2007. 
3 The length of adfluvial habitat is based on the distance from the mouth of the stream to the lowermost migration 

barrier reported in McLellan and O’Connor (2001) and/or Andonaegui (2003). 
4 The original length of 102 feet of adfluvial habitat for Unnamed Tributary 12 was based on the 2002 WDFW 

SalmonScape (2007) GIS; however, during a September 2007 site visit, a natural fish migration barrier (a 
culvert perched higher than 15 feet) was observed near the reservoir margin.  The length of adfluvial habitat 
was estimated as less than 100 linear feet of stream. 

5 The original length of 4,184 feet of adfluvial habitat for Unnamed Tributary 13 was based on the 2002 WDFW 
SalmonScape GIS; however, during a September 2007 site visit, the outlet of the culvert through which the 
tributary flows was blocked by riprap.  Seepage flow was observed due to the low water conditions.  Due to this 
natural fish migration barrier the length of adfluvial habitat was estimated as less than 100 linear feet of stream. 

N/A – not applicable 
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Table 5.1-2.  Measurements of flow and water temperature for the 28 Boundary Reservoir tributaries. 

2000 Measurements 2007 Measurements 2008 Measurements

Tributary 
Name 

Drainage
Area

(sq-mi) Date 
Tributary 
Flow (cfs)

Site Visit 
Date 

Tributary 
Temperature

(°C) 
Tributary 
Flow (cfs) Date 

Tributary
Flow (cfs)

Unnamed No. 1 0.61 -- -- 9/6/2007 11 0.1 9/22/2008 0.1 
Pewee Creek 10.37 0.4 9/25/2000 9/6/2007 11 21 9/22/2008 22 
Unnamed No. 2 0.02 -- -- 9/6/2007 12 0.004 9/22/2008 Dry 
Lime Creek 2.93 2.8 9/26/2000 9/6/2007 11 2.7 9/22/2008 0.5 
Everett Creek 2.18 -- -- 9/6/2007 10 0.3 9/22/2008 2 
Whiskey Gulch 0.70 -- -- 9/6/2007 Dry Dry 9/22/2008 Dry 
Slate Creek 32.33 10.9 7/31/2000 9/6/2007 11 6.8 9/22/2008 8.3 
Beaver Creek 1.77 -- -- 9/7/2007 11 0.9 9/22/2008 3 
Threemile 
Creek 

4.91 -- -- 9/7/2007 9 0.5 9/22/2008 2 

Unnamed No. 3 0.15 -- -- 9/7/2007 13 0.04 9/22/2008 Dry 
Flume Creek 19.33 8.8 9/6/2000 9/7/2007 10 5.0 9/5/2008 6.6 
Sullivan Creek 142.46 77.7 8/16/2000 9/10/2007 15 40.5 9/5/2008 59.5 
Unnamed No. 4 0.08 -- -- --3 --3 --3 -- -- 
Linton Creek 2.11 -- -- 9/8/2007 11 1.9 9/6/2008 1.8 
Unnamed No. 5 0.62 -- -- 9/8/2007 9 0.1 -- -- 
Unnamed No. 6 0.01 -- -- 9/11/2007 Dry Dry -- -- 
Pocahontas 
Creek 

3.92 -- -- 9/9/2007 Dry Dry 9/22/2008 Dry 

Unnamed No. 7 0.30 -- -- 9/11/2007 Dry Dry -- -- 
Unnamed No. 8 0.07 -- -- 9/11/2007 Dry Dry -- -- 
Wolf Creek 1.57 -- -- 9/11/2007 Dry Dry -- -- 
Sweet Creek 11.12 5.3 9/11/2000 9/11/2007 12 2.5 9/5/2008 2.8 
Unnamed No. 9 0.04 -- -- 9/11/2007 Dry Dry 9/22/2008 Dry 
Sand Creek 8.22 0.4 9/7/2000 9/11/2007 Dry Dry 9/22/2008 Dry 
Lost Creek 1.20 -- -- 9/12/2007 11 0.03 9/23/2008 1.4 
Unnamed No. 
10 

0.93 -- -- 9/12/2007 11 0.001 9/23/2008 0.3 

Unnamed No. 
11 

0.23 -- -- 9/12/2007 14 0.002 9/23/2008 Dry 

Unnamed No. 
12 

0.93 -- -- 9/12/2007 10 0.06 9/23/2008 0.5 

Unnamed No. 
13 

1.72 -- -- 9/12/2007 8 0.4 9/23/2008 1.5 

Notes: 
1 Flow rate at the base of Pewee Falls was visually estimated. 
2 Based only on flow in the North Fork of Pewee Creek. 
3 No tributary channel could be found in September 2007. 
cfs – cubic feet per second 
-- – no data collected 
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5.1.2. Selection of Tributary Deltas 

The characterization of the hydrologic and physical conditions of the 28 tributaries entering the 
Boundary Reservoir was conducted to select 6 to 8 tributary deltas to study in more detail.  
Deltas were selected that provide potential habitat for native salmonids, or that have the potential 
to contribute a volume of sediment to the mainstem Pend Oreille River that could affect reservoir 
habitats.  The first stage of the selection process, the initial selection, utilized existing 
information from the RSP (SCL 2007), information from previous studies, data derived from 
GIS-based analyses of physical characteristics, and a preliminary field visit conducted in March 
2007.  This level of characterization was conducted to provide the basis for an initial selection of 
tributaries to be studied in detail.  The second stage of the selection process, the final selection, 
was based on review of aerial photography, bathymetric surveys, and the observations made 
during field reconnaissance conducted in September 2007. 
 
5.1.2.1. Initial Selection of Tributary Deltas 

The initial selections were made to support the planning and implementation of the September 
2007 data collection efforts.  These selections were based on the characterization of the length of 
adfluvial habitat, the tributary drainage area, and observations made during site visits on March 
22, 2007.  Relative rankings of the adfluvial habitat length and drainage areas are presented in 
Table 5.1-3.  The length of adfluvial habitat is a measure of the stream length that fish in the 
reservoir can access before encountering a migration barrier.  Greater lengths indicate potential 
for more usage by native salmonids, so the greatest lengths are rated highest.  Drainage area is an 
indicator of the overall flow volume and sediment yields delivered by the tributaries.  Greater 
flow volumes and sediment yields are directly correlated with drainage area, so greater areas are 
more highly rated. 
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Table 5.1-3.  Relative rankings of adfluvial habitat length and drainage area. 

Relative Rating1 Length of Adfluvial Habitat Drainage Area 
1 Sullivan Creek Sullivan Creek 
2 Linton Creek Slate Creek 
3 Pocahontas Creek Flume Creek 
4 Lime Creek Sweet Creek 
5 Slate Creek Pewee Creek 
6 Sweet Creek Sand Creek 
7 Sand Creek Threemile Creek 
8 Flume Creek Pocahontas Creek 
9 Unnamed No. 6 Lime Creek 

10 Whiskey Gulch Everett Creek 
11 Wolf Creek Linton Creek 
12 Lost Creek Beaver Creek 
13 Unnamed No. 5 Unnamed No. 13 
14 Unnamed No. 2 Wolf Creek 
15 Unnamed No. 10 Lost Creek 
16 Unnamed No. 1 Unnamed No. 10 
17 Unnamed No. 11 Unnamed No. 12 
18 Unnamed No. 4 Whiskey Gulch 
19 Unnamed No. 9 Unnamed No. 5 
20 Unnamed No. 8 Unnamed No. 1 
21 Everett Creek Unnamed No. 7 
22 Unnamed No. 3 Unnamed No. 11 
23 Unnamed No. 7 Unnamed No. 3 
24 Unnamed No. 12 Unnamed No. 4 
25 Unnamed No. 13 Unnamed No. 8 
26 Pewee Creek2 Unnamed No. 9 
27 Beaver Creek2 Unnamed No. 2 
28 Threemile Creek2 Unnamed No. 6 

Notes: 
1 Relative ratings are listed in decreasing order of value, with 1 indicating the greatest value. 
2 Pewee Creek, Beaver Creek, and Threemile Creek all have zero feet of adfluvial habitat due to waterfalls.  They 

are listed in order of increasing Project river mile. 
 
 
The listings shown in Table 5.1-1 reveal similarities among tributaries with the greatest length of 
adfluvial habitat and large drainage areas.  During the March 22, 2007, site visits, many of the 28 
tributaries were visited, and particular attention was paid to the deltas ranked highest in Table 
5.1-1.  Photographs taken and observations made during these site visits regarding potential for 
aquatic habitat and the presence of geomorphic processes consistent with delta formation are 
provided in Appendix 1. 
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As a result of the initial characterization and the observations during the site visits, the following 
seven tributaries were initially selected for further evaluation within Study 8 (listed from 
downstream to upstream, increasing PRM): 

• Slate Creek 
• Flume Creek 
• Sullivan Creek 
• Linton Creek 
• Pocahontas Creek 
• Sweet Creek 
• Sand Creek 

 
In addition to these seven tributaries, it was also proposed during the initial screening process 
that two other creeks would be discussed qualitatively as to their habitat conditions and their 
geomorphic evolution, but would not be included in the habitat modeling effort.  These two 
tributaries are Pewee Creek and Lime Creek.  Both of these tributaries have significant drainage 
areas, but other conditions excluded them from the initial list of tributaries identified for 
modeling of aquatic habitat.  For example, Pewee Creek pours over a falls directly into Boundary 
Reservoir and has no adfluvial habitat.  Lime Creek does not have a delta or a defined channel at 
either of its confluences with the reservoir.  Details of the conditions at these tributaries are 
presented in Section 5.1 of Appendix 1. 
 
The relicensing participants agreed with the initial selection of the seven tributary deltas at the 
June 7, 2007, Fish and Aquatics Workgroup meeting.  The initial selection was presented in 
PowerPoint and documented in the Methods Outline (Tetra Tech and TRPA 2007) distributed for 
the workgroup meeting. 
 
5.1.2.2. Final Selection of Tributary Deltas 

Subsequent to the initial selection of the deltas, further analyses were conducted to identify 
whether any of the omitted tributaries should be elevated to detailed study, or whether any of the 
included tributaries should be removed.  The analyses consisted of measurements of the habitat 
length within the reservoir drawdown zone and reconnaissance activities conducted at all 28 
tributaries in September 2007.  Tributary flow rate and water temperature were measured during 
the reconnaissance when the low reservoir water surface elevation exposed the full extent of the 
drawdown zone for observation.  Details of the analyses and observations are presented in 
Section 5.2 of Appendix 1. 
 
The final selection process provided information that supported the initial selection of study 
tributaries.  Based on the final GIS-based analyses and the data collected (including 
observations) during the field reconnaissance, the same seven tributary deltas identified in the 
initial selection were included in the final selection.  These tributary deltas are (listed from 
downstream to upstream, increasing PRM): 

• Slate Creek 
• Flume Creek 
• Sullivan Creek 



FINAL REPORT STUDY NO. 8 – SEDIMENT TRANSPORT AND TRIBUTARY DELTA HABITATS

 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 91 March 2009 

• Linton Creek 
• Pocahontas Creek 
• Sweet Creek 
• Sand Creek 

 
These selections were presented to the relicensing participants, and agreed upon, at the March 
25, 2008, Fish and Aquatics Workgroup meeting.  These seven tributary deltas were studied in 
more detail to evaluate the effects of Project operations on potential habitat for native salmonids 
and to evaluate the effects of Project operations on the physical evolution of delta morphology. 
 
5.1.3. Cultural Resource Features 

During the field reconnaissance efforts, the trained geologist did not observe any FCR or FCR 
clusters.  The apparent absence of these features was communicated to the Study 24, Cultural 
Resources lead. 
 
5.2. Sediment Supply to Tributary Deltas and Mainstem 

The goal of this study component was to estimate the supply and gradation of sediment delivered 
to selected tributary deltas and to the mainstem Pend Oreille River to support evaluation of 
Project effects on aquatic habitats.  The results of these calculations are organized by source of 
sediment.  Section 5.2.1 presents the supply and gradation of sediment derived from tributary 
watersheds.  Section 5.2.2 contains a summary of the supply and gradation of sediment generated 
from erosion of the Boundary Reservoir shoreline as quantified in Study 1 (SCL 2009b).  Section 
5.2.3 includes the supply and gradation of sediment delivered to the study area via the mainstem 
Pend Oreille River at Box Canyon Dam.  More thorough discussions of the results are available 
in Section 5 of Appendix 2. 
 
5.2.1. Tributary Watershed Sediment Supply and Gradation 

The methods utilized to calculate the supply and gradation of sediment delivered to tributary 
deltas were presented in Section 4.2.  Multiple techniques were pursued for these calculations, 
particularly to distinguish between wash load sediment sizes and bed material load sediment 
sizes, and the results from the different techniques were compared to identify the most 
appropriate estimates.  The following sections summarize the supply and gradation of the various 
sediment sources. 
 
5.2.1.1. Wash Load Supply and Gradation 

The supply of wash load to the tributary deltas was estimated using the weight of silt and clay 
trapped in the Boundary Reservoir in conjunction with the weight of sediment passing through 
Boundary Dam (Sections 4.2.3.1 and 4.2.3.2).  Alternate approaches such as regional sediment 
yield relationships and calculations of sediment transport were considered, but the confidence in 
the results from these methods was lower than the selected approach.  The areal supply rate of 
wash load from the tributary watersheds was set equal to the areal supply rate of wash load 
derived from the watershed upstream of Box Canyon Dam.  Under this approach the wash load 
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supplied from a specific watershed was related to the area of the contributed drainage area.  The 
calculated rate was 0.528 ton per acre per year.  Table 5.2-1 presents the watershed areas and 
wash load supplied on an annual basis for tributary watersheds with deltas selected for modeling 
of physical morphology and delta habitat. 
 
Table 5.2-1.  Supply of wash load generated by tributary watersheds between 1967 and 2006. 

Tributary Name Watershed Area (acres) Total Wash Load (tons) 
Slate Creek 20,693 426,116 
Flume Creek 12,369 254,705 
Sullivan Creek 58,1011 1,196,414 
Linton Creek 1,2692 26,136 
Pocahontas Creek 2,507 51,634 
Sweet Creek 7,114 146,500 
Sand Creek 5,264 108,386 

Notes: 
1 Excludes the area upstream of the mill pond on Sullivan Creek due to the expected trapping of nearly all wash 

load within the lake. 
2 Excludes the area draining to the wetland upstream of the Highway 31 crossing as this wetland is expected to 

trap nearly all of the wash load from its contributing watershed. 
 
 
The wash load was separated into clay and silt size fractions and the distribution based on the 
area weighted composition of the silt and clay components in the surface soil layer of the 
watershed (see Section 4.2.3.6 of Appendix 2).  Using this approach, 40 percent of the wash load 
was designated as clay and 60 percent as silt.  The total silt load was evenly distributed among 
the four silt sizes classes.   
 
5.2.1.2. Bed Material Load Supply and Gradation 

The supply of bed material load delivered to selected tributary deltas was based on the volume of 
deposition at the Slate Creek and Flume Creek deltas since construction of Boundary Dam.  
Although the volume of depositional material at each delta differed, the rates of bed material 
supply were similar when normalized by contributing watershed area.  Therefore, an average 
areal loading rate was calculated as 0.0393 ton per acre per year.  The supply of bed material 
delivered to selected tributary deltas is presented in Table 5.2-2. 
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Table 5.2-2.  Supply of bed material load generated by tributary watersheds between 1967 and 2006. 

Tributary Name Watershed Area (acres) Total Bed Material Load (tons) 
Slate Creek 20,693 31,717 
Flume Creek 12,369 18,958 
Sullivan Creek 10,8121 16,572 
Linton Creek 1,2692 1,946 
Pocahontas Creek 2,507 3,843 
Sweet Creek 7,114 10,904 
Sand Creek 5,264 8,068 

Notes: 
1 Excludes the area upstream of Sullivan Lake due to the expected trapping of all bed material load within the 

lake. 
2 Excludes the area draining to the wetland upstream of the Highway 31 crossing as this wetland is expected to 

trap all wash load from its contributing watershed. 
 
 
The bed material load was divided into sand, gravel, and cobble size fractions using 
representative sediment samples collected from each delta.  The distributions based on 
represented sediment samples are presented in Table 5.2-3. 
 
Table 5.2-3.  Distribution of bed material load generated by tributary watersheds between 1967 and 2006. 

Percentage of Total Bed Material Load 
Tributary Name VFS FS MS CS VCS VFG FG MG CG VCG SC LC 
Slate Creek 0 0 1 2 4 4 6 10 16 17 33 7 
Flume Creek 0 1 2 4 6 5 6 12 19 21 22 2 
Sullivan Creek 1 1 11 9 11 7 12 18 13 12 4 1 
Linton Creek 3 10 20 13 10 7 12 17 5 3 0 0 
Pocahontas Creek 1 0 3 8 15 14 15 13 14 13 3 1 
Sweet Creek 1 2 6 8 11 12 14 18 14 10 4 0 
Sand Creek 2 1 4 7 12 10 14 18 16 14 2 0 

Notes: 
VFS – very fine sand; FS – fine sand; MS – medium sand; CS – coarse sand; VCS – very coarse sand; VFG – very 
fine gravel; FG – fine gravel; MG – medium gravel; CG – coarse gravel; VCG – very coarse gravel; SC – small 
cobbles; LC – large cobbles 
 
 
5.2.2. Reservoir Shoreline Sediment Supply and Gradation 

The Study 1 Final Report (SCL 2009b) provides detailed results of reservoir shoreline sediment 
supply and gradation; an overview of relevant material is presented in the following paragraphs. 
 
Based on the estimated area of past shoreline loss, the estimated erosion rates at each erosion 
site, and the dimensions of each site (length and bank height), it was calculated that a total of 14 
to 15 acres of land adjacent to the shoreline has been lost in the past 40 years as a result of all 
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erosion factors (Project and non-Project).  This is equivalent to the loss of an estimated 233,500 
cubic yards of material.  Because the erosion rate is not explicitly linked to flow rates in the 
mainstem Pend Oreille River, the cumulative erosion rates were evenly distributed over the 40 
years to estimate an average annual loading rate of approximately 587.5 cubic yards per year.  
Based on the composite grain size distribution of the various parent materials applied to each 
erosion site, it was estimated that 1 percent of the total eroded material was boulder/cobble size, 
47 percent was gravel size, 42 percent was sand size, 5 percent was silt size, and 5 percent was 
clay; however, it is noted that these percentages vary considerably site to site such that, for 
modeling purposes, the gradation of each site was considered. 
 
5.2.3. Mainstem Pend Oreille Sediment Supply and Gradation 

The methods utilized to calculate the supply and gradation of sediment delivered to the mainstem 
Pend Oreille River through Box Canyon Dam were presented in Section 4.2.3.  Multiple 
techniques were pursued for these calculations, particularly to distinguish between wash load 
sediment sizes and bed material load sediment sizes, and the results of the different techniques 
were compared to identify the most appropriate estimates. 
 
5.2.3.1. Wash Load Supply and Gradation 

The supply of wash load to the mainstem was estimated using the weight of silt and clay trapped 
in the Boundary Reservoir in conjunction with the weight of sediment passing through Boundary 
Dam (see Sections 4.3.1 and 4.3.2 of Appendix 2).  Alternate approaches such as regional 
sediment yield relationships and calculations of sediment transport were considered, but the 
applicability of these approaches to conditions in the study area was questionable.  The loading 
was developed as an average annual areal-based rate so that the load supplied from a specific 
watershed was related to the size of the watershed.  The calculated rate was 0.528 ton per acre 
per year.  Table 5.2-4 presents the watershed areas and supply of wash load on an annual basis 
for the watersheds upstream of Box Canyon Dam and downstream of the Priest River confluence 
with the Pend Oreille River. 
 
Table 5.2-4.  Supply of wash load generated from 1967 to 2006. 

Watershed Name Watershed Area (acres) Total Wash Load (tons) 
Priest River1 157,792 3,249,000 
Box Canyon Dam Reservoir2 384,724 7,922,000 

Notes: 
1 Excludes the area upstream of Priest Lake due to the expected trapping of nearly all wash load within the lake. 
2 Excludes the area upstream of all significant lakes and reservoirs that are expected to trap all wash load. 
 
 
The wash load was separated into clay and silt size fractions using the size classes and the 
distribution based on the area weighted composition of the silt and clay components in the 
surface soil layer of the watershed (see Section 4.3.6 of Appendix 2).  Using this approach, 
40 percent of the wash load was designated as clay and 60 percent as silt.  The total silt load was 
evenly distributed among the four silt size classes. 
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5.2.3.2. Bed Material Load Supply and Gradation 

The supply of bed material load delivered to the mainstem was based on the loading rate 
calculated for the tributary watersheds.  The operation of Box Canyon Dam limits movement of 
bed material until one of the four lower leaves in the spillway is lifted (80,000 cfs).  Because 
sediment transport calculations revealed a potential to mobilize some bed material size fractions 
at substantially lower flow rates, and a pavement layer was observed during field surveys, the 
hydraulic calculations based on transport capacity were not related to the dam operations and 
were unlikely to accurately reflect the actual bed material transport regime.  The selected 
approach using tributary watershed data was implemented because the climate, precipitation 
regime, land cover/vegetation, and soils of the watersheds between Albeni Falls Dam and Box 
Canyon Dam are similar to the tributary watersheds within the Boundary Reservoir drainage.  
The average areal loading rate applied was 0.0393 ton per acre per year.  The supply of bed 
material delivered to selected tributary deltas is presented in Table 5.2-5. 
 
Table 5.2-5.  Supply of bed material load generated 1967 to 2006. 

Tributary Name Watershed Area (acres) Total Bed Material Load (tons) 
Priest River1 157,792 241,800 
Box Canyon Dam Reservoir2 384,724 590,000 

Notes: 
1 Excludes the area upstream of Priest Lake due to the expected trapping of all bed material load within the lake. 
2 Excludes the area upstream of all significant lakes and reservoirs that are expected to trap all bed material load. 
 
 
The bed material load was divided into sand, gravel, and cobble size fractions using a 
representative bed material sediment sample.  Particular attention was paid to the riverbed 
samples collected in the wide reach of the upper reservoir at the town of Metaline due to its 
potential for deposition.  However, the selected sample was collected from the subsurface of a 
bar (indicative of mobile bed material) farther upstream that had a wider distribution of sizes 
than the samples collected in the reach near the town of Metaline.  The distribution of bed 
material was based on the gradation as presented in Table 5.2-6. 
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Table 5.2-6.  Distribution of mainstem bed material load generated by tributary watersheds between 1967 
and 2006. 

Percentage of Total Bed Material Load 
Watershed Name VFS FS MS CS VCS VFG FG MG CG VCG SC LC 
Above Box Canyon Dam 3 2 10 10 7 12 10 18 18 10 0 0 

Notes: 
Percentages based on gradation of sample BM-10. 
VFS – very fine sand; FS – fine sand; MS – medium sand; CS – coarse sand; VCS – very coarse sand; VFG – very 
fine gravel; FG – fine gravel; MG – medium gravel; CG – coarse gravel; VCG – very coarse gravel; SC – small 
cobbles; LC – large cobbles 
 
 
5.2.4. Daily Time Series of Sediment Supply 

The daily time series of sediment supply by size fraction for the mainstem and for the tributaries 
were created for use in the mainstem sediment transport model.  The cumulative supply of bed 
material load and wash load over the period 1967–2006 was distributed by size fraction using the 
rating curve equation format presented in Section 4.2.4.  The exponent for all equations was set 
to 2.0 as recommended by the USACE (1995); this value was further validated by the exponent 
of the power relationships derived from the USGS measurements at the international boundary.  
The critical discharges were based on calculations of incipient motion, and values varied by size 
fraction and as a function of channel hydraulics.  A simplification made during the mainstem 
sediment transport modeling was the grouping of sediment inputs, such as tributaries and 
shoreline erosion sites.  Because future tributary morphologies were estimated on an annual 
basis, there was no specific need for the daily time series other than as a boundary condition for 
the mainstem sediment transport model.  The calibration of the sediment routing equation 
coefficient was not needed for individual deltas; rather, the calibration was conducted for 
combined inputs.  Sediment supply generated from shoreline erosion, which was set to be 
independent of flow rate, was calculated on an average daily basis and simply added as a 
constant to any flow rate in the development of a sediment rating curve.  Additional details 
regarding the development of sediment rating curves are provided in Appendix 5.  It is noted that 
the daily time series only considered size fractions delivered to the mainstem, so bed material 
delivered by a tributary and deposited on a delta was not transported to the mainstem and was 
excluded from development and calibration of rating curves. 
 
As mentioned in Section 4.2.4, the objective of the distribution of sediment on a daily basis was 
to account for differences in hydrology and associated fluctuations in sediment transport.  
Considering this objective, the approach was not intended to specifically reproduce the weight of 
sediment delivered on individual days, but rather to distribute sediment over time in relation to 
hydrologic conditions.  Although an average annual areal rate was used to calculate the total 
weight of a particular size sediment from 1967 to 2006, the distribution of the load on a daily 
basis was linked to discharge and was thus not constant year to year.   
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5.3. Tributary Delta Evolution 

The evolution of the morphology of selected deltas over the 50-year term of a new license has 
the potential to affect tributary delta habitat areas and sediment delivered to the mainstem Pend 
Oreille River.  The methods described in Section 4.3 outline a framework to evaluate changes in 
delta morphology.  This framework includes identifying changes in delta morphology since 
construction of Boundary Dam, evaluating existing delta morphology and delta stability, and 
modeling future delta evolution based on sediment delivered to the delta and the influence of 
Project operations.  Based on this framework, only the Slate Creek and Flume Creek deltas were 
predicted to evolve in the future under existing Project operations.  The results of these 
morphologic changes are discussed in two sections.  The first, Section 5.3.1, presents the 
predicted morphology of the seven selected deltas over the 50-year term of a new license.  
Section 5.3.2 presents the calculated relationships of future areas of lacustrine and riverine delta 
habitat as a function of elevation. 
 
5.3.1. Future Delta Morphology Under Existing Project Operations 

Of the seven tributary deltas selected for evaluation in Study 8, continuation of existing Project 
operations over the 50-year term of a new license was predicted to only change the morphology 
of the deltas at Slate Creek and Flume Creek.  The other five deltas were categorized as Type 2 
deltas, so no physical evolution of the deltas was predicted and the existing morphology was 
used directly to represent future morphology.  Detailed presentation of the existing delta 
morphologies, including maps and figures, is provided in Section 4.2 of Appendix 1. 
 
For the existing morphology to represent the future morphology for the five Type 2 deltas, a 
volume of bed material sediments must be mobilized from the delta in proportion to the volume 
of delivered to the delta.  When the bed material delivered from the tributary to the delta is 
mobilized from the delta by the mainstem, this sediment enters the mainstem channel and has the 
potential to affect mainstem aquatic habitat.  However, for the two Type 4 deltas located 
downstream of Metaline Falls, bed material sediment will deposit on the delta over the 50-year 
term of a new license leading to the modeled delta evolution.  Other than the local areas of 
deposition on the delta, these sediments do not have the potential to affect mainstem aquatic 
habitats.  The methods presented in Section 4.5 describe the approach followed to calculate the 
volume of sediment delivered to the Slate Creek and Flume Creek deltas for the midpoint of each 
third of the 50-year term of a new license.  The model developed to distribute this sediment on 
the delta considering physical constraints and limitations imposed by Project operations is also 
described.  Examples of the modeled Slate Creek delta morphology at the midpoint of the first 
third of the 50-year term of a new license (post-licensing years 1–17) and the midpoint of the 
second third of the term (post-licensing years 18–33) are shown in Figures 5.3-1 and 5.3-2.  
Other figures of future morphology are available for the Slate Creek and Flume Creek deltas in 
Section 5.1 of Appendix 3. 
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Figure 5.3-1.  Predicted Slate Creek delta morphology for the midpoint of post-licensing years 1–17 
(facing east, not to scale). 
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Figure 5.3-2.  Predicted Slate Creek delta morphology for the midpoint of post-licensing years 18–33 
(facing east, not to scale). 
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Physical descriptors of the future delta morphologies are presented in Table 5.3-1. 
 
Table 5.3-1.  Physical descriptors of predicted Slate Creek and Flume Creek delta morphologies. 

Delta 
Top of Foreset     
(feet NAVD 88) 

Foreset Slope Angle 
(percent)

Topset Slope Angle 
(percent)

Topset Slope 
Length (feet) 

Slate, midpoint post-
licensing years 1–17 

1,966 60 2.5 480 

Slate, midpoint post-
licensing years 18–33 

1,966 60 2.5 540 

Slate, midpoint post-
licensing years 34–50 

1,966 60 2.5 580 

Flume, midpoint post-
licensing  years 1–17 

1,966 23 1.8 245 

Flume, midpoint post-
licensing years 18–33 

1,966 23 1.8 255 

Flume, midpoint post-
licensing years 34–50 

1,966 23 1.8 260 

 
 
5.3.2. Future Areas of Riverine and Lacustrine Delta Habitats 

Over the 50-year term of a new license, the areas of riverine and lacustrine delta habitats were 
calculated for the five deltas upstream of Metaline Falls using existing morphologic data; the 
areas of riverine and lacustrine delta habitats were predicted for the two deltas downstream of 
Metaline Falls using predicted delta morphology for the midpoint of each third of the 50-year 
license term.  The areas were determined in relation to the elevation at which they become 
inundated/dewatered.  To facilitate comparisons across deltas, the maximum and minimum 
riverine and lacustrine areas under assumed low and high reservoir water surface elevations are 
presented in Tables 5.3-2 and 5.3-3, respectively.  The graphics for all seven deltas are shown in 
Appendix 3; an example for the Slate Creek delta is shown in Figure 5.3-3.  Appendix 3 also 
contains tabular data corresponding to the figures of habitat areas for each delta. 
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Table 5.3-2.  Comparison of maximum and minimum riverine delta habitat areas at selected deltas under 
assumed low and high reservoir water surface elevations (WSE). 

Delta 

Low Reservoir1

WSE
(ft, NAVD 88) 

Maximum Area 
(sq. ft. x 10,000) 

High Reservoir2

WSE
(ft, NAVD 88) 

Minimum Area 
(sq. ft. x 10,000) 

Slate, Years 1–17 1,966 0.420 1,995.02 0 
Slate, Years 18–33 1,966 0.420 1,995.02 0 
Slate, Years 34–50 1,966 0.420 1,995.02 0 
Flume, Years 1–17 1,966 1.200 1,991.64 0 
Flume, Years 18–33 1,966 1.200 1,991.64 0 
Flume, Years 34–50 1,966 1.200 1,991.64 0 
Sullivan 1,982 11.057 2,005.38 0 
Linton 1,980 0.698 1,995.32 0 
Pocahontas 1,990 0.192 2,005.94 0 
Sweet 1,984 1.297 2,006.79 0 
Sand 1,986 0.758 2,007.16 0 

Notes: 
1 Low reservoir WSE determined by the elevation of the top of the foreset slope; below this elevation no 

additional riverine area was assumed to occur on the foreset slope. 
2 High reservoir WSE calculated at 80,000 cfs inflow and forebay WSE of 1,994 feet NAVD 88 (1,990 feet 

NGVD29). 
 
 
Table 5.3-3.  Comparison of maximum and minimum lacustrine delta habitat areas at selected deltas 
under assumed low and high reservoir water surface elevations (WSE). 

Delta 

Low Reservoir1

WSE
(ft, NAVD 88) 

Minimum Area 
(sq. ft. x 10,000) 

High Reservoir2

WSE
(ft, NAVD 88) 

MaximumArea 
(sq. ft. x 10,000) 

Slate, Years 1–17 1,960 0 1,995.02 8.904 
Slate, Years 18–33 1,960 0 1,995.02 9.512 
Slate, Years 34–50 1,960 0 1,995.02 10.097 
Flume, Years 1–17 1,960 0 1,996.80 11.239 
Flume, Years 18–33 1,960 0 1,996.80 11.416 
Flume, Years 34–50 1,960 0 1,996.80 11.695 
Sullivan 1,982 0 2,005.38 77.319 
Linton 1,980 0 2,006.12 11.505 
Pocahontas 1,990 0 2,005.94 1.807 
Sweet 1,984 0 2,006.79 14.736 
Sand 1,986 0 2,007.16 18.647 

Notes: 
1 Low reservoir WSE determined by the elevation of the top of the foreset slope; below this elevation no 

additional riverine area was assumed to occur on the foreset slope. 
2 High reservoir WSE calculated at 80,000 cfs inflow and forebay WSE of 1,994 feet NAVD 88 (1,990 feet 

NGVD 29). 
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Figure 5.3-3.  Future Slate Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 

 
5.4. Tributary Delta Habitat Evaluation 

This section presents the results of the tributary delta habitat evaluations.  Three separate but 
related habitat models were used to evaluate the effects of Project operations on tributary delta 
aquatic habitats.  Two semi-quantitative HQRs, one representing lacustrine delta habitats and the 
other representing riverine delta habitats, were calculated to assess changing aquatic habitat 
values.  The third model was developed to represent the potential for cooler water from the 
tributaries to form plumes within the lacustrine habitat areas on the deltas.  The potential for 
salmonids to utilize thermal plumes as thermal refugia was an important consideration because 
the HQR model assumes the suitability of lacustrine habitat starts dropping rapidly when 
mainstem water temperatures exceed 18°C.  The lacustrine HQR values go to zero when 
mainstem water temperatures exceed 22°C, causing the thermal plume model results to become 
the primary consideration during periods of warm mainstem water temperatures.  During periods 
when the overall lacustrine habitat on a delta is unsuitable as reflected by the lacustrine HQR 
value, the suitability of lacustrine delta habitat within a thermal plume may provide thermal 
refugia.  In addition to these models, the presence of potential fish passage barriers that would 
affect fish passage to the tributary deltas and upstream channels was evaluated. 
 
Section 5.4.1 provides the results of the tributary delta habitat modeling efforts.  The results of 
the HQR modeling are presented in Section 5.4.1.1 and the results of the tributary delta water 
temperature monitoring and thermal plume modeling are shown in Section 5.4.1.2.  The results 
of the evaluation of fish passage and tributary access across the tributary deltas are provided in 
Section 5.4.2. 
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5.4.1. Tributary Delta Habitat Modeling Results 

Modeling of habitat for salmonids on the tributary deltas was performed for Project operations 
reflected in the wet (1997), dry (2001), and average (2002) years from the historic hydrologic 
record.  These years were selected as representative of wet, dry, and average conditions based on 
average annual flows (R2 Resource Consultants 2008).  (For reference, the flow hydrographs for 
the wet, dry, and average years were plotted in Figures 5.0-1 through 5.0-3, respectively, and a 
comparison of the flow hydrographs across these 3 years was shown in Figure 5.0-4.)  
 
This section presents results of the HQR modeling (Section 5.4.1.1) and the results of the water 
temperature monitoring and thermal plume modeling (Section 5.4.1.2). 
 
5.4.1.1. Tributary Delta Habitat Modeling—HQR Results 

The HQR model and the water surface elevation output from the HRM were used to calculate 
hourly HQR values at all seven tributary deltas for each of the three representative hydrologic 
years.  The methods to develop the HQR model are summarized in Section 4.4.1.1 and are 
presented in detail in Section 4 of Appendix 4a.  Summary tables of the HQR output based on 
these hydrologic conditions are presented in Section 5.4.1.1.4; figures of the HQR output are 
presented in Attachments A and B of Appendix 4a. 
 
5.4.1.1.1. Format and Organization of HQR Model Output 

The HQR values were calculated at the seven selected tributary deltas: Slate, Flume, Sullivan, 
Linton, Pocahontas, Sweet, and Sand creeks.  The hourly HQR values are presented graphically 
in the figures in Attachment A of Appendix 4a.  These figures are organized by delta, with 
output grouped for the wet (1997), dry (2001), and average (2002) years, respectively.  Four 
figures are presented for each tributary for each year, as follows: 

1. Lacustrine HQR and Riverine Fry HQR 
2. Lacustrine HQR and Riverine Juvenile HQR 
3. Lacustrine HQR and Riverine Adult HQR 
4. Cumulative (i.e., running summation) Lacustrine and Riverine (all life stages) HQR 

 
For the two deltas downstream from Metaline Falls, the HQR calculations are repeated for the 
midpoint of each third of the 50-year term of a new license.  Slate Creek and Flume Creek each 
have 36 figures (12 for each third of the license period, four for each year [wet, dry, average]).  
The remaining five deltas upriver from Metaline Falls have only 12 figures each because the 
morphology of the delta is not predicted to change over the license term.  Figures 5.4-1 through 
5.4-4 provide examples of the output at the Slate Creek delta for the wet year in the first third of 
the 50-year license term. 
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Figure 5.4-1.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet year, 
future years 1–17. 
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Figure 5.4-2.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative wet 
year, future years 1–17. 
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Figure 5.4-3.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
future years 1–17. 
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Figure 5.4-4.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the representative wet 
year, future years 1–17 (note:  riverine adult line nearly overlays riverine juvenile line). 
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As illustrated in these example figures, the x-axis for each plot covers the calendar year from 
January 1 through December 31.  The left y-axis is for the lacustrine HQR; the right y-axis is for 
the riverine HQR.  To facilitate comparisons, the scales for the y-axes are constant within a 
tributary delta, but vary between deltas.  For example, the riverine scale and the lacustrine scale 
will differ from each other at a delta, but they are each constant for all figures at that delta.  The 
separate y-axes were used because the lacustrine HQR values are typically a few orders of 
magnitude greater than the riverine HQR values.  In some cases the greater lacustrine values are 
due to greater relative lacustrine habitat area, some cases are due to greater lacustrine HSI 
values, and some cases both area and HSI contribute. 
 
A second set of figures based on HQR output is presented in Attachment B of Appendix 4a.  For 
each HQR modeling scenario, the HQR values over the modeled year were ranked from greatest 
to lowest and plotted in relation to the amount of time (over the year) that each value was 
exceeded.  As noted earlier, these figures are referred to as HQR-duration curves.  These figures 
are organized by delta, with output grouped for the life stage of interest (i.e., fry, juvenile, or 
adult) showing both riverine and lacustrine HQR values.  Slate Creek and Flume Creek each 
have nine figures (three for each third of the post-licensing period, three for each salmonid life 
stage [fry, juvenile, and adult]).  The remaining five deltas upstream from Metaline Falls have 
only three figures each because the morphology of the delta is not predicted to change over the 
license term.  Figure 4.4-5 earlier illustrated the HQR-duration curves for the Slate Creek delta 
for juvenile salmonids during post-licensing years 1–17; this was an example of the figures 
included in Attachment B of Appendix 4a. 
 
5.4.1.1.2. Elevation and Mainstem Flow Limits on HQR Calculations 

As presented in Section 4.4.1.1.1, the maximum lacustrine HQR value and the minimum riverine 
HQR values at a selected delta area are limited by the reservoir water surface elevation at that 
delta as calculated using the HRM under a mainstem flow rate of 80,000 cfs and a forebay 
reservoir water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 29).  The elevation 
where the water surface along the Pend Oreille River under these conditions intersects with 
selected tributary deltas determines the maximum upper extent of the delta area.  Under these 
conditions, no riverine area exists on the delta and the riverine HQR values are zero.  The 
cascading waterfall at the Flume Creek delta limits the minimum riverine HQR value to zero at a 
water surface elevation lower than the water surface elevation at the maximum upper extent of 
the delta because no accessible riverine habitat is available on the waterfall.  The perched culvert 
at the Linton Creek delta has this same limiting effect.  The minimum lacustrine HQR value and 
the maximum riverine HQR values at a delta are limited depending on the location of the 
tributary within the Boundary Reservoir.  For the five deltas upstream of Metaline Falls, the 
elevation of the top of the foreset slope limits the lower extent of the physical habitat on the 
deltas.  When reservoir water surface elevations drop below this elevation, the delta foreset 
habitat is functionally similarly to a riverbank, and lacustrine habitat is assumed to be zero.  For 
the two deltas downstream of Metaline Falls, the lower limit of lacustrine habitat was set to 
1,960 feet NAVD 88 (1,956 feet NGVD 29).  The reservoir water surface elevation rarely drops 
this low (and not in any of the three modeled years), but some lacustrine habitat along the foreset 
is likely to be present below the top of the foreset slope because of the distance between the 
mainstem channel current and the foreset slopes.  The foreset slope of the Slate Creek delta and 
Flume Creek delta is set back far enough from the mainstem channel currents that even at low 
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reservoir water surface elevations, the sweeping flow of the mainstem does not convert the 
lacustrine habitat along the foreset slope to riverine habitat.  The maximum riverine HQR value 
at these two deltas is still limited by the top of the foreset slope because riverine habitat is not 
considered to occur on the steep foreset slope. 
 
Lacustrine HSI values vary through the year based on changes in water temperature.  The 
average monthly water temperature was calculated using the daily mean water temperature 
measured by the USGS (gage station 12398550) between October 2000 and October 2008.  As 
reservoir water temperature is more closely correlated with time of year than flow rate, the same 
monthly average water temperature values were applied in wet (1997), dry (2001), and average 
(2002) years. 
 
5.4.1.1.3. General Findings of Delta Habitat Based upon HQR Output 

A review of the figures displaying HQR values for all seven selected tributary deltas across all 
three modeled years revealed a few common findings.  For example, comparing the maximum 
hourly lacustrine HQR value at each delta shows that for the time when the maximum occurs, the 
relative rating of lacustrine habitat at the deltas progresses from (listed in order of decreasing 
ratings) Sullivan, Sand, Sweet, Flume, Linton, Slate, and Pocahontas creeks.  Minimum hourly 
lacustrine HQR values are all zero because the average monthly temperature in August is 
unsuitable for salmonids.  The lacustrine HQR plots across all deltas follow the same general 
pattern, which is a function of water temperature.  In the months of April and October when 
mainstem water temperature is within the optimal range, the HQR values peak.  Between these 
two maximums, HQR values rise and fall as water temperatures warm (prior to April), become 
unsuitably hot (April to October), and then cool (after October).  During the spring runoff period 
in the wet (1997) and average (2002) years, the lacustrine HQR values are consistently 
maintained near their maximum values because, along with near optimal water temperatures, 
reservoir water surface elevations exceed the upper extent of the delta.  Under these high flow 
conditions, the delta is fully inundated, including areas at higher elevations than the delta, so the 
lacustrine area is held constant at the maximum.  Under these same conditions, the riverine HQR 
values go to zero because no free-flowing stream habitat exists on the delta.  For comparison, in 
the wet (1997) and average (2002) years in the month of October when the water temperature is 
near optimal, the HQR values show more variability than in April because the delta areas are not 
fully submerged by the high flow in the mainstem.  The riverine habitat area–elevation 
relationships are constant for all life stages at a delta; therefore, the magnitude of the HSI value 
is the only difference in the riverine HQR values by life stage at a delta. 
 
Minimum, mean, and maximum HQR values were calculated for the wet (1997), dry (2001), and 
average (2002) years at each delta for lacustrine habitat and three life stages of salmonids in 
riverine habitat.  These values are presented in the following sections.  For comparison purposes, 
the average HQR value for the average year is presented in Table 5.4-1. 
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Table 5.4-1.  Mean annual HQR values for the average (2002) year. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Delta Value1 Rank2 Value1 Rank2 Value1 Rank2 Value1 Rank2

Slate3 4.439 3 0.133 3 0.140 4 0.140 2 
Flume3 5.159 2 0.033 6 0.040 5 0.036 5 
Sullivan 20.38 1 1.824 1 2.006 1 3.102 1 
Linton 3.037 6 0 7 0.037 6 0.037 4 
Pocahontas 0.253 7 0.053 4 0.027 7 0.009 7 
Sweet 3.432 5 0.576 2 0.554 2 0.096 3 
Sand 3.535 4 0.048 5 0.210 3 0.030 6 

Notes: 
1 Values report in units of square feet x 10,000. 
2 Relative ranking of the seven deltas, with 1 assigned to the highest habitat quality rating (HQR) value and 7 the 

lowest HQR value. 
3 Values calculated for a year at the midpoint of the 50-year post-licensing period (morphology of these deltas 

changes over the 50-year licensing period). 
 
 
The HQR values and ranking presented in Table 5.4-1 illustrate one basis for comparing the 
quality of potential salmonid habitat at the seven selected tributary deltas.  The mean HQR value 
over the average (2002) year represents another habitat index.  This comparison ranks the quality 
of potential riverine and lacustrine habitat mostly highly at the Sullivan Creek delta.  The Flume 
Creek and Slate Creek deltas rate second and third, respectively, for lacustrine habitat.  Both of 
these deltas provide lacustrine habitat over a greater range of water surface elevations due to 
their offset from the mainstem flow current, so it is reasonable that their lacustrine ratings are 
higher than other deltas.  The Sweet Creek delta and Slate Creek delta rate second and third, 
respectively, for riverine HQR. 
 
5.4.1.1.4. Discussion of HQR Results for Each Tributary Delta 

The HQR results for each of the seven selected tributary delta are summarized in tables for the 
wet, dry, and average years.  The summary includes identification of the minimum, mean, and 
maximum lacustrine and riverine HQR values for each year.  In the case of Slate and Flume 
creeks, three sets of HQR values are presented representing three stages of delta evolution over 
the potential 50-year period of a new license.  A discussion of these results is also provided for 
each tributary delta.  Plots of the hourly and cumulative values of HQRs for the various years are 
provided in Attachment A of Appendix 4a. 
  
Slate Creek Delta Habitat
 
Table 5.4-2 presents the annual minimum, mean, and maximum hourly HQR values for the 
various salmonid life stages and habitat types.  These numbers provide common points for 
comparison across hydrologic conditions and across the 50-year term of a new license.  As 
evidenced in this table, the values can be used to identify expected patterns.  For instance, as the 
delta grows over the 50-year term of the license period, lacustrine area increases.  HQR values 
are expected to increase over time as a result.  Comparisons of the average HQR values in Table 
5.4-2 support this expectation.  Another example of logical patterns in the output can be seen in 
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the lacustrine HQR values.  These values should be greatest when the largest delta area is 
inundated for the longest amount of time—during the wet year.  The mean lacustrine HQR 
values are highest for the wet year, followed by the average year, followed by the dry year.  For 
the riverine HQR values, the highest values should occur when the lowest reservoir water surface 
elevations occur.  The mean riverine HQR values for all life stages are highest during the dry 
year, followed by the average year, and then the wet year.  A final finding is based on a 
comparison between the various life stage riverine HQR values.  During dry years, the streams 
are exposed more often, resulting in increased riverine habitat on the deltas.  At the Slate Creek 
delta, the adult HSI value rated higher than the juvenile value, which rated higher than the fry 
value.  All three HQR values use the same area–elevation relationships, so any differences in 
HQR can be attributed to different HSI values.  For Slate Creek, the mean adult HQR score is 
greater than the mean juvenile HQR value, which is greater than the mean fry HQR score. 
 
Table 5.4-2.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for Slate 
Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–17 
Wet 0 4.223 7.649 0 0.107 0.819 0 0.112 0.862 0 0.113 0.863 
Dry 0 4.004 7.557 0.007 0.145 1.593 0.007 0.153 1.677 0.007 0.153 1.679 
Avg. 0 4.118 7.543 0.002 0.133 0.964 0.002 0.140 1.015 0.002 0.140 1.016 

YEARS 18–33 
Wet 0 4.546 8.171 0 0.107 0.819 0 0.112 0.862 0 0.113 0.863 
Dry 0 4.318 8.079 0.007 0.145 1.593 0.007 0.153 1.677 0.007 0.153 1.679 
Avg. 0 4.439 8.066 0.002 0.133 0.964 0.002 0.140 1.015 0.002 0.140 1.016 

YEARS 34–50 
Wet 0 4.860 8.675 0 0.107 0.819 0 0.112 0.862 0 0.113 0.863 
Dry 0 4.627 8.583 0.007 0.145 1.593 0.007 0.153 1.677 0.007 0.153 1.679 
Avg. 0 4.752 8.569 0.002 0.133 0.964 0.002 0.140 1.015 0.002 0.140 1.016 
 
 
Note that the riverine HQR values for the different life stages remain constant over the 50-year 
term of a new license with the modeled delta morphology.  As the delta grows riverward and the 
topset length increases, the slope of the topset decreases (the elevation of the top of the foreset 
slope and the elevation of the intersection of the topset slope with the stream channel above the 
delta remain constant).  The topset slope for the midpoint of all three periods is greater than the 
stream channel slope across the topset, so as the topset slope changes, the sinuosity of the 
channel decreases rather than the channel length increasing.  As the channel length remains 
constant, the area-to-elevation relationship remains constant and the HQR values remain 
unchanged.  Once the topset slope decreases to the stream channel slope, progressive growth in 
the delta would translate into greater riverine areas. 
 
The annual figures shown in Attachment A of Appendix 4a represent historic conditions during 
the three representative years.  The low reservoir water surface elevation in mid-May of the dry 
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(2001) year was approximately 10 feet lower than the typical April to June low water surface 
elevation due to maintenance activities.  Due to the additional riverine habitat area exposed 
during these atypical low water surface elevations, the maximum riverine HQR values are much 
greater in the dry year than either the wet or average years. 
 
The Slate Creek delta is set far back from the mainstem flow current in the Boundary Reservoir.  
The canyon that the creek flowed down prior to the flooding of the reservoir currently provides a 
long and narrow, fjord-like embayment for the confluence of the creek.  This embayment is 
longer and narrower than the other selected delta downstream from Metaline Falls (the Flume 
Creek delta).  As sediment is delivered to the reservoir by Slate Creek, sediment is deposited in 
the embayment.  As sediment deposits accumulate, the delta progressively grows in the 
riverward direction.  The steep slope of the historic thalweg through the narrow embayment 
results in a decreasing rate of delta growth for a relatively constant sediment load.  The farther 
the delta progresses toward the mainstem current, the deeper and wider the embayment becomes, 
and the more sediment that is required for an incremental change in delta growth.  Stated another 
way, to move the topset slope an incremental distance riverward, more sediment is required on 
the foreset as the embayment becomes deeper and wider.  This decreasing rate of delta growth is 
reflected in the maximum cumulative lacustrine values reported for each one third period of the 
potential future 50-year license term.  The increase in HQR between the midpoint of the first 
period and the midpoint of the second period is greater than the increase between the second 
period and the third period. 
 
Flume Creek Delta Habitat
 
Like the Slate Creek delta, the Flume Creek delta is set back from the mainstem flow current.  
Instead of the long and narrow embayment confining the Slate Creek delta, the Flume Creek 
delta enters the Pend Oreille River along the circular perimeter of an eddy referred to as 
Deadman’s Eddy.  The circular perimeter of the eddy allows for development of a much wider 
foreset (perpendicular to the direction of tributary flow) into shallower areas of the embayment.  
As the sediment is progressively deposited in the shallower areas around the perimeter of the 
eddy, more substantial changes in the overall extent of the delta occur (as compared, for 
example, to Slate Creek where additional deposition into deeper and wider areas mutes the 
progressive changes in morphology).  This pattern of consistent delta growth and resulting 
increases in HQR values can be seen by examining the HQR values for the Flume Creek delta 
presented in Table 5.4-3. 
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Table 5.4-3.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for Flume 
Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–17 
Wet 0 5.208 9.666 0 0.022 0.411 0 0.027 0.501 0 0.024 0.456 
Dry 0 4.798 9.050 0 0.043 0.866 0 0.052 1.054 0 0.048 0.960 
Avg. 0 4.985 9.268 0 0.033 0.468 0 0.040 0.570 0 0.036 0.520 

YEARS 18–33 
Wet 0 5.378 9.818 0 0.022 0.411 0 0.027 0.501 0 0.024 0.456 
Dry 0 4.963 9.379 0 0.043 0.866 0 0.052 1.054 0 0.048 0.960 
Avg. 0 5.159 9.574 0 0.033 0.468 0 0.040 0.570 0 0.036 0.520 

YEARS 34–50 
Wet 0 5.426 10.06 0 0.022 0.411 0 0.027 0.501 0 0.024 0.456 
Dry 0 4.968 9.442 0 0.043 0.866 0 0.052 1.054 0 0.048 0.960 
Avg. 0 5.186 9.660 0 0.033 0.468 0 0.040 0.570 0 0.036 0.520 
 
Comparing the mean lacustrine HQR values across the wet (1997), dry (2001), and average 
(2002) years shows progressive increase in habitat quality rating over the 50-year term of a new 
license.  The HQR values are directly proportional to habitat area, and the increasing habitat area 
over time due to sediment accumulation is the basis for these changes.  The deposition of 
sediment and the resulting growth of the delta increase the extent of potential stream and 
lacustrine habitats. 
 
Similar to the riverine habitat evaluation at the Slate Creek delta, the riverine habitat at Flume 
Creek was modeled to remain constant over the 50-year term because of the slope of the delta 
topset.  As the delta grows riverward under the modeled morphologies, the topset slope 
decreases, the sinuosity of the riverine channel across the delta decreases, but the riverine 
channel length remains constant.  Once the topset slope decreases to the stream channel slope, 
progressive growth in the delta would translate into greater riverine areas.  This condition is not 
predicted to occur for the morphologies considered in this study.  Again, similar to the Slate 
Creek delta, it is important to note that the low reservoir water surface elevation in mid-May of 
the dry (2001) year was approximately 10 feet lower than the typical April to June low water 
surface elevation due to maintenance activities.  
 
Sullivan Creek Delta Habitat
 
The Sullivan Creek delta has the greatest potential habitat area (both lacustrine and riverine) for 
salmonids of the seven tributary deltas selected for habitat evaluation.  The confluence of 
Sullivan Creek with the Pend Oreille River is located in a broader valley bottom than the other 
selected deltas, so the delta is longer and wider relative to the other deltas.  When reservoir water 
surface elevations are low enough to expose the delta, multiple distributary channels develop on 
the topset surface.  Due to these channels, the magnitude of the variability in the riverine HQR 
values is higher than for other deltas, because more riverine area is exposed or inundated with 
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changing reservoir water surface elevations (particularly the elevations 1,982–1,991 feet NAVD 
88 [1,978–1,987 feet NGVD 29] where the distributary channels have been observed to develop).  
The magnitude of this variability is illustrated by the values in Table 5.4-4. 
 
Also noteworthy is the effect of regulated flows in Sullivan Creek.  The riverine HSI values for 
all life stages are higher between October 1 and December 31 due to the increase in flow rates 
from release of water stored in Sullivan Lake.  For these three months of each year, the HSI 
values are greater than the other nine months. 
 
Table 5.4-4.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for 
Sullivan Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–50 
Wet 0 24.79 66.49 0 1.493 4.884 0 1.666 5.973 0 2.453 6.096 
Dry 0 15.06 37.06 0.859 2.299 8.732 0.859 2.299 8.732 1.777 3.716 8.912 
Avg. 0 20.38 66.49 0 1.824 6.259 0 2.006 7.653 0 3.102 7.812 
 
 
Linton Creek Delta Habitat
 
The Linton Creek delta is located in Metaline Park in the Town of Metaline.  The delta is formed 
in the widest reach of the Pend Oreille River between Box Canyon Dam and Boundary Dam.  
The wide nature of the river is coupled with relatively shallow flow depths, particularly along the 
margins of the left bank.  The majority of the bed load sediment delivered from the Linton Creek 
watershed to the delta is sand and gravel sized.  A foreset slope was neither observed during the 
September 2007 surveys nor readily apparent from the 2006 bathymetric survey.  The lack of 
typical delta features within the main channel of the river indicates that during high flow events, 
the capacity of the mainstem is sufficient to mobilize sand and gravel sized particles delivered to 
the Linton Creek delta.  While the channel thalweg follows the right bank of the mainstem 
during low and moderate flows, particularly at low pool elevations, high flows shift a 
considerable portion of the flow along the left bank—just off the Linton Creek delta.  The 
morphology of the Linton Creek delta extends into the Pend Oreille River less than other 
selected deltas and the majority of the delta area is within the confines of the channel extents 
within Metaline Park.  The riverward extent of the delta was selected using the mapped extents 
of thermal plumes (Sections 4.2 and 5.2 of Appendix 4b) in conjunction with the 2006 
bathymetric survey data. 
 
The upper elevation limit for riverine area at the Linton Creek delta is limited by a perched 
culvert under a roadway in Metaline Park.  The water surface elevation in the mainstem near the 
Linton Creek delta as calculated using the HRM with an inflow rate of 80,000 cfs and a forebay 
reservoir water surface elevation of 1,994.00 feet NAVD 88 (1,989.97 feet NGVD 29) is 
essentially equal to the thalweg elevation at the upstream end of this perched culvert.  The upper 
elevation limit of the riverine habitat at the delta was set to the elevation of the pool below the 
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outlet of the perched culvert.  Since this elevation was exceeded in all three hydrologic years, the 
minimum HQR values for the riverine juvenile and adult life stages are zero (Table 5.4-5). 
 
The riverine habitat quality at the Linton Creek delta for fry is unsuitable because of the 
complete lack of 4- to 16-inch substrate that provides winter and escape cover.  Therefore, all 
descriptors of fry habitat show HQR values of zero.  Coincidentally, the riverine HSI values for 
juvenile and adult life stages are equal, so the lines on the cumulative plots overlap and the 
values in Table 5.4-5 for similar years are identical. 
 
Table 5.4-5.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for Linton 
Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–50 
Wet 0 3.683 9.985 0 0 0 0 0.023 0.117 0 0.023 0.117 
Dry 0 2.301 5.578 0 0 0 0 0.049 0.184 0 0.049 0.184 
Avg. 0 3.037 9.985 0 0 0 0 0.037 0.125 0 0.037 0.125 
 
 
Pocahontas Creek Delta Habitat
 
Pocahontas Creek has been observed to contain no surface flow across the delta and in upstream 
reaches during the late summer, low flow period.  This was true during the September 2007 
tributary delta habitat surveys.  During the period of each year when no surface flow is present, 
the HQR value is zero.  However, due to connectivity to the reservoir and flows in the creek 
upstream of the delta during these late summer low flow periods, the year-round habitat is not 
always unsuitable.  For the habitat evaluation model, the creek was assumed to contain surface 
flow March 16–December 1 in the wet (1997) year, May 1–July 16 in the dry (2001) year, and 
April 16–August 1 in the average (2002) year.  The figures of the HQR output in Attachment A 
of Appendix 4a clearly show the temporal influence of these flow constraints. 
 
As shown in Table 5.4-6, the minimum and maximum riverine HQR values for all three life 
stages are not affected by the wet (1997), dry (2001), and average (2002) years.  The relatively 
high elevation of the top of the foreset slope (1,990 feet NAVD 88 [1,986 feet NGVD 29]) 
results in frequent reservoir water surface elevation drops below this threshold.  When the top of 
the foreset is exposed, the riverine area is held at a constant maximum value.  Similarly, the 
upper elevation bound on delta area at the Pocahontas Creek delta is exceeded in all three years.  
The result is minimum riverine HQR values of zero in all years. 
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Table 5.4-6.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for 
Pocahontas Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–50 
Wet 0 0.406 1.554 0 0.066 0.113 0 0.033 0.057 0 0.011 0.019 
Dry 0 0.074 0.635 0 0.104 0.113 0 0.052 0.057 0 0.018 0.019 
Avg. 0 0.253 1.554 0 0.053 0.113 0 0.027 0.057 0 0.009 0.019 
 
 
Sweet Creek Delta Habitat
 
The Sweet Creek delta meets the Pend Oreille River in a relatively narrow and deep mainstem 
reach.  The elevation of the top of the foreset is clearly defined, likely due to the considerable 
influence of mainstem hydraulics on delta morphology.  As evidenced by the maximum riverine 
HQR values in Table 5.4-7, the elevation of the top of the foreset is exposed in the dry year, and 
within 2-feet of being exposed in both the wet and average years.  The minimum riverine HQR 
values for all three life stages show that the reservoir water surface elevation at this delta exceeds 
upper limit of the range of influence of Project operations in the wet (1997) and average (2002) 
years; but not in the dry (2001) year. 
 
Table 5.4-7.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for Sweet 
Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–50 
Wet 0 4.473 12.67 0 0.491 0.766 0 0.472 0.737 0 0.082 0.128 
Dry 0 2.218 7.022 0.518 0.667 0.778 0.498 0.641 0.748 0.086 0.111 0.130 
Avg. 0 3.432 12.67 0 0.576 0.768 0 0.554 0.739 0 0.096 0.128 
 
 
Sand Creek Delta Habitat
 
The hydrology of Sand Creek is similar to Pocahontas Creek because it also experiences periods 
of no surface flow in its lower reaches, as was the case during the September 2007 tributary delta 
habitat surveys.  During the period of each year when the creek contains no surface flow, the 
HQR value is zero.  However, due to connectivity to the reservoir and flows in the creek 
upstream of the delta during these late summer low flow periods, the year-round habitat is not 
always unsuitable.  For the habitat evaluation model, the creek was assumed to contain surface 
flow March 16–December 1 in the wet (1997) year, May 1–July 16 in the dry (2001) year, and 
April 16–August 1 in the average (2002) year.  The figures of the HQR output in Attachment A 
clearly show the temporal influence of these flow constraints. 
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These dry periods result in minimum riverine HQR values for all three life stages of zero (Table 
5.4-8).  The maximum lacustrine HQR values indicate that the habitat quality at Sand Creek is 
similar to Flume Creek; however, comparison of the mean lacustrine HQR values reveals that the 
Flume Creek habitat rates two to four times higher depending on the comparison year. 
 
Table 5.4-8.  Minimum, mean, and maximum annual calculated HQR values (sq. ft. x 10,000) for Sand 
Creek delta. 

 Lacustrine HQR Riverine Fry HQR Riverine Juv. HQR Riverine Adult HQR 
Year Min. Mean Max. Min. Mean Max. Min. Mean Max. Min. Mean Max. 

YEARS 1–50 
Wet 0 4.903 16.04 0 0.060 0.121 0 0.264 0.533 0 0.038 0.076 
Dry 0 1.928 6.512 0 0.094 0.122 0 0.415 0.533 0 0.059 0.076 
Avg. 0 3.535 16.04 0 0.048 0.122 0 0.210 0.533 0 0.030 0.076 
 
 
5.4.1.2. Tributary Delta Water Temperature Monitoring and Thermal Plume 

Modeling Results 

Monitoring of water temperatures on tributary deltas was conducted in 2007 and 2008 to 
characterize thermal plumes created by the cool water from the tributaries flowing through the 
inundated deltas.  This data provided information on the presence of thermal plumes during 
water surface elevation fluctuations resulting from Project operations as well as changes in 
elevations caused by changes in mainstem inflows.  The methods to conduct the monitoring were 
summarized in Section 4.4.1.2 and presented in detail in Section 4 of Appendix 4b.  Data 
collection efforts in 2007 and 2008 were conducted in July, August, and September, which 
constitute periods of the warmest water on the mainstem.  Some data were also collected in June 
and October to further characterize water temperatures in the tributaries and mainstem.   
 
Two types of data were collected.  The first was continuous temperature recordings along the 
thalweg of seven representative tributaries both upstream of the deltas and in the varial zone on 
the delta.  Continuous temperature data were also collected in the mainstem adjacent to the 
deltas.  The second type of data collected was mapping of the thermal plumes on selected 
tributary deltas.  The mapping was conducted to provide information on the lateral and vertical 
extent of the thermal plumes since the continuous monitoring only provides information on the 
temperature regime along the bed of the tributary channels.  
 
This section presents an evaluation of the results of the data collection and description of 
individual thermal plumes.  Section 5.4.1.2.1 provides a discussion of the general variation in 
thermal plume extent with changing water surface elevations.  This is followed by a presentation 
of specific characteristics of each of the five tributary deltas mapped (Section 5.4.1.2.2).  Using 
relationships developed between the mapped thermal plume areas and adjacent mainstem water 
surface elevations, a model for estimating thermal plume area during the warm summer months 
was developed for four of the five deltas with thermal plume mapped.  The results of the thermal 
plume area modeling effort are provided Section 5.4.1.2.3.  Section 5.4.1.2.4 is a discussion of 
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the influence of Project operations on the extent of the thermal plumes at each of the five 
tributary deltas. 
 
5.4.1.2.1. General Characterization of Tributary Delta Thermal Plumes 

The continuous temperature monitoring results from the thermographs allow comparison of the 
mainstem and tributary water temperatures to determine the potential for thermal plumes to 
develop and persist on the tributary deltas.  The potential for thermal plumes to be utilized as 
thermal refugia exists if the water temperature of the tributaries above the deltas is at least 
several degrees centigrade cooler than the mainstem.  Temperatures recorded at five of the 
tributaries along with mainstem temperatures of the Pend Oreille River at USGS gage station 
12398550 (Boundary Reservoir near Metaline Falls, Washington) for 2007 and 2008 are shown 
in Figure 5.4-5 and Figure 5.4-6, respectively.  Temperatures at Pocahontas and Sand creeks are 
not shown on these figures because they had little to no surface flow during much of the 
monitoring period and were not selected for detailed thermal plume mapping.  
 
Review of Figure 5.4-5 and Figure 5.4-6 shows that in all cases the water from the tributaries 
was cooler than the mainstem of the Pend Oreille River.  Sullivan Creek was warmer than the 
remaining four tributaries (Slate, Flume, Linton, and Sweet creeks).  In general, water 
temperatures recorded in 2007 were warmer than in 2008.  Temporally, the temperatures in the 
mainstem also varied between the two years with the warmest temperatures in 2007 occurring in 
mid-July whereas in 2008 they were approximately a month later in mid-August.  Figure 5.4-5 
also shows that in 2007 mainstem temperatures exceeded 24°C for portions of both July and 
August and exceeded 22°C for over 4 weeks in July and August.  Figure 5.4-6 indicates that the 
mainstream Pend Oreille River did not exceed 24°C in 2008 and only exceeded 22°C for about a 
week in mid-August.  However, the temperature ranged between 21°C and 22°C for about 5 
weeks in mid-July into late August.  A summary of the durations and conditions of the tributaries 
during periods when the mainstem temperatures were in excess of 22°C is presented in 
Table 5.4-9.   
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Figure 5.4-5.  Water temperatures at recorded at select tributaries and the mainstem of the Pend Oreille 
River from July 12 through November 1, 2007. 
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Figure 5.4-6.  Water temperatures at recorded at select tributaries and the mainstem of the Pend Oreille 
River from June 25 through October 1, 2008. 
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Table 5.4-9.  Summary of continuous water temperature data recorded in the mainstem and five 
tributaries, 2007 and 2008. 

Thermal Period / Condition 2007 2008 
First occurrence mainstem temperatures are above 22oC to the last occurrence 7/11–8/22 8/17–8/23 
Longest continuous duration of mainstem temperatures above 22oC 42 days 6 days 
First occurrence mainstem temperatures are above 18oC to the last occurrence 7/1–9/22 7/1–9/20 
Longest continuous duration of mainstem temperatures above 18oC 83 days 81 days 

Condition When Mainstem Temperature is Above 22oC
Mainstem Average Temperature (°C) 23.6 22.5 
Mainstem Maximum Temperature (°C) 25.4 23.0 

Tributary Conditions When Mainstem Temperature is Above 22oC
Average Temp. (°C) 12.1 11.6 

Min. Temp. (°C) 9.1 9.0 Slate Creek 
Max Temp. (°C) 14.6 14.1 

Average Temp. (°C) 12.2 11.3 
Min. Temp. (°C) 8.4 8.7 Flume Creek 
Max Temp. (°C) 16.0 14.1 

Average Temp. (°C) 17.0 14.2 
Min. Temp. (°C) 13.4 11.4 Sullivan Creek 
Max Temp. (°C) 20.3 17.9 

Average Temp. (°C) 11.6 9.2 
Min. Temp. (°C) 9.1 7.9 Linton Creek 
Max Temp. (°C) 14.2 10.5 

Average Temp. (°C) N/A 12.7 
Min. Temp. (°C) N/A 9.6 Sweet Creek 
Max Temp. (°C) N/A 15.9 

Note: 
N/A – not applicable 
 
 
From the results in Table 5.4-9, throughout the periods of warm water on the Pend Oreille River, 
the tributary water temperatures above the deltas were several degrees cooler.  These data 
indicate the potential for thermal refugia on the tributary deltas during periods of warm water on 
the mainstem.  The state of Oregon defines cold-water thermal refugia as those portions of a 
water body where the water temperature is at least 2°C colder than the daily maximum 
temperature of the adjacent well-mixed flow of the water body (Oregon DEQ 2008).  The 2°C 
temperature differential is the criteria adopted to define the potential area of thermal refugia 
within the thermal plumes.  The other criterion associated with the potential for thermal refugia 
at the tributary deltas is for the mainstem water temperature to exceed 18°C.  Table 5.4-9 
provides the duration in 2007 and 2008 when the mainstem water temperature exceeded 18°C.  
Adopting the 18°C threshold provides a conservatively broad range of temperature conditions for 
which the potential for thermal refugia was investigated. 
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Based on results from Study 9 Boundary Reservoir tributary delta studies conducted in 2007, 
when water temperatures were in excess of about 22°C, there was fish use of Boundary 
Reservoir tributary mouth areas.  This was apparent from a radio-tagged cutthroat trout at the 
mouth of Sweet Creek in August 2007 (see Study 9 Final Report [SCL 2009d]).  Congregations 
of stocked triploid rainbow trout were also observed primarily at Flume and Sweet creek delta 
areas, apparently using the thermal plumes, during July and August of 2007 when reservoir 
temperatures typically exceeded 22°C.  During August 2008, some concentrations of triploid 
rainbow trout, although less numerous than in 2007, occurred at the mouths of Slate, Flume, 
Sullivan, and Linton creeks.  However, water temperatures were cooler in August 2008 than 
during 2007; mostly 21 to 22°C (see Study 9 Final Report [SCL 2009d]).  Radio-tagging studies 
of wild rainbow trout, mountain whitefish, and cutthroat trout in 2008 did not confirm definitive 
use of thermal plumes, although extended use of tributary mouth areas was documented, but it 
may not have been primarily for thermal refuge (e.g., it may have been possible attraction to 
delta areas for feeding).   
 
Though the continuous temperature data provide an indication that thermal plumes persist on 
tributary deltas, it is the thermal plume mapping efforts conducted in 2007 and 2008 that provide 
information to characterize the thermal plumes.  Table 5.4-10 lists the five tributary deltas with 
thermal plume mapping with ranges for plume characteristics including the average temperature 
along the bed, the average temperature of the plume (this is the average temperature in the 
volume of water comprising the plume), the average depth of the plume, the volume of the 
plume, and the area of the plume.    
 
The primary parameter used to characterize the thermal plume is its area.  The delta with the 
largest thermal plume was generally Sullivan Creek (Table 5.4-10), which ranged from 22,900 to 
177,000 square feet.  The smallest plumes were at Sweet and Linton creeks, which had mapped 
thermal plume areas ranging from 1,700 to 10,600 square feet for Sweet Creek and 1,600 to 
5,500 square feet for Linton Creek.  The tributary deltas with the most variability between the 
highest and lowest plume areas mapped were Sullivan Creek at a ratio of 7.7:1 and Sweet Creek 
at a ratio of 6.2:1.  The tributary deltas with the least variability in the area of their thermal 
plumes were Slate and Flume creeks, both with a ratio of 2.3:1 between the largest and smallest 
mapped areas. Linton Creek has a ratio of 3.3:1. 
 
Table 5.4-10.  Ranges of thermal plume characteristics mapped in 2007 and 2008. 

Range of 
Average 

Temp. on Bed 
(°C) 

Range of 
Average 

Plume Temp. 
(°C) 

Range of 
Average 

Plume Depth 
(feet) 

Range of Plume 
Volume 

(cubic feet) 
Range of Plume Area 

(square feet) 
Tributary Low High Low High Low High Low High Low High 
Slate 14.2 18.8 15.3 19.7 1.4 4.1 28,400 113,500 14,800 34,300 
Flume 13.1 17.0 14.2 18.3 1.6 3.4 16,700 66,300 8,500 19,400 
Sullivan 13.5 19.3 13.9 20.0 0.9 2.9 31,800 378,800 22,900 177,000 
Linton 12.2 17.7 13.6 19.6 0.5 1.2   900  6,700 1,600 5,500 
Sweet 12.4 19.3 13.5 19.9 0.2 1.6 1,000 13,800 1,700 10,600 
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When the thermal plume mapping was initiated in 2007, it was believed that changes in thermal 
plume area would follow certain patterns in response to interaction with mainstem hydraulic 
conditions.  Tributaries where the geometry of the tributary delta embayment limit the exposure 
of tributary flows to mainstem currents would provide more stable thermal plumes compared to 
tributaries with deltas exposed to mainstem currents.  It was theorized that the thermal plume 
area would not vary greatly where the deltas are shielded from mainstem currents or strong 
mainstem currents are not present.   
 
The expected behavior for the tributary deltas exposed to mainstem currents would be for the 
riverward extension of the deltas to be limited by the edge of the mainstem flow.  Where the 
plume reached the mainstem flow, it would be quickly mixed with the higher energy, turbulent 
flow of the mainstem and swept away.  Therefore, the thermal plumes of exposed tributary deltas 
would move up and down the tributary deltas in response to increases and decreases in the water 
levels.  However, unlike the thermal plumes of deltas with deep narrow embayments, the areas of 
the thermal plume would decrease as the water level fell since the downstream extension of the 
plumes would be limited by the location of the mainstem current.  In addition, the thermal 
plumes of exposed deltas would essentially disappear when the level of the Pend Oreille River 
fell to the elevation of the delta foreset slope.  Under this condition, the tributaries would be 
discharging directly into the mainstem current and the cool water would be quickly mixed with 
the flow of the mainstem. 
 
It was anticipated that there would be a somewhat regular relationship between mainstem water 
surface elevations and thermal plume area.  For the tributaries with shielded deltas, the area 
would be somewhat constant, and for those with exposed deltas, the area would vary with the 
elevation of the mainstem.  To test the relationship, the results of the thermal plume mapping 
performed in 2007 and 2008 were used to plot the area of the mapped thermal plumes against the 
water surface elevation of the mainstem at the time of the mapping.  These plots are shown in 
Figures 5.4-7, 5.4-8, and 5.4-9.  These plots have power functions fit to the curves, which 
produced higher R2 values than linear relationships.   
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Figure 5.4-7.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Slate and Flume creeks, 2007 and 2008 data. 
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Figure 5.4-8.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Sullivan Creek, 2007 and 2008 data. 
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Figure 5.4-9.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Linton and Sweet Creeks, 2007 and 2008data. 

 
 
Reviewing these plots, the three tributary deltas most protected from mainstem flow—Slate, 
Flume, and Linton—show the least variation in plume area with mainstem water surface 
elevations.  This was also apparent from the ratios of the largest to smallest thermal plume areas 
mapped (Slate and Flume 2.3:1 and Linton 3.4:1).  Though the curve fit through the data for 
Slate Creek is essentially flat, the data within each forebay pool condition varied widely.  There 
is no clear trend between the area of the plume and the mainstem water surface elevation.  The 
R2 value of the line fit through this data is 0.09, indicating the measured plume areas and water 
surface elevation are not correlated at Slate Creek.  In contrast, the R2 values for Flume and 
Linton creeks were high at 0.93 and 0.99 indicating a strong relationship between the mainstem 
water surface elevation and the area of the thermal plume.   
 
The two tributary deltas with the most exposure to mainstem currents, Sullivan and Sweet 
creeks, showed the greatest level of variation in thermal plume area with mainstem water surface 
elevation.  This was also apparent from the ratios of the largest to the smallest thermal plumes 
areas mapped (Sullivan 7.7:1 and Sweet 6.2:1).  The areas of the thermal plumes on these deltas 
approach zero as the mainstem water surface elevation approaches the elevation of the top of the 
delta foreset slopes.  This is due to the mainstem current sweeping the cool water away and 
quickly mixing it with the warmer water of the mainstem.  The R2 values for the Sullivan and 
Sweet deltas are 0.73 and 0.46, respectively.   
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The next section presents more specific discussion of the response of the thermal plumes at three 
tributary deltas upstream of Metaline Falls as well as the two deltas downstream of Metaline 
Falls. 
 
5.4.1.2.2. Characterization of Thermal Plumes at Representative Tributary Deltas 

The mapped characteristics of each of the five tributary deltas are presented below.  Tables are 
included that summarize temperature conditions of the mainstem, the tributary, and the thermal 
plume.  Average temperatures of the plume along the bed as well as the average temperatures of 
the entire plume volume are provided.  The areas of the mapped thermal plumes are also 
provided.  Tables with additional information including mainstem and tributary flows at the time 
of the mapping, plume volume, and plume depth are provided in Section 5.2 of Appendix 4b 
along with additional discussion of the thermal plume characteristics.  Section 5.2 of Appendix 
4b also provides maps showing the outline of each thermal plume overlaid on the aerial 
photograph of the delta.  
 
Slate Creek Delta
 
Table 5.4-11 provides a summary of the results of the 10 thermal plume conditions measured at 
the Slate Creek delta.  Slate Creek is located in the Canyon Reach at PRM 22.2 along the right 
side of the mainstem.  The tributary delta is situated in an embayment set back form the 
mainstem.  Water temperatures in Slate Creek were generally in the coolest range of the five 
tributaries sampled, being similar to Flume Creek.  During the thermal plume data collection 
efforts, the water temperatures upstream of the delta varied from a low of 8.2°C on September 6, 
2008, to a high of 12.8°C on August 17, 2008.  Flume Creek varied from a low of 8.2°C on 
September 5, 2008, to a high of 11.7°C on August 18, 2008.  In contrast, the warmest tributary 
was Sullivan Creek, which varied from a low of 12.0°C on September 6, 2008, to a high of 
17.9°C on August 18, 2008.  The thermal plume that resulted from the cool water being 
discharged onto the inundated delta had average temperatures along the bed ranging from 14.2°C 
on September 6, 2008, to 18.8°C on August 17, 2008. In general, the difference in the 
temperature between the mainstem and the tributary was fairly consistent ranging from about 10 
to 12°C with an average plume temperature along the bed of approximately 4 to 6°C cooler than 
the mainstem temperatures. 
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Table 5.4-11.  Summary of water temperature conditions at the Slate Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow
(cfs) 

Mainstem 
Temp.
 (°C) 

Tributary 
Temp.
(°C) 

Water
Temp.

Difference 
(MS - 
Trib)
(°C) 

Average 
Plume
Temp.
on Bed  

(°C) 

Average 
Plume
Temp.
(°C) 

Area of 
Thermal
Plume

(ft2)

High Pool 
8/20/2007 1,992.88 8,710 21.9 10.7 11.2 15.4 18.1 16,100 
7/20/2008 1,993.38 27,100 21.3 10.1 11.2 16.0 16.7 28,900 
8/17/2008 1,993.13 16,700 23.1 12.8 10.3 18.8 19.7 27,300 
9/5/2008 1,993.06 16,100 18.9 8.9 10.0 14.7 13.6 23,900 

Medium Pool 
8/21/2007 1,986.47 8,710 21.1 10.6 10.6 16.3 18.1 21,500 
7/21/2008 1,987.49 27,100 21.9 11.1 10.8 16.1 18.0 34,300 

Low pool 
8/24/2007 1,979.80 9,650 21.3 9.9 11.3 16.4 18.3 21,800 
7/22/2008 1,977.49 26,400 22.0 11.7 10.3 16.2 18.4 29,300 
8/18/2008 1,977.22 16,900 23.4 12.6 10.9 18.1 19.2 19,600 
9/6/2008 1,977.09 16,700 18.6 8.2 10.4 14.2 15.3 14,800 

 
 
The area of the thermal plume at Slate Creek is second only to Sullivan Creek, ranging from a 
low of 14,800 square feet at high pool on September 6, 2008, to a high of 34,300 square feet at 
medium pool on July 21, 2008.  This factor of approximately two between the plume areas 
measured may be in part due to the difficulty in measuring the temperatures in the deep 
embayment created in the Slate Creek canyon.  In the 2007 data collection effort, the temperature 
sampling equipment was restricted to depths of 50 feet or less.  The maximum depth at which 
Slate Creek plumes were measured in 2008 ranged from 25.1 feet on September 5 to 52.2 feet on 
July 21.  In 2008 thermal plumes existed at depths greater than 50 feet at Slate Creek except for 
the measurements taken during high pool (July 20, August 17, and September 5).  Therefore, 
some of the variability in the Slate Creek plume area may be the result of truncating the extent of 
the thermal plumes due to equipment constraints in 2007, and additional variability may have 
been introduced due to the difficulties in performing the measurements in water at depths 
approaching or greater than 50 feet. 
 
Due to topography, Slate Creek is set back from the mainstem.  In addition, the flow velocities in 
the mainstem are minimal during the summer period because the mainstem channel is over 100 
feet deep.  Based on the HRM, velocity at an elevation of 1,994 feet NAVD 88 (1,990 feet 
NGVD 29) is less than 1 foot per second at a flow of 25,000 cfs.  At the same forebay pool 
condition for a flow of 10,000 cfs, the mainstem velocity is less than 0.3 foot per second.  
Because of these physical conditions, the potential for the mainstem flows to influence the plume 
are minimal.  The Slate Creek thermal plume is not subject to sweeping currents from the 
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mainstem and will not experience a rapid reduction in area when the mainstem water surface 
drops below the delta foreset slope of 1,966 feet NAVD 88 (1,962 feet NGVD 29). 
 
Flume Creek Delta
 
Flume Creek is the other tributary delta plume investigated downstream of Metaline Falls.  It is 
located at PRM 25.8 about 8.8 miles upstream of Boundary Dam.  The results of the thermal 
plume data collection at Flume Creek are summarized in Table 5.4-12.  The thermal plume that 
resulted from the cool water being discharged onto the inundated delta of Flume Creek had 
average temperatures along the bed ranging from 13.1°C on July 21, 2008, to 17.0°C on July 22, 
2008.  In general, the Flume Creek inflow is 10 to 12°C cooler that the mainstem with the 
average plume temperature at the bed of 5 to 8°C cooler than the mainstem.   
 
Table 5.4-12.  Summary of water temperature conditions at the Flume Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow
(cfs) 

Mainstem 
Temp.
 (°C) 

Tributary 
Temp.
(°C) 

Water
Temp.

Difference 
(MS - 
Trib)
(°C) 

Average 
Plume
Temp.
on Bed  

(°C) 

Average 
Plume
Temp.
(°C) 

Area of 
Thermal
Plume

(ft2)

High Pool 
8/17/2008 1,992.43 16,700 22.5 11.3 11.2 16.7 17.9 18,600 
9/5/2008 1,992.54 16,100 18.1 8.2 9.9 13.8 14.9 19,400 

Medium Pool 
7/21/2008 1,987.26 27,100 21.7 9.8 11.8 13.1 15.4 15,700 

Low Pool 
7/22/2008 1,977.12 26,400 21.9 10.3 11.6 17.0 18.2 8,500 
8/18/2008 1,976.84 16,900 22.9 11.7 11.2 16.9 18.3 9,000 
9/6/2008 1,976.54 16,700 18.1 8.3 9.8 13.3 14.2 11,000 

 
 
The Flume Creek delta was the third largest investigated, behind the Sullivan Creek and Slate 
Creek deltas.  The thermal plume area ranged from 8,500 to 19,400 square feet and appeared to 
be related to mainstem water surface elevation.  For the high forebay pool condition 
measurements the plume areas were approximately 19,000 square feet and for the three low 
forebay pool condition measurements the areas were between 8,500 and 11,000 square feet.  The 
one plume area measured at a medium forebay pool condition also fit within the trend, with an 
area of 15,700 square feet. 
 
It is evident from the thermal plume measurements that the Flume Creek plume responds to 
changes in mainstem water surface elevation.  At higher mainstem water surface elevations the 
plume is largest and decreases in area as the water surface elevation falls.  The riverward extent 
of the thermal plume is controlled by the currents from Deadman’s Eddy.  This eddy is driven by 
the flow of the mainstem Pend Oreille River.  The circulating flow from the eddy entrains the 
cool water from the thermal plume and quickly mixes warm mainstem water with it to eliminate 
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the plume.  The delta foreset slope and eddy define the riverward extent of the thermal plume 
with the upstream limit defined by the water surface elevation of the mainstem.  As the mainstem 
water surface elevation rises, the downstream terminus of the thermal plume remains relatively 
fixed, but the upstream limit moves further up the delta, thus increasing the total area of the 
plume.  
 
Sullivan Creek Delta
 
The Sullivan Creek delta is located immediately upstream of Metaline Falls on the right bank of 
the Pend Oreille River at PRM 26.9.  Table 5.4-13 provides a summary of the nine thermal 
plume measurements taken at the Sullivan Creek Delta.  During the thermal plume sampling 
periods, it was the warmest tributary with temperatures ranging from 17.9°C on August 18, 
2008, to 12.0°C on September 6, 2008.  The thermal plume that resulted from the cool water 
discharged onto the inundated delta of Sullivan Creek had average temperatures along the bed 
ranging from 13.5°C on September 6, 2008, to 19.3°C on August 18, 2008.  Despite Sullivan 
Creek having the warmest water of the tributaries investigated, its plume was below 20°C during 
the August 18, 2008, sampling when the mainstem temperature was 23.4°C.  Though it is the 
warmest of the tributaries investigated, the water from Sullivan Creek was sufficiently cool to 
provide potential thermal refugia during the warmest period sampled.  The difference in 
temperature between the mainstem and the cooler tributary inflow was generally in the range of 
5 to 6°C.  The resulting average plume temperature along the bed ranged from 3 to 4°C cooler 
than the mainstem. 
 
Table 5.4-13.  Summary of water temperature conditions at the Sullivan Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow
(cfs) 

Mainstem 
Temp.
 (°C) 

Tributary 
Temp.
(°C) 

Water
Temp.

Difference 
(MS - 
Trib)
(°C) 

Average 
Plume
Temp.
on Bed  

(°C) 

Average 
Plume
Temp.
(°C) 

Area of 
Thermal
Plume

(ft2)

High Pool 
8/20/2007 1,992.61 8,710 21.1 15.0 6.1 17.4 18.7 79,100 
7/20/2008 1,994.76 27,100 21.8 17.2 4.7 18.6 18.7 177,000 
8/17/2008 1,993.06 16,700 22.4 16.3 6.1 18.4 18.6 119,700 
9/5/2008 1,993.04 16,100 18.3 12.9 5.4 14.8 14.9 102,400 

Medium Pool 
8/21/2007 1,986.89 8,710 21.9 15.8 6.2 18.6 19.7 57,200 
7/21/2008 1,991.03 27,100 21.8 17.2 4.6 18.5 18.5 51,800 

Low pool 
7/22/2008 1,988.97 26,400 22.1 16.6 5.6 18.2 18.4 33,300 
8/18/2008 1,985.74 16,900 23.4 17.9 5.5 19.3 20.0 37,100 
9/6/2008 1,985.40 16,700 18.2 12.0 6.2 13.5 13.9 22,900 
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Sullivan Creek is the largest tributary to Boundary Reservoir and the thermal plume of the 
Sullivan Creek delta generally provided the largest thermal plume area.  The area of the plume 
ranged from a low of 22,900 square feet measured on September 6, 2008, to a high of 177,000 
square feet measured on July 20, 2008.  These two measurements correspond to the lowest and 
highest water surface elevations recorded, respectively, during the thermal plume mapping at 
Sullivan Creek.  There is a strong trend for the thermal plume area to increase with increasing 
mainstem water surface elevation.  
 
The downstream limit of the plume is controlled by the location where the mainstem current 
mixes with the plume and quickly eliminates it.  This is similar to the effect of the current from 
Deadman’s Eddy controlling the downstream extent of the Flume Creek plume.  During the data 
collection efforts, flow was observed from the mainstem expanding onto the Sullivan Creek delta 
surface.  As the mainstem water surface elevation increases, the flow appears to expand further 
onto the delta.  Because of the variation in the extent of flow expansion from the mainstem onto 
the delta, the downstream limit of the Sullivan Creek plume is not fixed, but stays within about 
150 feet or less of the of the foreset slope.  The foreset slope at Sullivan Creek is at an elevation 
of 1,982 feet NAVD 88 (1,978 feet NGVD 29). 
 
Linton Creek Delta
 
The Linton Creek delta is on the left side of the Pend Oreille River at PRM 28.1 just north of the 
Metaline boat ramp approximately 11.1 miles upstream of Boundary Dam.  Seven thermal plume 
measurements were collected in 2008 and are summarized in Table 5.4-14.  During the thermal 
plume mapping periods, Linton Creek water temperature ranged from 10.1°C on September 5, 
2008, to 14.8°C on August 18, 2008.  Water temperatures for Linton Creek were similar to 
Sweet Creek, with some days Sweet Creek being warmer and some days Linton Creek being 
warmer. Compared to the other three tributaries mapped, Linton was warmer than Slate and 
Flume creeks, and cooler than Sullivan Creek.  The thermal plume that resulted from the cool 
water being discharged onto the inundated delta of Linton Creek had average temperatures along 
the bed ranging from 12.2°C on September 6, 2008, to 17.7°C on August 18, 2008.  Differences 
in water temperatures between the mainstem and Linton Creek ranged from about 7 to 11°C.  
The average temperature of the resulting thermal plume along the bed ranged from 5 to 6°C 
cooler than the adjacent Pend Oreille River.    
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Table 5.4-14.  Summary of water temperature conditions at Linton Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow
(cfs) 

Mainstem 
Temp.
(°C) 

Tributary 
Temp.
(°C) 

Water
Temp.

Difference 
(MS - 
Trib)
(°C) 

Average 
Plume
Temp.
on Bed  

(°C) 

Average 
Plume
Temp.
(°C) 

Area of 
Thermal

Plume
(ft2)

High Pool 
7/20/2008 1,994.69 27,100 21.3 10.7 10.7 15.3 17.1 5,500 
8/17/2008 1,992.85 16,700 23.6 14.3 9.3 17.3 18.7 5,500 
9/5/2008 1,991.97 16,100 18.5 10.1 8.4 13.2 14.7 5,200 

Medium Pool 
7/21/2008 1,991.06 27,100 21.8 13.5 8.3 17.3 18.2 4,200 

Low Pool 
7/22/2008 1,988.96 26,400 22.1 13.8 8.3 16.8 18.0 3,200 
8/18/2008 1,985.60 16,900 23.8 14.8 9.1 17.7 19.6 1,700 
9/6/2008 1,985.36 16,700 18.3 10.9 7.4 12.2 13.6 1,600 

 
 
Linton Creek and Sweet Creek have the smallest thermal plume areas of the five tributaries 
mapped.  The area of the Linton Creek plume ranged from a low of 1,600 square feet measured 
on September 6, 2008, during a low forebay pool condition measurement to a high of 5,500 
square feet measured on July 20, 2008 and August 17, 2008.  Only one medium forebay pool 
condition measurement was taken at Linton Creek and it resulted in a plume area of 4,200 square 
feet on July 21, 2008.  Similar to Sullivan and Flume creeks the area of the thermal plume at 
Linton Creek tends to increase with increasing mainstem water surface elevation.   
 
One aspect of Linton Creek that is unique for the Upper Reservoir tributary deltas investigated is 
that a sweeping current does not develop at the edge of the delta as the mainstem water surface is 
decreased.  This is a result of the flow patterns that occur as the water surface elevation drops.  
Portions of the large bar in the center of the wide channel at Metaline extend to the west bank.  
As the flow drops, a greater portion of the flow takes the path along the deep channel that flows 
around the bar along the east bank of the Pend Oreille River.  This results in very low velocities 
in front of the Linton Creek delta.  In fact, during the August 2007 drawdown, the mainstem bar 
extending to the west bank was completely exposed, which totally blocked flow to the area in 
front of the Linton delta.  As a result, the portion of the Pend Oreille River channel at the delta 
was ponded.  In addition, there is not a defined foreset slope at the Linton delta.  Due to the fine 
nature of the material being transported in the Linton Creek, the mainstem is able to remove 
these materials at high flows and the edge of the delta is a smooth transition to the mainstem that 
occurs as the creek flows out past the channel banks. 
 
Sweet Creek Delta
 
Sweet Creek is the farthest upstream tributary delta with its thermal plume investigated.  It is 
located at PRM 30.9, 13.9 miles upstream of Boundary Dam.  During the nine thermal plume 
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measurements taken at Sweet Creek, summarized in Table 5.4-15, the temperature of the 
tributary inflow ranged from a low of 8.3°C on September 6, 2008, to a high of 15.8°C on 
August 17, 2008.  The thermal plume that resulted from the cool water being discharged onto the 
inundated delta of Sweet Creek had average temperatures along the bed ranging from 12.4°C on 
September 6, 2008, to 19.3°C on August 21, 2007.  The difference in temperature between the 
mainstem and Sweet Creek ranged from about 8°C to 10°C.  The average temperature along the 
bed of the resulting thermal plume ranged from 3°C to 6°C cooler than the mainstem.   
 
Table 5.4-15.  Summary of water temperature conditions at the Sweet Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow
(cfs) 

Mainstem 
Temp.
 (°C) 

Tributary 
Temp.
(°C) 

Water
Temp.

Difference 
(MS - 
Trib)
(°C) 

Average 
Plume
Temp.
on Bed  

(°C) 

Average 
Plume
Temp.
(°C) 

Area of 
Thermal
Plume

(ft2)

High Pool 
8/20/2007 1,992.83 8,710 20.9 11.8 9.1 15.0 17.4 3,300 
7/20/2008 1,995.03 27,100 21.8 14.1 7.7 17.4 17.9 8,400 
8/17/2008 1,993.05 16,700 23.4 15.8 7.6 18.3 18.8 4,400 
9/5/2008 1,993.02 16,100 18.2 8.4 9.8 13.3 13.6 10,600 

Medium Pool 
8/21/2007 1,987.13 8,710 21.7 12.8 8.9 19.3 19.9 1,700 
7/21/2008 1,991.70 27,100 21.7 11.7 10.0 16.4 17.2 7,200 

Low Pool 
7/22/2008 1,989.95 26,400 21.8 12.4 9.4 16.3 17.1 3,900 
8/18/2008 1,986.70 16,900 23.2 13.3 9.9 16.8 18.2 5,300 
9/6/2008 1,986.30 16,700 18.1 8.3 9.8 12.4 13.5 2,000 

 
 
The area of the plume ranged from a low of 1,700 square feet measured on August 21, 2008, 
during medium forebay pool condition to a high of 10,600 square feet measured during the 
September 5, 2008, high forebay pool condition data collection.  It should be noted that although 
the forebay elevation during the July 2007 was considered a “medium pool” condition, the actual 
elevation of the mainstem at the delta was lower than the July 2008 low forebay pool condition 
and only 0.4 to 0.7 foot higher than the low forebay pool conditions in August and September 
2008.  This was due to the combination of the influence of Metaline Falls and the low flow in the 
mainstem on August 21, 2007, of 8,710 cfs.  The mainstem flows during the round of 
measurements in August 2007 were approximately half the magnitude of the lowest flows, 
16,100 cfs, for which thermal plume data were collected in 2008.  
 
There was a general trend toward increasing plume area with increasing elevation, with an R2 of 
only 0.44.  Several apparent inconsistencies reduced the correlation between plume surface area 
and mainstem elevation.  There are site-specific conditions that contributed to reducing the trend 
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for the plume areas in relation to the mainstem elevation.  These are discussed in Section 5.2.2 of 
Appendix 4b. 
 
The thermal plume at Sweet Creek is rapidly reduced in area when the mainstem water surface 
elevation falls below delta foreset elevation of 1,986 feet NAVD 88 (1,982 feet NGVD 29).  The 
fish passage section of this report (Section 5.4.2) provides information on the mainstem water 
surface elevation at the Sweet Creek delta compared to the foreset slope elevation.  For the three 
representative years, the only occasions when the mainstem water surface elevation dropped 
below the foreset slope of Sweet Creek during the warm summer months was the dry year.  
During August and September 2001, there were a total of 165 hours over 11 days when the 
mainstem water surface dropped below the foreset elevation of 1,986 feet NAVD 88 (1,982 feet 
NGVD 29).  During the dry year, the mainstem temperature as measured in the Boundary Dam 
forebay dropped below 20°C on September 9 and below 18°C on September 22.    
 
5.4.1.2.3. Thermal Plume Modeling 

The modeling of thermal plume areas was conducted to provide a basis for comparing the 
influence of existing Project operations on plume area to the influence of operations scenarios on 
plume area.  Modeling was performed for Flume, Sullivan, Linton, and Sweet creeks.  Slate 
Creek was not included in the modeling because it lacked a consistent thermal plume area versus 
mainstem water surface elevation relationship.  
 
The results of the thermal plume monitoring (Section 5.4.1.2) were used to develop delta-specific 
relationships between reservoir water surface elevation and thermal plume area.  The mainstem 
water temperature identified the periods of the year when water temperatures are in the range 
(above 18°C) for which the thermal plume modeling was conducted.  The plume area modeling 
was performed for the period when the mainstem Pend Oreille River average daily water 
temperature exceeded 18°C as measured at the Boundary forebay USGS station (see Section 
4.4.3 of Appendix 4a for additional information on the mainstem water temperatures).  This 
period runs from June 30 through September 20, inclusive, based on the period of record 
spanning water year 2000 through 2008.  The hourly reservoir water surface elevations at the 
Flume Creek, Sullivan Creek, Linton Creek, and Sweet Creek deltas were calculated for the 
representative wet (1997), dry (2001), and average (2002) hydrologic years using the HRM 
developed for Study 7. 
 
A series of figures of model output are presented in Attachment B of Appendix 4b (Figures B-1 
through B-12).  The figures include plots of the calculated thermal plume areas shown along with 
mainstem water temperature.  Individual figures are provided for each of the three representative 
hydrologic years (wet, dry and average).  Figure 5.4-10 provides an example of one of the 
thermal plume model hourly output plots.  In addition to the figures in the appendix, Figures 5.4-
11 through 5.4-14 of this section provide plots of the thermal plume area-duration curves for 
each of the modeled tributary deltas.  Each of these plots has the wet, dry, and average year for a 
specific tributary delta.  The tables of summary statistics derived from the model output are 
presented for each of these deltas in the following subsections.  These summary statistics include 
the minimum, mean, and maximum thermal plume area calculated over the full period of plume 
evaluation (June 30–September 20), as well as during specified mainstem temperature ranges 
(i.e., 18–20°C, 20–22°C, and greater than 22°C). 
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Figure 5.4-10.  Example plot of Sweet Creek calculated hourly thermal plume area overlaid on mainstem 
water temperature for the representative dry year (2001). 

 
 
Slate Creek Delta
 
The thermal plume modeling was not performed for the Slate Creek delta because there was not 
a water surface elevation versus area relationship that would warrant modeling.  The curve fit 
through the Slate Creek delta thermal plume area versus mainstem water surface elevation data 
had an R2 value of 0.09.  The curve that was fit (see Figure 5.4-7) was flat and showed a nearly 
constant thermal plume area versus mainstem water surface elevation relationship.  This is the 
same conclusion that was drawn from reviewing the data.  That is, though the area of the plume 
varied, it is not correlated with the water surface elevation of the mainstem.  In addition, the 
thermal plume at Slate Creek persisted with significant area ranging between about 15,000 
square feet to 35,000 square feet. 
 
Flume Creek Delta
 
A summary of the results of the thermal plume area modeling for Flume Creek is presented in 
Table 5.4-16.  The associated hourly model output is plotted on Figures B-1 through B-3 in 
Appendix 4b, Attachment B.  The thermal plume area-duration curve is presented in Figure 5.4-
11.  Reviewing the values in Table 5.4-16 indicates that during the warmest period of the 
summer, when mainstem temperatures area above 22°C, there is little difference between the 
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thermal plume areas for the wet, dry, and average years.  The maximum areas all approach 
20,000 square feet whereas the minimum areas are between 14,000 square feet (wet and dry 
years) and 13,000 square feet (average year).  The averages for the entire warm summer period 
are all between 17,000 and 18,000 square feet.  The area-duration curve shows similar results 
with the wet and average year distribution of thermal plume areas being nearly identical.  The 
dry year has only slightly smaller thermal plume areas. 
 
During most of the thermal plume modeling period, the Project was operated under the voluntary 
summertime pool restriction with a minimum daytime forebay elevation of 1,984 feet NAVD 88 
(1,980 feet NGVD 29).  Because Flume Creek is in the Canyon Reach, the adjacent mainstem 
water surface elevations are nearly equal to the forebay elevation and the flow in the river has 
very little influence on the water surface elevation (upstream of Metaline Falls, the flow rate in 
the mainstem, in addition to the forebay elevation, has a significant influence on the mainstem 
water surface elevation adjacent to the tributary deltas.).  The elevation of the Flume Creek delta 
foreset slope is 1,966 feet NAVD 88 (1,962 feet NGVD 29), which is well below the summer 
voluntary pool level restriction elevation.  Therefore, in all three representative years, the 
mainstem water surface elevation did not approach the point at which Flume Creek would be 
flowing directly off the delta into the current created by Deadman’s Eddy.  Therefore, the 
variation in thermal plume areas was not large in any of the representative years. 
 
Overall, a significant thermal plume will persist at Flume Creek independent of the 
representative hydrologic year.  The area of the thermal plume during the warm summer months 
will typically range between over 10,000 to a maximum of 20,000 square feet and is influenced 
little by the whether it is a wet, dry or average year. 
 
Table 5.4-16.  Summary statistics of Flume Creek thermal plume areas (wet, dry, and average years). 

Year
Minimum Area 
(sq. ft. x 10,000) 

Mean Area  
(sq. ft. x 10,000) 

Maximum Area  
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30–July 7 and September 3–September 20) 
Wet 1.417 1.755 1.996 
Dry 1.022 1.632 1.954 

Average 1.428 1.793 1.990 
Period of Mainstem Water Temperature 20–22°C (July 8–17 and August 27–September 2) 

Wet 1.435 1.783 1.991 
Dry 1.327 1.759 1.959 

Average 1.440 1.769 1.978 
Period of Mainstem Water Temperature Greater than 22°C (July 18–August 26) 

Wet 1.403 1.760 1.996 
Dry 1.464 1.756 1.968 

Average 1.315 1.750 1.973 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30–September 20) 

Wet 1.403 1.765 1.996 
Dry 1.022 1.729 1.968 

Average 1.315 1.766 1.990 
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Figure 5.4-11.  Flume Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 

 
 
Sullivan Creek Delta
 
A summary of the thermal plume area modeling results fore Sullivan Creek is presented in Table 
5.4-17 with the thermal plume area-duration curve presented in Figure 5.4-12.  The Sullivan 
Creek hourly thermal plume area model output is graphically presented in Figures B-4 though 
B-6 of Appendix 4b, Attachment B for the wet, dry, and average years, respectively. 
 
The thermal plume areas for Sullivan Creek are much larger than for Flume Creek.  For example, 
the average year mean plume area for the entire warm summer period is nearly 100,000 square 
feet for Sullivan Creek and 18,000 square feet for Flume Creek.  The variation in the thermal 
plume area within each year and between years is greater for Sullivan Creek than Flume Creek. 
Reviewing the values in Table 5.4-17 indicates that during the warmest period of the summer the 
value are somewhat similar, when mainstem temperatures area above 22°C, the largest areas 
associated with the maximum and mean values associated with the wet year and the smallest 
with the dry year.  However, for the minimum plume area the average year value is the largest. 
For the entire period of mainstem water temperatures above 18°C, the wet and average years 
have nearly equal areas with the mean for the period of approximately 100,000 square feet.  The 
mean area for the dry year is 72,000 square feet.  The significant differences occur when 
comparing the minimum values for the period.  In this case, the dry year the modeled plume area 
goes to zero for a portion of one day. 
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In general, the wet and average years have similar modeled thermal plume areas, with the dry 
year having smaller areas.  This is evident in the thermal plume area-duration curves (Figure 5.4-
12), in which the curves for the wet and average year are very close together and above the curve 
for the dry year.  In reviewing this curve, it is noted that in the average year, the curve starts out 
on a flat line and higher than the wet year.  This is due to the dry year having a period when the 
flow exceeds 55,000 cfs capacity of the powerhouse.  When flows exceed this level, the thermal 
plume areas are assumed to remain constant. 
 
The higher level of sensitivity to the hydrologic year for Sullivan Creek compared to Flume 
Creek is due to the location of the tributaries relative to Metaline Falls.  Sullivan Creek is 
sensitive to both Project inflows and the forebay elevations resulting from Project operations.   
Because Flume Creek is located below Metaline Falls, the thermal plume areas are driven by the 
forebay elevation and not influenced by Project inflows from Box Canyon. 
 
The modeling effort indicates that in all but the rarest conditions, the exception being a few 
hours during the dry year, water surface elevations at Sullivan Creek remain above the delta 
foreset slope and a substantial area of potential thermal refugia persists in the thermal plume.  
The one occasion when the water surface elevation dropped below the delta foreset slope was the 
night of September 14, 2001, and lasted for 7 hours.  This was in a period when the mainstem 
water temperatures were dropping to near 18°C and the value of the cool water for thermal 
refugia would have been minimal. 
 
Table 5.4-17.  Summary statistics of Sullivan Creek thermal plume areas (wet, dry, and average years). 

Year
Minimum Area 
(sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30–July 7 and September 3–September 20) 
Wet 4.766 11.118 17.207 
Dry 0.000 6.498 11.088 

Average 3.495 11.439 17.569 
Period of Mainstem Water Temperature 20–22°C (July 8–17 and August 27–September 2) 

Wet 5.332 10.826 16.317 
Dry 3.871 7.671 10.795 

Average 4.462 9.751 14.658 
Period of Mainstem Water Temperature Greater than 22°C (July 18–August 26) 

Wet 2.815 9.263 12.864 
Dry 2.763 7.433 11.169 

Average 4.134 8.560 12.515 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30–September 20) 

Wet 2.815 10.140 17.207 
Dry 0.000 7.288 11.169 

Average 3.495 9.563 17.569 
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Figure 5.4-12.  Sullivan Creek delta thermal plume area-duration curve for the representative wet, dry, 
and average years. 

 
 
Linton Creek Delta
 
The hourly output from the thermal plume area model for the Linton Creek delta is plotted in 
Figures B-7 through B-9 of Appendix 4b, Attachment B.  A separate plot is provided for each of 
the representative hydrologic years.  Table 5.4-18, along with the thermal plume area-duration 
curve in Figure 5.4-13, summarizes the thermal plume area modeling results for Linton Creek. 
 
The Linton Creek thermal plume areas are generally smaller than the Flume Creek areas.  As an 
example, the average year mean plume area for the entire warm summer period is 18,000 square 
feet for Flume Creek and 5,000 square feet for Linton Creek.  The maximum and mean thermal 
plume area values are similar for all three hydrologic years during the most critical period of the 
summer when the mainstem water temperature is greater than 22°C.  During this period, the 
mean plume areas are approximately 5,000 square feet for the wet and average year conditions 
and 4,000 square feet for the dry year.  The minimum values are all on the order of 2,000 square 
feet.  It is only for the period of mainstem temperatures between 18 and 20°C that there is a 
substantial difference in the modeled plume areas between the hydrologic years.  During this 
period, the wet and average year values are very similar for all three statistics.  The dry year 
values are substantially lower, particularly for the minimum that falls to about 250 square feet.  
This minimum occurred on the night of September 14, 2001, when the mainstem water surface 
elevation adjacent to Linton Creek was estimated to be 1,981.3 feet NAVD 88 (1,977.3 feet 
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NGVD 29).  This is the same period when the Sullivan Creek thermal plume area reached the 
zero value for 7 hours. 
 
The thermal plume area-duration curves (Figure 5.4-13) indicate that the distribution of thermal 
plume areas is very similar for the wet and average years.  However, the values for the dry year 
fall considerably below those for the wet and average.  The dry year is approximately 40 percent 
below the wet and average curve. At the left end of the curve, the wet and average years start 
near a delta area of 10,000 square feet, where as the dry year starts at 6,000 square feet.  The 
similarity in the wet and average years in these plots is likely the result of flows being somewhat 
similar in these years as inflows to the Boundary Project are controlled by release from upstream 
reservoirs. 
 
The modeling effort indicates that for all three hydrologic conditions, thermal plumes persist on 
the Linton Creek delta.  For the wet and average years the areas remain at or above 
approximately 2,000 square feet for the entire period of warm mainstem water.  The thermal 
plume areas are estimated to be smaller for the dry year and can fall as low as 240 square feet, 
though this is an extreme condition that occurs on a single day.  More typically, the dry year 
areas are about 40 percent smaller than for those modeled for the wet and average years. 
 
Table 5.4-18.  Summary statistics of Linton Creek thermal plume areas (wet, dry, and average years). 

Year
Minimum Area 
 (sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30–July 7 and September 3–September 20) 
Wet 0.273 0.625 0.986 
Dry 0.025 0.362 0.607 

Average 0.207 0.642 1.006 
Period of Mainstem Water Temperature 20–22°C (July 8–17 and August 27–September 2) 

Wet 0.302 0.602 0.938 
Dry 0.226 0.418 0.585 

Average 0.256 0.539 0.827 
Period of Mainstem Water Temperature Greater than 22°C (July 18–August 26) 

Wet 0.174 0.511 0.714 
Dry 0.170 0.405 0.607 

Average 0.239 0.470 0.696 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30–September 20) 

Wet 0.174 0.563 0.986 
Dry 0.025 0.399 0.607 

Average 0.207 0.529 1.006 
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Figure 5.4-13.  Linton Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 

 
 
Sweet Creek Delta
 
Figures B-10 through B-12 of Appendix 4b, Attachment B present plots of the thermal plume 
area model hourly output.  Separate plots are provided for each of the representative hydrologic 
years.  Table 5.4-19, along with the thermal plume area-duration curve in Figure 5.4-14, 
summarizes the thermal plume area modeling results for Sweet Creek.  The Sweet Creek thermal 
plume areas are similar to those for Linton Creek.  The mean thermal plume area for the entire 
warm summer period during the average year was modeled at 6,100 square feet for Sweet Creek 
and 5,300 square feet Linton Creek.  Comparing the areas for the wet year shows Sweet at 6,500 
square feet and Linton at 5,600 square feet.  For the dry year, the Sweet Creek mean thermal 
plume area is 4,800 square feet and Linton Creek mean area is 5,000 square feet   
 
Review of the modeled thermal plume areas for the entire warm summer period at Sweet Creek 
indicates that maximum plume areas are similar for all three hydrologic years with the wet and 
average years being nearly equal and the dry year about 25 to 30 percent lower.  The same 
comparison holds true for the mean values.  However, for the minimum values, the dry year has 
periods when the mainstem water surface elevation drops below the delta foreset slope elevation 
of 1,984 feet NAVD 88 (1,980 feet NGVD 29).  Further review of the table shows this occurs 
during the period mainstem water temperatures between 18 and 20°C.  For the dry year during 
the warmest summer period, the mainstem water surface elevation fell below the top of the 
foreset slope for a total of 25 hours on the nights of September 14 and 15, 2001.  Review of 
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Figure B-11 (dry year) in Attachment B, Appendix 4b, show these periods when the modeled 
thermal plume areas fall to zero at the Sweet Creek delta.  The thermal plume area-duration 
curves in Figure 5.4-14 support the above observations.  The curves for the wet and average 
years are very similar.  The curves for the wet and average years drop to zero at the 100 percent 
exceedance level.  The dry year, for most of the graph, parallels the wet and average year curves 
at thermal plume area values about 10 to 20 percent lower than the wet and average years.  It 
drops to zero area at the 97 percent exceedance level. 
 
The thermal plume modeling effort shows that substantial thermal plumes, on the order of 
several thousand square feet, persist throughout the warm summer period except in a couple of 
extreme cases.  During the period when thermal refugia may be of most value, when mainstem 
water temperatures are above 22°C, the model does not predict zero plume areas during any of 
the three representative years; however, 25 hours of zero plume area are predicted for the dry 
year during the period when the mainstem temperatures are in the 18 to 20°C range.  
 
Table 5.4-19.  Summary statistics of Sweet Creek thermal plume areas (wet, dry, and average years). 

Year
Minimum Area  
(sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30–July 7 and September 3–September 20) 
Wet 0.371 0.688 0.957 
Dry 0.000 0.437 0.682 

Average 0.267 0.689 0.966 
Period of Mainstem Water Temperature 20–22°C (July 8–17 and August 27–September 2) 

Wet 0.406 0.681 0.931 
Dry 0.298 0.505 0.655 

Average 0.337 0.622 0.855 
Period of Mainstem Water Temperature Greater than 22°C (July 18–August 26) 

Wet 0.210 0.602 0.770 
Dry 0.189 0.488 0.674 

Average 0.320 0.562 0.758 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30–September 20) 

Wet 0.210 0.645 0.957 
Dry 0.000 0.481 0.682 

Average 0.267 0.609 0.966 
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Figure 5.4-14.  Sweet Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 

 
 
5.4.1.2.4. Project Influence on Thermal Plumes 

The daily mainstem water level fluctuations from load-following change the location and extent 
of the thermal plumes.  However, the thermal plumes typically persisted throughout the range of 
daily fluctuations as demonstrated by the two years of continuous temperature data collected at 
the five tributary deltas that flow throughout the warm summer months.  The thermographs 
placed in the stream thalwegs showed dynamic thermal plumes that changed as a result of hourly 
water level fluctuations but persisted throughout the warm summer months.  The thermograph 
data clearly showed the response in 2007 and 2008 in which the temperature ranged between that 
of the cool water of the tributary flow and the warm water of the mainstem.  This behavior was 
consistent throughout the range of Project operations that occurred during the warm summer 
months of 2007 and 2008.  However, the data did show that the temperature at the thermograph 
locations varied as the water surface elevation of the mainstem fluctuated.  This indicated that 
the thermal plume properties do change as the water surface elevation of the mainstem rises and 
falls.  
 
To estimate the changes in the thermal plume area for various mainstem water surface 
elevations, mapping of the thermal plumes on the tributaries deltas was performed in 2007 and 
2008.  This mapping was then used to develop relationships for thermal plume area versus 
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mainstem water surface elevations at the mouths of the tributary deltas.  For four of the five 
tributary deltas, the resulting relationships were sufficient to develop hourly estimates of thermal 
plume areas as the mainstem water surface elevations varied.  The tributaries with relationships 
are Flume, Sullivan, Linton, and Sweet creeks.  Data were collected at Slate Creek, but the 
variation in plume area was poorly correlated with mainstem water surface elevations.  The 
results of the mapping were presented in Sections 5.4.1.2.1 and 5.4.1.2.2 and the modeling in 
Section 5.4.1.2.3.  Table 5.4-20 presents a summary of information on the key factors at each 
delta that reflect the Project influence on the area of the thermal plumes and the associated 
potential for thermal refugia.  This information includes the range of thermal plume areas 
mapped at high and low forebay pool conditions, whether the thermal plume is exposed to 
sweeping flows, hours that the model indicates the plume areas would go to zero, and a 
discussion of the range of plume areas modeled and other important model results.   
 
The thermal plume mapping and the analysis of the mapping results indicate that at all the 
tributary deltas except Slate Creek, the size of the thermal plume at the tributary delta decreases 
with a lowering of the mainstem water surface elevation adjacent to the tributary delta.  In some 
cases, such as Sweet Creek, the trend is more scattered as factors other than mainstem water 
surface elevation apparently influence the area of the thermal plume.  In the case of Flume 
Creek, a strong relationship exists between the mainstem water surface elevation and thermal 
plume area.  For Linton and Sullivan creeks, the trend was also fairly strong, but there was more 
scatter between mapped plume areas for a given mainstem water surface elevation.  Based on the 
data collected, over the long term, lower mainstem water surface elevations result in smaller 
average thermal plume areas than higher mainstem water surface elevations.  Based on data 
collected in 2007 and 2008, higher Project operating elevations for a given Project inflow tend to 
increase the area of the thermal plumes. 
 
For three of the tributary deltas (Flume, Sullivan, and Sweet creeks), cold inflow from the 
tributaries quickly mixes with mainstem flow when the mainstem water surface elevation 
adjacent to the tributary delta falls below the top of the delta foreset slope.  The substantial 
reduction of the thermal plume area, represented as zero plume area in the model, is a result of 
mainstem current sweeping the cold tributary flow away and quickly mixing it with the warm 
mainstem water.  In the case of Sullivan and Sweet creeks, the tributary water is exposed directly 
to the mainstem current.  For Flume Creek, Deadman’s Eddy provides the sweeping current.  
The foreset slopes for Flume, Sullivan, and Sweet creeks are 1,966, 1,982, and 1,984 feet NAVD 
88 (1,962, 1,978, and 1,980 feet NGVD 29), respectively.  Slate Creek is not exposed to 
mainstem current because it is set back from the mainstem and the mainstem velocities are very 
low in the deep Canyon Reach of the reservoir.  Linton Creek is protected from mainstem 
currents because the large mainstem bar upstream of the tributary diverts flows to the east side of 
the river channel under a combination of low forebay and low flow conditions. 
 
Low mainstem water surface elevations are associated with the Project operations at low forebay 
water surface elevations that create more riverine-like conditions, particularly upstream of 
Metaline Falls.  Except for Slate Creek, the tributary deltas will generally have smaller thermal 
plume areas at lower water surface elevations.  As previously indicated, at very low mainstem 
water surface elevations, the thermal plume area on the inundated deltas will be greatly reduced 
at Flume, Sullivan, and Sweet creeks.  It is only under low operating levels below the normal low 
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forebay water surface elevation limit of 1,974 feet NAVD 88 (1,970 feet NGVD 29) that Flume 
Creek would have its thermal plume essentially eliminated.  For the two Upper Reservoir 
thermal plumes that can be exposed to sweeping flows, water levels below the foreset slope 
elevation only occur for a combination of low mainstem flows and low forebay elevations.  The 
conditions for which the thermal plumes are greatly reduced occur when the hydraulic influence 
of the Project is eliminated.  The greater the Project hydraulic influence the larger the area of 
thermal plume.  Based on the data collected in 2007 and 2008, the overall effect of the Project on 
thermal plumes is to increase their size.  
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Table 5.4-20.  Summary of mapped and modeled thermal plume conditions for existing Project operations at Slate, Flume, Sullivan, Linton, and 
Sweet creeks (wet, dry, and average years). 

Hours w/ Zero Modeled Plume 
Area for Temperature Ranges 

Range of Mapped 
Thermal Plume 

Areas by Pool Level 
(ft2)

Mainstem Temp
>18°C

Mainstem Temp
>22°C

Tributary 
High
Pool

Low 
Pool

Sweeping
Flows at 
Foreset 
Slope
(Y/N) Wet Dry Ave Wet Dry Ave

Influence of Changing Pool Elevations during Period of Mainstem 
Water Temperature above 18°C (June 30 through September 20) 

Slate 16,100 – 
28,900 

14,800 – 
29,300 

No 0 0 0 0 0 0 The area of the thermal plume at Slate Creek will vary between 
approximately 15,000 and 30,000 sq. ft. over the range of typical 
operations.  The plume area is poorly correlated to mainstem water 
surface elevation and was not modeled. 

Flume 18,600 – 
19,400 

8,500- 
11,000 

Yes  0 0 0 0 0 0 The modeled plume areas ranged from a low of about 10,000 sq. ft. in 
to a high of about 20,000 sq. ft. with little difference between the three 
years.  The plume has potential to be swept away if the forebay level 
drops below 1,966 feet NAVD 88 but this did not happen during the 
representative years. 

Sullivan 79,100 – 
177,000  

22,900 – 
37,100 

Yes 0 7 0 0 0 0 The Sullivan Creek thermal plume varied from 0 to 180,000 sq. ft. over 
the range of operations during the representative years.  Mean plume 
areas range from about 70,000 sq. ft. in the dry year to 100,000 sq. ft. 
in the wet and average years. The zero plume area was modeled on 
September 14 of the dry year when the mainstem water surface 
elevation dropped below the foreset slope elevation for seven hours.  

Linton 5,200 – 
5,500 

1,600 – 
3,200 

No 0 0 0 0 0 0 The area of the Linton Creek thermal plume typically varies from over 
1,000 sq. ft. up to 10,000 sq. ft. For one day during the dry year, 
September 14, the modeled plume area dropped below 1,000 sq. ft.  
This was the same day the Sullivan Creek plume was modeled as zero 
area for 7 hours. The plume is not exposed to sweeping currents and 
will persist even at extreme low mainstem water surface elevations 

Sweet 3,300 – 
10,600 

1,700 – 
5,300 

Yes 0 25 0 0 0 0 The modeled thermal plume area at Sweet Creek typically varied from 
over 2,000 sq. ft. to about 10,000 sq. ft.  The exceptions occurred in the 
dry year when plume areas of zero were modeled as the mainstem 
water surface elevation fell below the delta foreset slope of 1,984 feet 
NAVD 88.  The period was a total of 25 hours for the dry year with all 
of the hours outside the period of  >22°C mainstem water temperature. 
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5.4.1.3. Integration of Tributary Delta Habitat Evaluation Models 

Salmonid habitat on selected tributary deltas was evaluated using three separate but related 
models.  The models were developed to quantify the influence of Project operations on lacustrine 
and riverine habitats at selected tributary deltas.  These modeling tools are not dynamically 
linked; however, their results need to be considered together to better understand the predicted 
changes in the area and quality of delta habitats for use by salmonids. 
 
As reservoir water surface elevations fluctuate on a daily basis due to operation of the Project for 
power production, salmonid habitat on tributary delta changes between riverine and lacustrine 
types of habitat.  Two of the tributary delta habitat models quantify these changes in habitat type 
using a HQR value calculated as the product of habitat area and a HSI.  The lacustrine habitat 
area increases with increasing reservoir water surface elevations; the riverine habitat increases as 
reservoir water surface elevations decrease.  The riverine HSI is calculated differently for fry, 
juvenile, and adult life stages of salmonids, but the models for all three life stages are based only 
on indicators of physical habitat quality (e.g., percentage of instream cover, percentage of pools, 
average thalweg depth, substrate size).  Conversely, a single HSI is calculated for all three life 
stages in lacustrine habitats, and the HSI is a function only of water quality parameters (i.e., pH, 
dissolved oxygen, and temperature).  Due to mainstem water temperatures during late summer 
months that can exceed 22°C, the HQR model rates lacustrine habitat as unsuitable for salmonids 
during warm summer months.  However, cooler tributary waters entering the lacustrine delta 
areas can form cool-water thermal plumes that may be used by salmonids as thermal refugia.  
The lacustrine HQR model does not directly account for the portion of the lacustrine habitat 
within a thermal plume; therefore, the third model was applied to calculate the area of thermal 
plumes as a function of reservoir water surface elevation (which is influenced both by flow in the 
mainstem and the Boundary forebay water surface elevation).  Because the lacustrine HQR 
model uses a lacustrine HSI value of 0.80 for a water temperature of 18°C, the thermal plume 
models were run only during periods of the year with mainstem water temperatures greater than 
18°C. 
 
The lacustrine HQR model was calculated on an hourly basis using average monthly water 
temperatures in the mainstem.  In August when temperatures exceeded 22°C, the lacustrine HQR 
value for salmonids went to zero.  The thermal plume areas were calculated on an hourly basis 
for days in which the average daily water temperature exceeded 18°C.  The average monthly 
mainstem water temperature during July, August, and September exceeded 18°C.  Only in 
August did the average monthly temperature exceed 22°C, at which point it became unsuitable 
for salmonids.  Therefore, the thermal plume area is an important component of tributary delta 
habitat suitability for salmonids in these months, in particular during August when the mainstem 
habitats and lacustrine habitats outside of the thermal plume are modeled to be unsuitable for 
salmonids. 
 
The evaluation of thermal plumes areas within lacustrine habitat areas on deltas in the Boundary 
Reservoir areas revealed that deltas could be grouped into three categories.  The first category of 
delta does not provide reliable thermal plumes due to absence of surface flow in the tributaries 
when mainstem water temperatures exceed 18°C.  The second category of delta maintains 
thermal plumes that can be used as thermal refugia for all but extreme conditions (e.g., low 
reservoir water surface elevations that expose tributary inflows to sweeping mainstem currents 
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that rapidly mix the cooler tributary inflow).  The third type of delta reliably maintains thermal 
plumes in the lacustrine habitat areas throughout the period when mainstem water temperatures 
exceed 18°C. 
 
The absence of surface flows in Pocahontas and Sand creeks during the late summer, low flow 
period of the year inhibits the formation of thermal plumes on these tributary deltas.  The 
lacustrine HQR values at both of these deltas go to zero for the month of August when mainstem 
water temperatures exceed 22°C, and no thermal plumes are reliably present in the lacustrine 
delta habitat.  However, the seepage of subsurface flows and groundwater through the delta to 
the mainstem may create distributed pockets of cooler water that salmonids can utilize as thermal 
refugia. 
 
Sullivan and Sweet creeks are tributaries with deltas in which low reservoir water surface 
elevations can cause mixing of tributary inflows resulting in no thermal plume.  The morphology 
of these deltas allows reservoir water surface elevations to drop below the elevation of the top of 
the foreset slope, thereby exposing tributary inflow to sweeping flows in the mainstem.  As 
shown in Table 5.4-20, the area of thermal plume at the Sullivan Creek delta was modeled to go 
to zero for only 7 hours during the dry (2001) year.  These hours of zero plume area occur when 
the mainstem water temperature is greater than 18°C but less than 22°C, so the balance of the 
lacustrine habitat, while not optimal for salmonids, was still suitable.  The thermal plume at the 
Sweet Creek delta as shown in Table 5.4-20 was modeled with zero area for 25 hours during the 
dry (2001) year.  As with the Sullivan Creek delta, the timing of these zero area plumes occurred 
when the delta lacustrine habitat was more than 18°C but less than 22°C and, while not optimal 
for salmonids, still suitable. 
 
The thermal plume models of the Flume Creek and Linton Creek deltas showed that thermal 
plumes persist under all conditions represented by the wet (1997), dry (2001), and average 
(2002) years.  No model was developed for the Slate Creek delta because a strong relationship 
between reservoir water surface elevation and mapped plume area was not observed.  However, 
the minimum mapped plume area at the Slate Creek delta was approximately 15,000 square feet. 
 
When considering the three components of tributary delta habitats for salmonids, it is important 
to note that lacustrine delta habitats can be compared to shallow-water (less than 20 feet deep) 
habitats in Boundary Reservoir.  The combined size of the lacustrine habitat areas at the seven 
modeled tributary deltas is approximately 26 acres (1.1 x 106 square feet).  As noted in the Study 
7 Final Report (SCL 2009a) the shallow water (less than 20 feet deep) habitat area in the 
Boundary Reservoir is approximately 675 acres (29 x 106 square feet).  Thus, Boundary 
Reservoir contains approximately 30 times as much shallow-water habitat as the lacustrine 
habitat on the modeled tributary deltas.  The thermal plume areas within the lacustrine delta 
habitat areas during periods of the year when mainstem water temperatures exceed 22°C 
differentiate the lacustrine delta habitats from mainstem habitats.  Salmonids may seek out the 
cooler waters of the thermal plumes as thermal refugia during periods of year when mainstem 
water temperature are assumed to be unsuitable.  Therefore, the thermal plume areas may 
represent an important component of salmonid habitat.  The riverine habitat areas within the 
stream channels on the tributary deltas are also relatively minor when compared to tributary 
habitat in accessible channels above the deltas.  Unlike the lacustrine delta habitat that is 
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comparable to a type of mainstem habitat, the riverine habitat on the deltas can be compared only 
to habitat in the tributary channels above the deltas.  As described in Section 4.4.1.1.3, the 
quality of the riverine habitat on the deltas appears considerably lower than in the tributary 
channel above the deltas.  Although the calculated riverine HSI values indicated the low 
suitability of these riverine habitats at some of the deltas, the difference in the quality of these 
habitats to habitats in the channels above the deltas was not explicitly quantified. 
 
5.4.2. Fish Passage/Tributary Access 

Upstream fish passage and access to tributaries draining directly to the Boundary Reservoir may 
be affected during drawdown conditions if the tributary deltas contain falls or high gradient 
features beyond the capacity of fish to negotiate.  The ability of fish to swim against water 
velocities and to jump falls is a function of both specific physical conditions (e.g. velocity, 
turbulence, resting areas, vertical distance, and jumping pools) and fish size, with larger (and 
stronger) fish capable of passing higher velocities and greater vertical elevations.  Reasons for 
fish to try and enter into reservoir tributaries may include adult fish spawning migration, juvenile 
fish seeking non-natal feeding and rearing habitat, or fish of all sizes seeking cooler water during 
hot summer months.  In general, the salmonid species, especially trout, are most likely to engage 
in these behaviors, due to their preference to spawn in tributaries instead of main rivers and their 
lower tolerance for warm water. 
 
In an assessment of resident trout, Reiser and Peacock (1985) found that resident adult brown 
trout, cutthroat trout, and grayling can cruise at speeds up to 2.0 to 2.5 feet per second (fps), 
sustain speeds between approximately 2 and 7 fps, and dart at speeds between 6 and 13 fps.  
Maximum jumping height for these species is approximately 3 feet.  Unless the tributaries that 
directly drain to the Boundary Reservoir contain either vertical jumps in excess of 3 feet or water 
velocities greater than approximately 6 fps over distance, access by resident adult salmonids 
should be unrestricted when the tributaries are flowing across their deltas during reservoir low 
pool conditions. 
 
For fry and juvenile fish, swimming capacity correlates to body length.  Very small Chinook 
salmon fry (33–35 mm) were tested against water velocity by Greenland and Thomas (1972) and 
nearly all could sustain 0.6 fps for 3 minutes.  Adams et al. (2000) studied movement of non-
native brook trout and found that marked fish could ascend 13 percent gradients for more than 67 
meters (220 feet) and 22 percent for more than 14 meters (46 feet).  The authors noted that 
vertical falls rather than high gradients appeared more effective at limiting upstream movement.  
Upstream movement was dominated by fish approximately 135 mm, and immigration by smaller 
fish (<95 mm) was uncommon.  These studies indicate that larger juvenile and adult fish would 
be capable of entering tributaries to the Boundary Reservoir when channel gradients are less than 
approximately 20 percent, whereas smaller juveniles and fry would be limited at comparatively 
low (estimated near 5 percent) gradients. 
 
Applying the methods described in Section 4.4.2, the following subsections provide an 
evaluation of fish passage across the seven tributary deltas evaluated.  Each delta was viewed in 
terms of its profile and the hourly fluctuations in annual reservoir water surface elevation at the 
delta.  Specifically, the hourly water surface elevations during the wet (1997), dry (2001), and 
average (2002) years were evaluated to represent the range of conditions likely encountered over 
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the 50-year term of a new license.  Two figures were prepared for each delta to illustrate 1) the 
profile of the thalweg across the delta and the location of the minimum hourly reservoir surface 
elevation, and 2) the variability of the hourly reservoir water surface elevations over the wet 
(1997), dry (2001), and average (2002) years.  The first figure illustrates whether the foreset 
slope is ever exposed, even at the lowest reservoir water surface elevation in each of the 
representative years.  The second figure is useful for comparing the elevation of any potential 
barriers to the frequency, timing, and duration of inundation during the representative years. 
 
5.4.2.1. Slate Creek Fish Passage/Tributary Access 

Figure 5.4-15 illustrates the longitudinal profile of Slate Creek across its delta, with average 
gradient slopes above the topset-foreset intersection progressing from 8.17 to 6.16, 0.89, 4.53, 
and 6.41 percent.  These gradients are within the swimming capability of adult and larger 
juvenile Project-area fish species, especially considering the cobble-boulder substrate character 
of the Slate Creek channel (at elevations greater than approximately 1,976 feet NAVD 88 [1,982 
NGVD 29]).  This type of substrate creates turbulence and fast and slow pockets of water where 
fish can move between resting areas, even with high mean column water velocities.  There are no 
vertical falls present that would require fish to jump rather than swim should they attempt to 
enter Slate Creek from the reservoir at low pool.  As shown in Figure 5.4-15 in concert with 
Figure 5.4-16, the reservoir water surface elevation exceeds 1,990 feet NAVD 88 (1,986 feet 
NGVD 29) multiple times per week throughout most weeks in all three years evaluated.  The 
regular and frequent inundation of the thalweg channel across the delta allows for unimpeded 
upstream migration on a regular basis. 
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Figure 5.4-15.  Slate Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-16.  Hourly reservoir water surface elevations (WSE) at the Slate Creek delta for wet (1997), 
dry (2001), and average (2002) years.  

 
 
5.4.2.2. Flume Creek Fish Passage/Tributary Access 

The Flume Creek delta longitudinal profile (Figure 5.4-17) is generally lower gradient than Slate 
Creek, ranging from 2.26 percent above the topset-foreset intersection to 4.53 percent at the 
upstream section.  With the possible exception of a short portion between stations 1220 and 
1320, the gradient of Flume Creek is within the swimming capacities of most adult and juvenile 
fish.  This portion (near station 1300) may present a temporary obstacle to smaller fish but would 
be inundated except during the lowest reservoir water surface elevations during the dry (2002) 
year.  The steep drop below the topset-foreset intersection at approximately1,966 feet NAVD 88 
(1,962 feet NGVD 29) is nearly always inundated (Figure 5.4-18), even at the minimum 
reservoir water surface elevation during the dry year. 
 
As noted during the characterization of tributary deltas (Section 4.1.1), the adfluvial habitat, 
based on the distance from the mouth of the stream to the lowermost migration barrier reported 
in McLellan and O’Connor (2001) and/or Andonaegui (2003), at Flume Creek is limited just 
upstream of the delta due to the presence of a cascading waterfall.  Approximately 1,000 feet of 
adfluvial habitat exists below the base of the waterfall, but the cascading falls prevents farther 
upstream fish passage. 
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Figure 5.4-17.  Flume Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-18.  Hourly reservoir water surface elevations (WSE) at the Slate Creek delta for wet (1997), 
dry (2001), and average (2002) years. 
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5.4.2.3. Sullivan Creek Fish Passage/Tributary Access 

The gradient of Sullivan Creek across its delta is quite low above the topset-foreset intersection, 
ranging between approximately 1.0 and 1.5 percent (Figure 5.4-19) and presents no difficulties 
for upstream fish movement.  The topset-foreset intersection at Sullivan Creek is at 1,982 feet 
NAVD 88 (1,978 feet NGVD 29), and this elevation is nearly always inundated.  There are brief 
periods (a few hours at a time) during both dry and average years when water surface elevation 
drops below this intersection elevation (Figure 5.4-20), but the short duration and infrequent 
occurrence do not result in a barrier to fish passage. 
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Figure 5.4-19.  Sullivan Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-20.  Hourly reservoir water surface elevations (WSE) at the Sullivan Creek delta for wet 
(1997), dry (2001), and average (2002) years. 

 
 
5.4.2.4. Linton Creek Fish Passage/Tributary Access 

The Linton Creek delta longitudinal profile is only slightly steeper than the Sullivan Creek 
profile, from a little under 2.0 percent up to about 3.0 percent (Figure 5.4-21).  There is no 
clearly defined topset-foreset intersection at this delta and no restrictions, even temporary, on the 
upstream movement of adult and juvenile fish would be anticipated at the Linton Creek delta 
(Figure 5.4-22). 
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Figure 5.4-21.  Linton Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-22.  Hourly reservoir water surface elevations (WSE) at the Linton Creek delta for wet (1997), 
dry (2001), and average (2002) years. 
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5.4.2.5. Pocahontas Creek Fish Passage/Tributary Access 

The Pocahontas Creek delta can pose a barrier to upstream fish movement because it has a steep 
depositional foreset section with a gradient of over 25 percent (Figure 5.4-23).  This foreset is 
composed mostly of sand and smaller gravels and would prevent the upstream movement of 
many juvenile fish at pool elevation less than 1,985 feet NAVD 88 (1,981 feet NGVD 29).  
Although it is possible that some adult fish could jump at the foreset drop and be successful at 
low pool (provided Pocahontas Creek is flowing strongly), it is most likely that any fish 
attempting to enter the creek would wait in the mainstem until the foreset is inundated at water 
surface elevations exceeding 1,990 feet NAVD 88 (1,986 feet NGVD 29) (Figure 5.4-24).  
Additionally, Pocahontas Creek regularly dewaters and during dry years there is no surface flow 
across the delta from approximately mid-July through the beginning of May.  During average 
years, there is no surface flow from the beginning of August through mid-April.  No negative 
effects of a short wait (typically less than 24 hours) within the mainstem should be expected for 
any species or life stage of fish. 
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Figure 5.4-23.  Pocahontas Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-24.  Hourly reservoir water surface elevations (WSE) at the Pocahontas Creek delta for wet 
(1997), dry (2001) and average (2002) years. 

 
 
5.4.2.6. Sweet Creek Fish Passage/Tributary Access 

The Sweet Creek delta longitudinal profile has characteristics similar to those of Flume and 
Sullivan creeks in that it is relatively low gradient (approximately 2 percent) and has a steep 
foreset slope below the topset-foreset intersection (Figure 5.4-25).  Like those creeks, there 
should be no obstacles to upstream fish movement once the intersection is inundated (at an 
approximate elevation of 1,984 feet NAVD 88 [1,980 feet NGVD 29]), although some brief 
delays might occur when the pool is below this level (Figure 5.4-26).  These events are typically 
small in magnitude (less than one foot) and short in duration (less than a day) and should not 
negatively impact fish passage. 
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Figure 5.4-25.  Sweet Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-26.  Hourly reservoir water surface elevations (WSE) at the Sweet Creek delta for wet (1997), 
dry (2001), and average (2002) years. 
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5.4.2.7. Sand Creek Fish Passage/Tributary Access 

Figure 5.4-27 shows the longitudinal profile of Sand Creek across its delta and illustrates the low 
gradient of this creek above the minimum dry year, low pool elevation.  Sand Creek exhibits a 
poorly-defined break at the topset-foreset intersection at 1,986 feet NAVD 88 (1,982 feet NGVD 
29) and fish may be able to enter the creek even at low pool.  Surface flow in Sand Creek across 
the delta periodically goes subsurface in a manner similar to Pocahontas Creek (from mid-July to 
early May in dry years and the beginning of August to mid-April in average years).  As shown in 
Figure 5.4-27 in concert with Figure 5.4-28, the reservoir water surface elevations throughout 
nearly all weeks in the three representative years frequently inundate the entire delta.  Therefore, 
the Sand Creek thalweg across the delta contains no obstacles to upstream adult or juvenile fish 
movement. 
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Figure 5.4-27.  Sand Creek delta thalweg profile and elevations of minimum hourly reservoir water 
surface elevation (WSE) in the wet (1997), dry (2001), and average (2002) years. 
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Figure 5.4-28.  Hourly reservoir water surface elevations (WSE) at the Sand Creek delta for wet (1997), 
dry (2001), and average (2002) years. 

 
 
5.5. Mainstem Sediment Transport 

The goal of the Mainstem Sediment Transport component of Study 8 was to analyze erosion, 
transport, and deposition of sediment and to simulate the effects of hydraulic conditions 
associated with Project operations on channel morphology and the size and gradation of channel 
substrates in the mainstem Pend Oreille River.  The output from calibrated sediment transport 
models were used to support the analyses of Project effects on aquatic habitats in the Pend 
Oreille River between Box Canyon Dam and the confluence of Red Bird Creek.  This goal was 
achieved through the development and calibration of mainstem sediment transport models for 
two distinct reaches in the study area: the Boundary Reservoir (Box Canyon Dam to Boundary 
Dam) and the Boundary Tailrace (Boundary Dam to the confluence of Red Bird Creek).  The 
HEC-6T computer program (MBH Software, Inc. 2002) was selected as the most efficient 
software for developing, calibrating, and applying the mainstem sediment transport models.   
 
The HEC-6T sediment transport models were calibrated and applied to a 50-year record 
corresponding to the duration of a new license.  The 50-year record was developed using 
monitoring data representative of existing Project operations.  The majority of sediment is 
transported into and through the Boundary Reservoir and Boundary Tailrace during annual high 
flows, and during these events, the inflow to the reservoir normally exceeds the turbine capacity.  
Excess inflow is conveyed through the two principal spillways and the reservoir water surface 
elevation is maintained within a few feet of full pool (1,994 feet NAVD 88 [1,990 feet NGVD 
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29]).  The effect of existing Project operations on the reservoir water surface elevation during 
these times is negligible because inflow to the reservoir and the flows through the spillways 
overwhelms the flow through the turbines.  Therefore, per the tasks in the RSP (SCL 2007) the 
effects of Project operations were modeled only for existing Project operations over the 50-year 
term of a new license. 
 
The outputs from the mainstem sediment transport models are described in more detail in the 
following sections.   
 
5.5.1. Boundary Reservoir Sediment Transport Model 

The HEC-6T model of the Boundary Reservoir was based on the calibrated geometry included in 
the peak flow model developed for Study 2 (SCL 2009e).  The model hydraulics were first 
calibrated to closely match the calculated water surface elevation for a range of inflow and 
reservoir water surface elevations to the water surface elevation simulated in the Study 2 peak 
flow model.  Once the hydraulics were calibrated, the sediment transport model was calibrated so 
the model output closely matched the net change in the volume of sediment deposited within the 
study reach since construction of Boundary Dam.  The calibrated model was then applied to a 
50-year period corresponding to the duration of the term of a new license.  Table 5.5-1 presents a 
summary of the sediment balance for the 50-year model run. 
 
Table 5.5-1.  Summary sediment balance for future 50-year Boundary Reservoir HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet)
Sediment Inflow +21,930 +12,230 +2,070 +36,230 

Sediment Outflow –21,860 –8,840 –6 –30,706 
Trapped Sediment +70 +3,390 +2,064 +5,524 

 
 
As shown in Table 5.5-1, most all clay is modeled to pass through the Boundary Reservoir, 
approximately one-quarter of the silt is trapped in the reservoir, and nearly 100 percent of the 
bed material load is trapped.   
 
5.5.1.1. Mainstem Channel Morphology 

The morphology of the mainstem channel is predicted to change in response to the net change in 
sediment accumulated in the Boundary Reservoir.  The thalweg comparison between year 1 
(solid line) and year 50 (dashed line) is shown in Figure 5.5-1.  The river station in feet on the x-
axis corresponds to the stationing of the cross sections used in the HEC-6T model; the figures in 
Attachment A of Appendix 5 show the cross section locations, including river stationing.  Figure 
5.5-1 shows the most substantial change in bed elevation in the Boundary forebay 
(approximately located downstream of station 12,000).  This is the location where nearly all of 
the silt and clay deposition occurs raising the bed of the channel approximately 5 to 16 feet.  
Considering the existing depth of the forebay is approximately 200 feet, the decrease in channel 
depth through the forebay represents a decrease of less than 10 percent. 
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Within the Canyon Reach (located approximately between station 12,000 and 60,000) another 
location of sediment accumulation was noted between the approximate stations of 16,000 and 
32,000 as shown in Figure 5.5-1.  Accumulation of sand size fractions was identified in the 
Canyon Reach since the completion of construction of Boundary Dam in 1967. 
 
Other than these two locations, only localized changes in the bed elevation at individual cross 
sections were predicted, not consistent erosion or deposition over an extended length of channel. 
 
Section 5.1.1 of Appendix 5 includes a discussion of the accumulated sediment in the active and 
inactive storages areas of the Boundary Reservoir.  Approximately 5 percent of the depositional 
material between Box Canyon Dam and Boundary Dam is located in active storage, primarily 
gravel-sized and coarser material derived from shoreline erosion or stored on tributary deltas 
(downstream of Metaline Falls only).  On an average annual basis, approximately 5.3 acre-feet of 
deposition occurs in the active storage; approximately 25 percent of this volume is stored in the 
Upper Reservoir Reach and 75 percent is stored in the Canyon and Forebay reaches, combined. 
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Figure 5.5-1.  Boundary Reservoir thalweg profile comparison—year 1 (solid line) and year 50 (dashed line). 
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5.5.1.2. Mainstem Channel Substrate Size and Gradation 

The bed material of the mainstem channel was characterized at the start of the 50-year model run 
using the existing gradations.  The Forebay Reach was characterized as silt and clay deposited 
over boulders and bedrock.  The Canyon Reach of the Boundary Reservoir was characterized 
primarily as boulders and bedrock.  Upstream of Metaline Falls, the channel substrate was 
dominated by coarse gravels to large cobbles.  The channel bed provides a source of bed material 
sediment when transport capacities exceed sediment inflows, but the bed can also provide 
storage when sediment inflows exceed transport capacity.  Therefore, the gradation of the 
channel bed changes in response to erosion, transport, and accumulation of sediment.  The bed 
material gradations were output from the HEC-6T model at the end of the 50-year run to assess 
how gradations changed compared to the gradations at the start of the run (which are 
representative of conditions observed in 2007).  The Forebay Reach was almost completely 
composed of silt, with minor amount of clay and very fine sand, similar to the gradation of the 
deposition observed in 2007.  These size fractions are also consistent with the simulated 
deposition noted in the previous section.  The Canyon Reach of the Boundary Reservoir was 
predicted to have a surface layer primarily still composed of boulders and bedrock; however, 
between stations 16,000 and 32,000 as shown on Figure 5.5-1, the gradation becomes dominated 
by sand and silt (a noted fining compared to the initial conditions).  As with the forebay, this 
change in gradation is reflected in an increase in thalweg elevation between these stations.  The 
remainder of the Canyon Reach channel substrate is primarily medium and large boulders.  
Upstream of Metaline Falls, the channel substrate does not significantly change from the coarse 
gravels to large cobbles assigned at the start of the run, except for the wide reach of the river 
adjacent to the town of Metaline.  At the upper end of this reach, where the river transitions from 
a relatively narrow width near the confluence of Pocahontas Creek to the wide reach, the bed 
material includes sand sized materials. 
 
5.5.2. Boundary Tailrace Sediment Transport Model 

The HEC-6T model of the Boundary Tailrace was based on the calibrated geometry included in 
the HRM developed for Study 7 (SCL 2009a).  The model hydraulics were first calibrated to 
closely match the calculated water surface elevation for a range of inflow and reservoir water 
surface elevations to the water surface elevation simulated in the Study 7 HRM.  Once the 
hydraulics were calibrated, the sediment transport model was calibrated so the model output 
closely matched the net change in the volume of sediment deposited within the study reach since 
construction of Boundary Dam.  The calibrated model was then applied to a 50-year period 
corresponding to the duration of the term of a new license.  Table 5.5-2 presents a summary of 
the sediment balance for the 50-year model run. 
 
Table 5.5-2.  Summary sediment balance for future 50-year Boundary Tailrace HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet)
Sediment Inflow +22,640 +9,540 +9 +32,189 

Sediment Outflow –22,640 –9,540 –52 –32,232 
Trapped Sediment 0 0 –43 –43 
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As shown in Table 5.5-2, essentially none of the clay or silt supplied to the Boundary Tailrace is 
trapped in this reach of the mainstem.  This output is in line with expectations because fine 
sediment that is not trapped in the ideal settling conditions of the Forebay Reach is not expected 
to accumulate in the shallower and faster flowing Tailrace Reach.  As with the calibration model, 
the channel bed through the Tailrace Reach does appear to be a source of bed material sediment 
as an armor layer is developed in the model.  Although the 50-year modeling horizon is 
approximately 10 years longer than the calibration modeling horizon, the net loss of bed material 
sediment from the Tailrace Reach is less than the loss calculated over the shorter calibration 
period. 
 
5.5.2.1. Mainstem Channel Morphology 

The morphology of the mainstem channel in the Boundary Tailrace is not predicted to 
considerably change in response to the continued operations of the Project over the modeled 50-
year period.  The thalweg comparison between year 1 (solid line) and year 50 (dashed line) is 
shown in Figure 5.5-2.  The river station in feet on the x-axis corresponds to the stationing of the 
cross sections used in the HEC-6T model; the figures in Attachment A of Appendix 5 show the 
cross section locations, including river stationing.  Figure 5.5-2 shows the most substantial 
change in bed elevation between stations 47,000 and 52,000.  The decrease in the thalweg 
elevation through this reach is approximately 1 to 2 feet.  The magnitude of this degradation is 
very similar to the magnitude of the degradation modeled during the calibration period.  As 
opposed to further degradation, this decrease in thalweg elevation results from the same 
formulation of the development of an armor layer coded into the HEC-6T software.  Throughout 
the balance of the reach, the thalweg elevation was predicted to decrease over the 50-year 
horizon by an average of approximately 0.5 foot. 
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Figure 5.5-2.  Boundary Tailrace thalweg profile comparison—year 1 (solid line) and year 50 (dashed line). 
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5.5.2.2. Mainstem Channel Substrate Size and Gradation 

The bed material of the mainstem channel was characterized at the start of the 50-year model run 
using the existing gradations.  Upstream of station 48,000 as shown in Figure 5.5-2, the channel 
bed is dominated by boulders; downstream of this station the channel bed shifts to smaller 
boulders and large cobbles.  The bed material gradations were output from the HEC-6T model at 
the end of the 50-year run to assess how gradations change over time.  The size and gradation of 
the channel substrate did change appreciably over the modeled horizon.  The net loss of bed 
material noted in the previous section was derived from the subsurface layers supporting the 
armored surface layer. 
 

6 CONCLUSIONS 

Study 8 investigated the aquatic habitat associated with the tributary deltas that are situated at the 
interface between the various tributaries and the mainstem Pend Oreille River.  Study 8 extended 
the investigation of aquatic habitat beyond the mainstem of the Pend Oreille River, which was 
the focus of Study 7 (SCL 2009a).  Because of the nature of the processes that form the tributary 
deltas, much of a delta’s surface lies within the range of elevations that are subjected to water 
level fluctuations resulting from Project operations.  Therefore it was relevant to determine the 
potential influence Project operations may have on these features and their associated habitat.  
Study 8 includes an investigation of sediment transport processes on the tributary deltas because 
these processes help govern the historic behavior and future evolution of the tributary deltas.  As 
an extension of the sediment transport analysis, Study 8 included modeling of sediment transport 
in the mainstem of the Pend Oreille River. 
 
The conclusions are organized into three main sections: Tributary Delta Evolution (Section 6.1), 
Tributary Delta Habitat (Section 6.2), and Mainstem Sediment Transport (Section 6.3).  The 
conclusions are provided based on the interpretations of the analyses conducted in Study 8 to 
characterize the Project effects on tributary delta habitats during years representative of wet 
(1997), dry (2001), and average (2002) hydrologic conditions.  For the tributary delta evolution 
and mainstem sediment transport, the analyses were conducted over the potential 50-year term of 
a new license.  
 
Seven tributary deltas were selected for detailed study, including determining the future 
evolution of the delta and performing aquatic habitat modeling.  The tributary deltas selected for 
detailed study were Slate Creek (Project river mile [PRM] 22.2), Flume Creek (PRM 25.8), 
Sullivan Creek (PRM 26.9), Linton Creek PRM 28.1), Pocahontas Creek (PRM 29.4), Sweet 
Creek (PRM 30.9), and Sand Creek (PRM 31.7).  The locations of the tributary deltas were 
provided on Figure 3.0-1.  Slate and Flume creeks are located below Metaline Falls and the other 
five tributaries selected are located upstream of Metaline Falls.   
 
The tributaries that drain to Boundary Reservoir are relatively small compared to the mainstem 
of the Pend Oreille River.  For example, the combined average daily inflow from all the 
tributaries, including the 7 selected for detailed study and 21 additional ones, is approximately 
one percent of the average daily flow volume of the Pend Oreille River (R2 Resource 
Consultants 2008).  Sullivan Creek is the largest tributary by far and has a drainage area of 
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142.5 square miles.  The next largest of the 7 selected tributaries is Slate Creek at 32.3 square 
miles.  The smallest of the 7 is Linton Creek with a drainage area of 2.1 square miles.  The total 
drainage area of all tributaries into Boundary Reservoir is 268 square miles.  This is in contrast to 
the Pend Oreille River, which has a drainage area of 25,382 square miles above Boundary 
Reservoir.  Although the difference is small, during the summer months tributaries draining into 
Boundary Reservoir have water temperatures several degrees cooler than the mainstem water 
temperatures.  This influx of cool water is attractive to salmonids.  Therefore, the evaluation of 
aquatic habitat included collecting data and performing analyses of the areas of cooler water on 
the tributary deltas.   
 
6.1. Tributary Delta Evolution 

This Tributary Delta Evolution component of Study 8 supported the habitat evaluation by 
determining the evolution of selected tributary deltas over the potential 50-year term of a new 
license.  The evolution of the morphology of the tributary deltas influences the area of aquatic 
habitats, as well as the elevations at which these areas are inundated and dewatered by Project 
operations.  The tributary deltas were classified into four types based on their current conditions 
and the expected changes over the potential term of the new license.  The four delta types were: 

1. Type 1:  No significant delta present or delta is below minimum reservoir water 
surface elevation surface.   

2. Type 2:  Delta morphology is not expected to significantly change over the term of a 
new license.   

3. Type 3:  Delta morphology is expected to change, but changes are not significantly 
influenced by operations scenarios.   

4. Type 4:  Delta morphology is expected to change and the changes will be 
significantly influenced by operations scenarios.   

 
The evaluation and interpretation of potential evolution of the seven tributary deltas led to the 
following conclusions: 
 

• Downstream of Metaline Falls, the influence of the reservoir creates hydraulic 
conditions adjacent to the tributary deltas that are insufficient to currently transport 
coarser sediments delivered by tributary watersheds.  As a result, sediment deposition 
continues to build up at these deltas and the deltas will continue to grow.  Thus, the 
morphology of the Slate Creek and Flume Creek deltas was predicted to continue 
evolving over the 50-year term of a new license because both deltas are located 
downstream of Metaline Falls.  Both deltas are growing at locations where the 
available volume for sediment storage between the delta and the mainstem is greater 
than the amount of sediment estimated to be supplied over the next 50 years. 

 
• For the Slate Creek and Flume Creek deltas, the elevation of the top of the foreset 

slope is correlated with the low reservoir water surface elevations.  These two deltas 
were categorized as Type 4 deltas because the elevation of the top of the foreset slope 
is a function of low reservoir water surface elevations that are influenced by Project 
operations. 
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• Based on reviews of historical aerial photographs, the morphologies of the tributary 
deltas for Sullivan, Linton, Pocahontas, Sweet, and Sand creeks are similar to their 
respective morphologies prior to construction of the Project.  These five deltas were 
categorized as Type 2 deltas (i.e., delta morphology is not expected to significantly 
change over the term of a new license).  The consistency in morphologies is due to 
the balance of the between sediment load delivered to these deltas and the capacity of 
the mainstem to remove deposited sediments from the foreset slopes at regular 
intervals (approximately every few years).  It should be noted that classification of the 
tributary deltas as Type 2 does not mean that the deltas are static.  The stream 
channels across the deltas migrate over time and there is deposition and erosion of 
material delivered to the deltas from the watersheds.  However, these deltas are in a 
state of dynamic equilibrium and the overall footprint and location of the major 
features of the deltas (apex, topset slope, and foreset slope) are not expected to 
change appreciably. 

 
• The influence of the Project on mainstem hydraulics and sediment transport in the 

Upper Reservoir Reach is minimal at the high flows responsible for transporting the 
majority of the coarse sediment load (sand, gravel, and cobble).  In this reach, the 
Project influence on water surface elevations for flows on the order of 80,000 cfs or 
greater is approximately 1 to 2 feet.  Therefore, the Project has minimal influence on 
channel depths, velocities, and shear stress that determine the Pend Oreille River’s 
ability to mobilize and transport the material delivered from the tributary deltas.  This 
is a significant factor in maintaining the sediment balance at the interface between the 
Upper Reservoir Reach tributary deltas and the mainstem referred to in the previous 
bullet. 

 
• The timing of peak flows from tributaries typically occurs when the Pend Oreille 

River experiences peak flows and high water surface elevations.  As indicated in the 
previous bullet, during mainstem high flows, the high water surface elevations are 
primarily a result of the discharge in the mainstem with the influence of the Project 
being only approximately 1 to 2 feet.  The hydraulic forces associated with the 
tributary peak flows on delta morphology are moderated by the inundation of the 
delta by the mainstem.  The Sullivan Creek delta is an exception because water stored 
in Sullivan Lake is released starting in October and lasting through December.  These 
releases create relatively high flows in Sullivan Creek during a time of year when the 
Pend Oreille River is not at high flow.  Consequently, much of the delta surface is 
dewatered during the low point in the daily water surface elevation fluctuation cycle 
associated with Project operations.  Therefore, the tributary channel on the Sullivan 
Creek delta can be quite dynamic during a period when the other tributary stream 
channels are relatively static. 

 
6.2. Tributary Delta Habitat 

The conclusions on the existing tributary delta habitats and potential Project effects for the 
selected tributaries are summarized in this section in three main areas.  The dynamics between 
the existence of riverine and lacustrine habitat resulting from water level fluctuations associated 
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with Project operations are discussed first in Section 6.2.1.  The riverine habitat is represented by 
the tributary stream flowing across the delta and the lacustrine habitat is represented by the 
inundated portion of the delta.  There are periods during the summer when Boundary Reservoir 
(mainstem of the Pend Oreille River) water temperatures rise above 22°C.  Because of the warm 
water, the quality of the lacustrine habitat for salmonids decreases dramatically as the 
temperature increases above 18°C and is considered to be unsuitable when it reaches 22°C.  
During these periods, there are areas of lower temperature water on the inundated deltas that 
result from the mixing of the cool tributary water and the warm mainstem water.  These areas are 
referred to as thermal plumes and potentially provide thermal refugia for salmonids and other 
fish seeking cooler water.  Section 6.2.2 presents the conclusions from the efforts performed to 
study and model the behavior of the thermal plumes.  Because fish may travel between the 
mainstem and the tributaries, passage across the tributary deltas was investigated.  The 
conclusion from the evaluation of fish passage conditions on the deltas is presented in 
Section 6.2.3.   
 
To provide perspective on the habitat analyses conducted on the tributary deltas, this section 
includes information from the Study 9 Final Report (SCL 2009d).  As part of Study 9, specific 
passive and active fish sampling efforts were conducted in Boundary Reservoir, the Tailrace 
Reach, and on selected tributaries and associated deltas.  In addition, biotelemetry was used to 
monitor the movements and habitat use of individually tagged fish.  These sampling strategies 
were employed to determine seasonal changes in the distribution and relative abundance of fish 
species in Boundary Reservoir, as well as the magnitude and periodicity of upstream and 
downstream adfluvial fish migration behavior, or general fish movement, in the selected 
tributaries.  In 2007, the selected tributaries where fish sampling was conducted included (in 
downstream to upstream order) Slate, Flume, Sullivan, Sweet, and Sand creeks.  These creeks 
were sampled again in 2008, with the addition of Linton and Pocahontas creeks.  Pertinent 
results of the Study 9 are included within this section to assist in developing the conclusions.  
The Study 9 results are important in this evaluation because they illustrate what was ascertained 
regarding fish use of the available habitat in the tributary deltas and adjacent tributary channels.  
Some overall results from Study 9 are presented below that provide a general understanding of 
fish use of the tributary deltas.  Additional Study 9 results are presented in the three subsections 
when they provide perspective on specific aspects of the delta habitat being evaluated. 
 

• Native salmonids comprised only 11 percent of the catch in the tributary channels and 
delta areas combined, with nearly all native salmonids (i.e., cutthroat trout and 
mountain whitefish) observed in the channel upstream of the reservoir inundation 
zone (i.e., tributary channel and uninundated delta channel).  Only 8 native salmonids 
were observed within the inundated delta areas during monthly sampling in either 
2007 or 2008 (SCL 2009d).    

 
• Overall, Study 9 results indicate that native salmonids were captured infrequently 

throughout the tributary deltas (SCL 2009d).  This lack of delta habitat utilization is 
likely associated with the lower habitat quality available in the deltas, the dynamic 
nature of the deltas, and the likelihood that these areas primarily serve as corridors 
(except during warm-water periods) between the tributary watersheds and the 
reservoir.   
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• Even though overall abundance of native salmonids was not high in lower tributary 

and delta areas, they were relatively more abundant in tributary and delta areas than 
in the mainstem project reaches (SCL 2009d).  This observation suggests the potential 
importance of these habitat areas for native salmonids in the Project. 

 
6.2.1. Dynamics of Tributary Delta Habitats 

Because the tributary deltas change from being inundated at high reservoir water surface 
elevations to having stream flow across their surface at low reservoir water surface elevations, 
the overall habitat on the tributary deltas is a combination of lake (lacustrine) and stream 
(riverine) conditions.  At high reservoir water surface elevations, tributary deltas primarily 
provide lacustrine habitat, whereas at low reservoir water surface elevations, the tributary deltas 
primarily provide riverine habitat.  Intermediate reservoir water surface elevations result in 
various combinations of the two types of habitats.  To evaluate the habitat on the tributary delta 
and the changes that occur due to Project operations and changes in mainstem inflow, a habitat 
quality rating (HQR) model was developed that consisted of both a lacustrine and riverine 
component.  The HQR was developed for general salmonid species in the Boundary Reservoir.  
Separate HQRs represent lacustrine and riverine habitats by salmonid life stage as the product of 
potential habitat area and an index of habitat suitability.  It should be noted that the total area of 
shallow, lacustrine habitat provided on tributary deltas is small compared to the total amount of 
shallow, lacustrine habitat in Boundary Reservoir.  The combined size of the lacustrine habitat 
areas at the seven modeled tributary deltas is approximately 26 acres (1.1 x 106 square feet) 
compared to 675 acres (29 x 106 square feet) of shallow water habitat (defined as areas less than 
20 feet deep at the median pool, median flow condition) in Boundary Reservoir (SCL 2009a).  
General conclusion concerning the results of the tributary delta habitat evaluation and HQR 
modeling effort are listed below. 
 

• Project operations that maintain low reservoir water surface elevations will expose 
more riverine habitat area on the tributary deltas.  The quality of this riverine habitat 
in the delta is lower than riverine habitat in the tributary channels upstream of the 
deltas.  The lower habitat quality of the delta channels is due to the lack of stable 
bedforms and substrate larger than 4 inches, sparse cover (e.g., boulders, large woody 
debris, deep pools, and turbulence), few pools, and shallow channel depths. 

 
• Sullivan Creek has the largest delta and provides the majority of stream habitat in the 

Project area.  The total delta area at Sullivan Creek is 14 acres with a potential for 
nearly 2.3 acres of stream habitat at low reservoir elevations. 

 
• The lacustrine HQR follows a consistent pattern at all deltas because the index of 

habitat suitability is a function of water quality parameters that are fairly constant 
throughout the reservoir—specifically, the lacustrine HQR model output is driven by 
reservoir water temperature.  The HQR goes to zero in August because the water 
temperature is unsuitable for salmonids.  In the spring and fall, when water 
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temperatures are near optimal, the HQR values are at their greatest.  The HQR values 
taper off through the winter as water temperatures become suboptimal. 

 
• The effect of Project operations on lacustrine HQR is 2 to 3 times less influential than 

the effect of annual variability in reservoir water temperature.  It is noted that the 
annual water temperatures do not strongly correlate with wet, dry, or average runoff 
conditions so the influence of water temperature on HQR affects all hydrologic 
conditions similarly. 

 
• The mean HQR values over the wet, dry, and average years are relative indicators of 

potential salmonid habitat.  Comparing these values at individual deltas shows that 
lacustrine habitat indices are greatest in wet years, and riverine habitats indices are 
greatest in dry years.  By association, conditions of low reservoir water surface 
elevation produce greater riverine HQR values and conditions of high reservoir water 
surface elevation produce greater lacustrine HQR values. 

 
• For flows above approximately 55,000 cfs, Project powerhouse capacity is reached 

and water surface fluctuations associated with load-following cease. 
 
Similar to mainstem habitat conditions, reservoir fluctuations are the dominant mechanism by 
which Project operations affect tributary delta habitats.  Therefore, the hydraulic influence of 
Metaline Falls plays a role in how the tributary deltas respond to water level fluctuations.2  The 
influence of Metaline Falls and other factors and conditions important to evaluating effects on 
tributary delta habitats are identified below.  Two tributary deltas are located downstream of 
Metaline Falls:  Slate and Flume creeks.  The combined total delta habitat at these locations is 
approximately 4.0 acres.  Of this total, approximately 0.3 acre is stream habitat at low reservoir 
elevations.  Five tributary deltas are located upstream of Metaline Falls:  Sullivan, Linton, 
Pocahontas, Sweet, and Sand creeks.  The combined total delta habitat at these locations is 
approximately 21.7 acres.  Of this total, approximately 2.8 acres is stream habitat at low 
reservoir elevations.  As discussed under Study 7 (SCL 2009a), Metaline Falls attenuates 
fluctuations in reservoir water surface elevation.  Conclusions related to the tributary delta 
habitat based on the location of the tributary relative to Metaline Falls include the following: 
 

• The effect of historic Project operations on delta HQR varied in relation to the 
whether the delta was located upstream or downstream of Metaline Falls. 

 
• Below Metaline Falls, the Slate and Flume Creek tributary deltas experience the full 

range of water level fluctuations associated with load-following operations.  Because 
of this, below Metaline Falls, changes to Project operations influence HQR through 
changes to delta morphology and associated habitat areas and through changes in 
patterns of inundation and dewatering.  

                                                 
2 Metaline Falls dampens fluctuations upstream of the falls, but has no hydraulic influence below the falls.  
Therefore, the Canyon and Forebay reaches experience the full magnitude of the fluctuations at the dam, whereas 
the Upper Reservoir Reach experiences smaller magnitude fluctuations due to the hydraulic control imposed by 
Metaline Falls. 
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• The five deltas upstream from Metaline Falls do not experience the full range of 

water surface elevation fluctuations associated with Project operations.  Operational 
changes can only influence HQR through changes to inundation and dewatering of 
the deltas. 

 
Efforts, as documented in the Study 9 Final Report (SCL 2009d), were conducted to evaluate 
fish use of tributary delta habitats.  Information from Study 9 provides perspective on the fish 
use of the lacustrine and riverine habitat on the tributary deltas.  Use of the inundated deltas by 
salmonids (native and non-native) was observed during the periods of lowest predicted usability 
by the lacustrine HQR (i.e., during warm summer months).  This use, however, was apparently 
directly related to salmonids from the reservoir seeking out the cold-water plume (typically a 
small portion of the total inundated habitat) from tributary flows and not the overall lacustrine 
habitat conditions on the deltas.  Therefore, while the overall lacustrine habitat model is likely 
representative of the average inundated delta habitat conditions, it may be limited in its capacity 
to model localized habitat areas within the delta that are created by cooler tributary inflow and 
are significant to salmonids during times of elevated mainstem water temperature.  Specific 
results from Study 9 concerning fish use of the thermal plumes on the tributary deltas during the 
warm summer months include the following: 
 

• During July and August 2008, mountain whitefish were the only native salmonid 
observed in the inundated delta of Sullivan and Sweet creeks from snorkel, boat 
platform, and electrofishing counts.    

 
• During warmer periods of summer (July and August), salmonids were found to utilize 

the cold-water plumes at tributary deltas as thermal refugia (SCL 2009d).  Use of 
these cold-water plumes was more evident in 2007 than 2008 because of the lower 
water conditions and higher air and water temperatures in 2007. 

 
• Although some native salmonid species (e.g., cutthroat trout) moved around the delta 

during warmer mainstem water temperatures and changes in the reservoir during 
2007, results from biotelemetry studies at the deltas indicate fish movement 
corresponded to changes in the location and intensity of thermal refugia (SCL 2009d). 

 
In addition to use of the deltas for thermal refugia, another potential use of the tributary delta 
habitats identified in Study 9 (SCL 2009d) was spawning of mountain whitefish during the fall 
and winter.  Mountain whitefish spawning in the Sullivan Creek delta is suspected due to capture 
of gravid fish at this location in the fall and available suitable spawning conditions (i.e., 
gravel/cobble sized substrate and moderate velocity) present.  Additional efforts in Study 9 are 
being performed in the late fall and early winter of 2008/2009 to further investigate this 
possibility. 
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6.2.2. Thermal Plumes 

The results of the HQR analysis coupled with observations associated with Study 9 indicated the 
potential importance of the cool-water plumes on the tributary deltas as thermal refugia during 
periods of warm water on the mainstem.  Thermal plumes have the potential to provide thermal 
refugia during the summer when mainstem water temperatures rise above the levels suitable for 
salmonids.  Salmonids require cool, clean water for growth and survival; and because thermal 
plumes have the potential to provide thermal refugia during periods when cool water is not 
present in the mainstem, it was necessary to study these areas of cooler water.  To coincide with 
their potential use as thermal refugia, thermal plumes for purposes of Study 8 were defined as 
areas of cool water at least 2°C cooler than the mainstem.  The period of interest for thermal 
plumes was defined as the portion of the warm summer months when the mainstem water 
temperature exceeds 18°C.  The potential for salmonids to seek thermal refuge in these cool 
water areas is believed to be highest when the mainstem water temperature exceeds 22°C.  Based 
on the record of the U.S. Geological Survey (USGS) gage in the Boundary forebay, the period of 
temperatures in excess of 18°C, on the average, lasts from June 30 through September 20.  The 
period of temperatures greater than 22°C lasts from July 18 through August 26.   
 
Field data collection efforts were conducted in 2007 and 2008 to measure the extent and 
persistence of thermal plumes on the tributary deltas and to further understand their 
characteristics.  Of particular interest was the influence of mainstem water surface elevation 
fluctuations on the characteristics of the thermal plumes.  Continuous water temperature 
monitoring in the tributaries, on the tributary deltas, and in the mainstem during 2007 and 2008 
verified the presence of the thermal plumes on five of the tributary deltas.  The potential for 
reliable thermal refugia to persist in two of the tributary deltas, Pocahontas and Sand creeks, is 
greatly reduced by very low to total lack of tributary surface flows when mainstem water 
temperatures are warmest during the middle to late summer period of interest.  Specific 
conclusions from the continuous temperature monitoring are provided below. 
 

• Thermographs installed along the thalweg of the stream channels flowing across the 
seven tributary deltas indicate that thermal plumes persisted through the typical range 
of mainstem water surface elevation fluctuations.  The thermographs at all seven 
tributary deltas showed a gradient in temperature progressing from the warmer 
mainstem water to cooler water across the delta to the coldest water in the upstream 
tributary inflow.     

 
• The results from the thermographs placed in the tributary thalwegs on the deltas 

provide data indicating the thermal plumes persist throughout the rising and falling of 
the pool levels.  The thermal plumes persist at a monitoring location throughout the 
range of water level fluctuations until the reservoir water surface falls below the 
elevation at which the thermograph was deployed.  When this occurs, the water 
temperature recorded by the thermograph matches the temperature of the tributary 
inflow. 

 
• The potential for thermal refugia to persist in two of the tributary deltas, Pocahontas 

and Sand creeks, is greatly reduced by very low to total lack of tributary surface flows 
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during portions of the warmest mainstem water temperatures in the middle to late 
summer period of interest.   

 
Data collection efforts were also conducted in 2007 and 2008 to measure the area of the thermal 
plumes.  The field efforts to measure the area of thermal plumes were conducted at Slate, Flume, 
Sullivan, Linton, and Sweet creeks.  Pocahontas and Sand creek deltas were not considered to be 
reliable locations for thermal refugia because surface flow often ceases across these deltas during 
significant portions of the warm summer months (these deltas may still provide some thermal 
refugia in pockets of groundwater seeping out of the delta deposits but these areas are likely 
relatively small and were not studied).  The mapped thermal plumes contained a range of water 
temperatures varying from the temperature of the tributary inflow to within 2°C of the mainstem.  
The highest average temperature of a thermal plume along the bed was 19.3°C measured on 
Sullivan Creek on August 18, 2008, and on Sweet Creek on August 21, 2007.  The lowest was 
12.2°C on Linton Creek measured on September 6, 2008.  During the thermal plume area 
mapping efforts, the highest and lowest mainstem water temperatures recorded were 23.8°C and 
18.1°C, respectively.  
 
Analysis of the area of the thermal plumes versus the mainstem water surface elevation showed 
clear relationships for the data collected in 2007 and 2008 on four of the five creeks studied.  The 
data collected for the fifth tributary delta, Slate Creek, did not exhibit a clear relationship.  Using 
results of the field data collection efforts, a model was developed to estimate thermal plume area 
as a function of mainstem water surface elevation for Flume, Sullivan, Linton, and Sweet creeks.  
This model was applied on an hourly basis for the period of June 30 through September 20 to 
estimate the portion of the lacustrine habitat on the inundated tributary delta that the thermal 
plume would cover.  Conclusions from the mapping of thermal plume areas are provided below.  

 
• The size of the thermal plumes at four out of the five tributary deltas showed a trend 

toward a decrease in area at lower mainstem water surface elevations and an increase 
at higher mainstem water surface elevations (R2 = 0.44 to 0.99). 

 
• The exception to the trend in the previous bullet was Slate Creek, where the size 

varied between measurements, but the variation was not well correlated with the 
mainstem water surface elevation (R2 = 0.09). 

 
• Three of the tributary deltas—Flume, Sullivan, and Sweet creeks—have physical 

characteristics such that at very low pool elevations the thermal plumes could be 
swept away by mainstem currents.  These conditions occur when the water level of 
the mainstem falls below the elevation of the top of the delta’s foreset slope.  These 
conditions rarely occur during normal operations under the voluntary summertime 
pool restriction.  

 
• The elevation at which the thermal plume at these three deltas is subject to mainstem 

sweeping currents, the top of the foreset slope, is the same elevation at which the 
stream channel steepens and fish passage may become more difficult.  Therefore, the 
potential for fish to find thermal refugia in these streams or in their associated thermal 
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plumes is greatly reduced under the rare instances when the mainstem water surface 
elevation falls below the elevation of the top of their delta foreset slope. 

 
Using the relationships developed between thermal plume area and mainstem water surface 
elevation, a model was developed to estimate the hourly changes in thermal plume areas during 
the summer period of warm water on the mainstem.  The model was run for the period when 
average daily flows on the mainstem exceed 18°C, with results summarized for the entire period 
of mainstem water temperature above 18°C, from 18 to 20°C, from 20 to 22°C and above 22°C. 
The mean daily temperatures were based on the average values over the period of from 2000 to 
2008 at the USGS gage in the forebay.  The period of the model runs spans June 30 through 
September 20.  Results of the model indicate the following conclusions concerning the 
characteristics of the thermal plumes at Flume, Sullivan, Linton, and Sweet creeks during the 
representative wet, dry, and average years  
 

• For Flume Creek the modeled plume areas ranged from a low of about 10,000 square 
feet in to a high of about 20,000 square feet with little difference between the three 
representative years.   

 
• The Sullivan Creek thermal plume area varied from 0 to 180,000 square feet over the 

range of operations modeled for the representative years.  Mean plume areas ranged 
from about 70,000 square feet in the dry year to 100,000 square feet in the wet and 
average years.  A zero plume area was modeled on September 14 of the dry year 
when the mainstem water surface elevation dropped below the foreset slope elevation 
for seven hours.  

 
• The area of the Linton Creek thermal plume typically varies from over 1,000 square 

feet up to 10,000 square feet.  For one day during the dry year, September 14, the 
modeled plume area dropped below 1,000 square feet.  This was the same day the 
Sullivan Creek plume was modeled as zero area for 7 hours.  

 
• The modeled thermal plume area at Sweet Creek typically varied from over 2,000 to 

about 10,000 square feet.  The only exceptions occurred during the dry year when 
plume areas of zero were modeled as the mainstem water surface elevation fell below 
the delta foreset slope.  The period was a total of 25 hours; the entire duration of 
which was outside the period of >22°C mainstem water temperature. 

 
• The occurrence of zero plume areas requires a combination of low Project inflow and 

unusually low forebay water surface elevations.  This is why such occurrences are 
uncommon. 

 
• The results of the modeling indicated that there are not large differences between the 

estimated areas of thermal plumes between wet, dry, and average years.  In general, 
the thermal plume areas are very similar for the wet and average years and tend to be 
slightly smaller overall during the dry years.  The differences are larger upstream of 
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Metaline Falls (Sullivan, Linton and Sweet) at about 10 to 20 percent and smallest 
downstream of Metaline Falls (Flume) at about 5 percent. 

 
The Slate Creek thermal plume was not modeled because a consistent relationship between 
plume area and mainstem water surface elevation was not observed.  However, based on 
interpretation of the thermal plume mapping results, it is estimated that the area of the thermal 
plume at Slate Creek will vary between approximately 15,000 and 30,000 square feet over the 
range of typical operations.  
 
6.2.3. Fish Passage/Tributary Access 

Fish passage can become an issue at tributary deltas primarily if the mainstem water surface 
exposes the foreset slope of the delta deposits for extended periods.  The potential for fish to 
access to tributary channels located upstream of depositional deltas was evaluated to identify 
whether Project operations affect upstream fish movement.  The Study 9 Final Report (SCL 
2009d) included an assessment of fish utilization of tributary deltas and tributary channels.  
Based on the analyses conducted within Study 8, and the interpretation of the monitoring data 
collected for Study 9, the following conclusions were drawn: 
 

• Fish passage was evaluated considering both the existence of potential barriers and 
the frequency and duration that a potential barrier was exposed under existing Project 
operations.  Within the tributary deltas, no barriers were identified that would affect 
fish passage to upstream tributaries.  Even where potential barriers exist (e.g., the 
Pocahontas Creek foreset slope), they are not exposed for a long enough duration 
(typically no longer than a single day) to substantially affect upstream fish movement.  
If a barrier to upstream fish movement is present at a tributary delta, salmonid species 
attempting to enter the tributary are expected to wait to move upstream until the 
barrier is inundated by the reservoir. 

 
• Extensive monitoring conducted to support Study 9 (SCL 2009d) revealed little 

evidence that native salmonids are moving upstream into tributary channels, but 
movement into these reaches by non-native salmonids was observed.  Study 9 
monitoring did produce observations of native and non-native salmonids in the 
channelized streams across the topset of selected deltas.   

 
6.3. Mainstem Sediment Transport 

Sediment transport modeling of the mainstem Pend Oreille River was conducted to determine 
sediment transport conditions and future channel aggradation and degradation over the potential 
50-year term of a new license.  This involved applying a one-dimensional sediment transport 
model.  The model was calibrated based on the historic response of the Pend Oreille River since 
completion of Boundary Dam in 1967.  As part of this effort, various components of the 
sediment supply to the Pend Oreille River were quantified.  This subsection presents the 
conclusions concerning the results of the sediment transport modeling including the estimation of 
sediment supply to the Pend Oreille River.  Based on the potential for erosion and deposition 
over the 50-year term of a new license, the potential for changes in the morphology of the Pend 



FINAL REPORT STUDY NO. 8 – SEDIMENT TRANSPORT AND TRIBUTARY DELTA HABITATS

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 174 March 2009 

Oreille River was also evaluated.  This subsection provides conclusions regarding the sediment 
transport aspects of the mainstem Pend Oreille River; however, prior to presenting the 
conclusions, a general discussion of conditions of the Pend Oreille River in the study area is 
provided. 
 
The Pend Oreille River between Boundary Dam and Box Canyon Dam has two distinct segments 
in terms of sediment transport.  The section from Boundary Dam upstream to Metaline Falls, 
consisting of the Forebay and Canyon reaches, is a depositional environment created as a result 
of the inundation from Boundary Dam.  In the Upper Reservoir Reach located upstream of 
Metaline Falls, the Pend Oreille River is influenced by backwater from Boundary Dam, but it 
experiences riverine conditions particularly during low forebay water surface elevations or high 
flows.  
 
The Pend Oreille River’s character has been greatly influenced by glaciation.  As the continental 
ice that covered the study area melted northward, widespread deposition of glacial sediments 
occurred in the Pend Oreille River valley.  The melting ice also modified the flow direction of 
the river (from a historic southern path to the present northward direction), and with this change, 
rapid down-cutting commenced through the glacial deposits.  In areas with resistant bedrock, 
control points such as Metaline Falls formed, resulting in deeply carved canyons downstream 
and broad, low gradient valleys upstream.  The high energy portion of the Pend Oreille River, the 
Canyon Reach below Metaline Falls, has been inundated by Boundary Dam.  The Upper 
Reservoir Reach was a low energy environment even prior to hydraulic influence from Boundary 
Dam.  Therefore, its capacity to transport coarse sediment is limited.  The larger gravels and 
cobbles forming its bed are only mobilized at high flows and when mobilized are not transported 
in large quantities considering the volume of water conveyed by the mainstem.  The hydraulic 
influence from the Project in the Upper Reservoir Reach is minimal during high flows 
responsible for the majority of sediment transport.  Therefore, the current sediment transport 
regime in the Upper Reservoir Reach is a product of historic morphologic processes and is 
influenced very little by Project operations.  
 
The sediment balance summarizes the major sources of sediment to the mainstem of the Pend 
Oreille within the study area.  The estimated sediment balances for the Boundary Reservoir and 
the Boundary Tailrace are illustrated in Figure 6.3-1.  As shown in this figure, the average annual 
rate of deposition in the Boundary Reservoir is approximately 108 acre-feet.  Additional 
conclusions from the analysis of sediment supply to the study area are provided in the following 
bullets. 
 

• Considering the size of the Pend Oreille River watershed above the study area, the 
supply of sediment delivered to the study area is small.  This disparity results from 
much of the contributing watershed passing through lakes and reservoirs that 
effectively trap sediment before entering the study area.  The total drainage area 
contributing runoff to the study area is approximately 25,650 square miles; the 
portion of this area considered to contribute all sizes of sediment is approximately 
1,001 square miles (approximately 74 square miles upstream of the mill pond on 
Sullivan Creek are considered to contribute wash load, but not bed material load).   
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• The operation of Box Canyon Dam, located at the upstream extent of Boundary 
Reservoir, limits the supply of bed material to the Upper Reservoir Reach to flow 
rates that exceed 80,000 cfs.  The lower leaves in the spillway gates are not removed 
until 80,000 cfs, so bed material cannot be transported through the spillway until 
flows exceed 80,000 cfs.  In general, most coarse sediment is transported at flows 
approaching or greater than the “channel forming” flow.  The estimated 2-year 
recurrence interval (a common approximation of channel forming flow) peak flow 
magnitude is 85,800–107,000 cfs (SCL 1997).  The operation of the Box Canyon 
Dam can create a temporary deficit of coarse sediments if the peak flows do not reach 
80,000 cfs for an extended period of years because the leaves will not be lifted to 
release the temporarily stored bed load.   

 

 
Figure 6.3-1.  Average annual sediment balances. 
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The results of the modeling effort agreed with qualitative evaluation of conditions observed in 
the study area.  The low sediment supply to the study area coupled with the low energy river 
system upstream of Metaline Falls creates a coarse pavement layer along the channel bed.  The 
pavement layer limits the supply of sediment from the river bed and protects the underlying 
materials from channel degradation, even though the supply of sediment to the reach is small.  
These factors combine to create a river that is not exceedingly dynamic in terms of its sediment 
transport response.  The results of the mainstem sediment transport model support this 
conclusion in that the only appreciable change in the system predicted by the model was 
continued deposition below Metaline Falls, primarily in the Forebay Reach.  The bed elevation 
changes and volume of deposition in the Upper Reservoir Reach over the potential 50-year term 
of a future license are relatively minor.  The predicted changes in average bed elevation over the 
50-year modeling horizon for 75 percent of the cross sections represented in the Upper Reservoir 
Reach are approximately ± 0.75 foot or less.  Specific conclusions based on the results of the 
application of the mainstem sediment routing model are provided in the following bullets.    
 

• The hydraulic influence of the Boundary Dam affects the transport of sediment 
through the Boundary Reservoir; however, the effect of Project operations on 
sediment transport is negligible.  The Project ceases to operate in a load-following 
mode when flow rates into the reservoir exceed the turbine capacity (55,000 cfs).  
During these flows, the hydraulic influence of the Project upstream of Metaline Falls 
as determined in Study 2 (SCL 2009e) is only in the 1- to 2-foot range.  

 
• The Tailrace Reach is even less dynamic than the reaches upstream of Boundary Dam 

because it is more heavily armored with cobble- and boulder-sized material and 
nearly all the inflowing sediment supply is trapped in Boundary Reservoir, except for 
silts and clays and a small amount of sand.  Excavation markings evident on the bar 
on the right bank of the river (facing downstream) at PRM 16.5 shown in pre-dam 
aerial photographs are still visible in 2006 aerial photographs.  The surface layer of 
the bed of the main channel of the Pend Oreille River immediately below Boundary 
Dam consists primarily of medium gravels (0.5–1.5 inches in diameter) to boulders 
(greater than 12 inches in diameter), with a median size of small cobbles (3.0–6.0 
inches in diameter).  Boundary Dam traps nearly all bed material load entering the 
reservoir, so the future bed material gradation is predicted to remain similar to the 
current gradation of the armor layer. 

 
• The gradations of the mainstem channel substrates above Boundary Dam are not 

predicted to vary considerably from existing gradations over the 50-year term of a 
new license, except for localized areas of predicted deposition.  The Upper Reservoir 
Reach substrate was predicted to remain dominated by coarse gravels and cobbles, 
the Canyon Reach was predicted to continue to be dominated by boulders and 
bedrock (with sand and finer materials occurring in depositional areas), and  the 
deposition of silts and clays was predicted to continue in the Forebay Reach. 
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• The surface layer of the bed material in the Pend Oreille River immediately below 
Box Canyon Dam consists primarily of medium gravels (0.5–1.5 inches in diameter) 
to boulders (greater than 12 inches in diameter), with a median size of small cobbles 
(3.0–6.0 inches in diameter).  These coarser size fractions are resistant to mobilization 
and downstream transport.  Smaller sized sands and gravels can be transported into 
this reach only when flow rates exceed 80,000 cfs and Box Canyon Dam passes bed 
material.  At these higher flow rates, the sands and small gravels can be transported 
downstream leaving few gravels within the cobble and coarser-sized surface layer 
immediately below Box Canyon Dam. 

 
• Downstream of Metaline Falls, the backwater from Boundary Dam has inundated the 

Canyon and Forebay reaches and greatly reduced the ability for sediment to be 
transported, creating a depositional environment.  However, sediment deposition was 
estimated as approximately 4,500 acre-feet over the 39-year period from 1967 to 
2006.  This relatively small amount is a result of two factors: 

� The supply of sediment to the Boundary Reservoir is small; and 
� Because of the relatively small storage volume of the reservoir compared with 

inflow, the Project passes over 99 percent of clay, and approximately 75 
percent of silt, although nearly all bed material load is trapped. 

 
The results of the mainstem sediment transport modeling assisted in identifying potential 
changes in the overall morphology of the mainstem Pend Oreille River including at the 
confluences with the tributary deltas.  
 

• Due to the lack of significant aggradation or degradation of sediment within the 
mainstem, the morphology of the mainstem Pend Oreille River from Box Canyon 
Dam to the confluence of Red Bird Creek (the Tailrace Reach) was not predicted to 
considerably change over the 50-year term of a new license, except as a result of 
sediment accumulation in the Boundary forebay.  The predicted increase in channel 
bed elevation in the forebay is 5–16 feet, which is approximately 3–8 percent of the 
200-foot average depth of this reach. 

 
• The simulated channel bed elevations over the potential 50-year period of a new 

license are so similar to the existing morphology that no significant responses on the 
morphology (and associated delta habitats) of tributary deltas are expected due to 
changes in the mainstem.  This is based on the lack of significant sediment 
accumulation modeled in the mainstem at the confluence of the tributary deltas.  The 
consistent mainstem channel morphology predicted in the Upper Reservoir Reach is 
supported by comparisons of aerial photographs.  For example, excavation scars on 
the Metaline Bar (PRM 28.4) that were apparent in pre-dam aerial photographs are 
still visible today.  Another example is the consistent morphology of the cobble 
islands on the right bank (facing downstream) at PRM 30.2 over the period the 
Boundary project has been in operation. 
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• The study also evaluated the potential for sediment delivered from the tributaries to 
accumulate and encroach on the mainstem of the Pend Oreille River.  This analysis 
showed that the tributary deltas upstream of Metaline Falls have continued in a state 
of dynamic equilibrium that existed prior to completion of Boundary Dam.  For the 
two tributary deltas studied in detail below Metaline Falls, Slate, and Flume creeks, 
inundation of their deltas by Boundary Reservoir has resulted in accumulation of 
sediments.  However, there is more than adequate potential storage volume in the 
embayments set back from the mainstem that sediment deposition over the next 
50 years will continue to be confined to the embayments and not reach the historic 
mainstem channel area. 

 

7 VARIANCES FROM FERC-APPROVED STUDY PLAN AND PROPOSED 
MODIFICATIONS

This section presents and discusses variances from the FERC-approved RSP and modifications.  
Variances include both changes in methods to conduct the studies and changes in the approved 
study schedules presented in the RSP.  Variances from the FERC-approved study plan for Study 
8 components consist of minor changes to the schedule and minor changes to field and analysis 
methods.  Schedule-related variances from the RSP are the result of final bathymetric mapping 
not being available until early December 2007.  Modifications are changes to elements of the 
study that were not identified in the RSP.  In general, proposed modifications are additions to the 
study effort to address study needs that have been identified by either the study team or the 
relicensing participants.  For both types of changes, a brief description is provided of why the 
deviations were made and how the relicensing participants were involved in the process.  The 
primary method of coordination with the relicensing participants was through the Fish and 
Aquatics Workgroup meetings. 
 
7.1. Variances from FERC-Approved Study Plan 

The following sections present the variances from the FERC-approved study plan for the three 
Study 8 component identified in the RSP. 
 
7.1.1. Tributary Delta Habitat Modeling 

The primary variance from the FERC approved study plan for the Tributary Delta Habitat 
Modeling study component involved evaluation of operations scenarios.  This final report 
presented development of the tributary delta aquatic habitat models and the results of applying 
the various models to the historic hydrologic record for representative wet, dry, and average 
years.  This study evaluated the effects of existing Project operations on the aquatic environment 
associated with the major tributary delta habitats within the study area.  The RSP indicates that 
operations scenarios would be evaluated in the final report; however, evaluation of operations 
scenarios has not been completed as of the production of this final report and thus this report 
does not present evaluation of operations scenarios.  This is a variance from the study plan 
schedule as outlined in the RSP.  Operation scenarios will be developed and evaluated as part of 
the IRA.   
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The IRA process began in December 2008, was initiated with Relicensing Participants in early 
2009, and will continue into July 2009.  The IRA process will assess the results of the three 
primary aquatic habitat analysis efforts, conducted under studies 7, 8, and 11 and reported in 
their respective final reports, to determine what potential operational modifications (operations 
scenarios) to model in addition to the base case scenario to evaluate potential benefits to the 
affected environment.  At the time of production of this final report, it is anticipated that the IRA 
process engagement with the relicensing participants on the aquatic habitat modeling efforts will 
evaluate existing conditions presented in the final report (January 2009), an initial set of “test” 
operations scenarios (February 2009), and additional scenarios as necessary to address possible 
operational modifications that could potentially benefit the affected environment (continuing into 
July 2009).  The test scenarios will be useful in developing the additional scenarios to be 
evaluated in subsequent IRA efforts.  The results of the IRA effort will be documented in the LA 
to be filed in September 2009. 
 
The other variances from the FERC-approved RSP methods associated with the Tributary Delta 
Habitat Modeling study component involved the procedure to perform the physical habitat 
modeling and the data collection effort to provide the information necessary to describe the 
physical habitat. 
 
7.1.1.1. Physical Habitat Data Collection and Modeling Procedure 

The details of the methods for evaluating the tributary delta habitats in Boundary Reservoir were 
altered in the study refinement process, but built upon the concepts presented in the RSP.  The 
approach implemented for evaluating the tributary delta habitats was more straightforward, relied 
on readily available and proven riverine and lacustrine fish habitat suitability index models, and 
simplified post-data collection analyses techniques.  The details of the tributary delta habitat 
evaluation contained in this current study plan were presented to and approved by the relicensing 
participants during the June 2007 Fish and Aquatics Workgroup meeting in Spokane, 
Washington.  The coordination effort with the workgroup included documentation of the 
methods in Tetra Tech and TRPA (2007). 
 
The procedure for modeling the major tributary deltas presented in the RSP involved application 
of methods analogous to the mainstem aquatic habitat model in which a transect-based hydraulic 
model and HSI information would be used to translate changes in depth, velocity, substrate, and 
cover to indices of habitat suitability.  The FERC-approved tributary delta habitat modeling 
procedure is presented in tasks 8 through 13 of the RSP (SCL 2007).  The data collection effort 
to support the modeling methods in the RSP is transect-based and described in Task 5 of the 
RSP. 
 
After reviewing the procedure in the RSP, available information, and site conditions, it was 
proposed that the procedure presented in the RSP was not consistent with available information 
to support the effort as well as the resolution of predicting future channel conditions within the 
deltas.  In terms of available information, actual long-term hydrologic records are only available 
for Sullivan Creek.  Consequently, all flow information to support a hydraulic-based modeling 
procedure for the other major tributaries would need to be synthesized from other locations and 
could deviate from actual conditions.  Under the hydraulic transect-based procedures proposed in 
the RSP, to reflect potential changes in habitat conditions under future conditions, the changes in 
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delta morphology would need to be translated into changes in cross-sectional geometry.  In the 
highly dynamic environment of the tributary deltas, any such predictions would be rather coarse 
and open to considerable debate. 
 
Considering the above limitations, a procedure the study team identified as being more consistent 
with these limitations was developed.  The adopted procedure was presented to and approved at 
the June 7, 2007, Fish and Aquatics Workgroup meeting in Spokane, Washington.  The result 
was the HQR methodology presented in Section 4.4.1 and results presented in Section 5.4.1. 
 
The quantification of physical habitat using the HQR procedure relied on field evaluation of 
existing habitat conditions for the two habitat types, riverine and lacustrine, and identification of 
the areas associated with each habitat type.  It did not require estimation of flow in the tributaries 
or of future depth and velocity conditions through hydraulic modeling of transects as the delta 
evolves over the 50-year term of the license3.  It did require identification of hourly fluctuations 
in reservoir elevations to determine areas associated with the lacustrine (inundated portions of 
the delta) and riverine (free-flowing portion of the delta).  The hourly reservoir level fluctuations 
at each major delta were readily available from the HRM developed in Study 7.  The HQR 
procedure also required estimation of the potential evolution of the delta over the relicense term.  
However, rather than requiring estimation of future transect conditions, the HQR procedure 
requires an estimation of the area occupied by the delta.  Estimation of the future delta area was 
performed utilizing historic information on delta evolution and growth, modeling of potential 
hydraulic interaction with the mainstem flow, and knowledge of reservoir elevations during key 
periods of the year for delta growth for each operations scenario. 
 
The refinement of the delta habitat modeling effort to incorporate the HQR procedure required 
changes in the methods for collection of information to describe the physical habitat conditions.  
The original data collection effort was described in the RSP under Task 5.  The new methods for 
the physical habitat data collection associated with the HQR procedure are presented in Section 
4.3.3 of this report and Section 4.3 of Appendix 4a.  Though the application of the HQR physical 
habitat data collection did not require survey of the 8 to 14 transects as described in the RSP, the 
data collected did include macrohabitat determination, substrate, fish cover and fry habitat, 
characterization of pools, fine sediment, LWD, channel geometry (width and depth), flow, and 
water quality parameters (temperature, pH, and dissolved oxygen).  The new data collection 
methods were presented to and approved by the relicensing participants at the June 7, 2007, Fish 
and Aquatics Workgroup meeting in Spokane, Washington. 
 
7.1.1.2. Schedule 

Changes to the schedule for conducting the Tributary Delta Habitat Modeling portion of Study 8 
were made because the final bathymetry for Boundary Reservoir was not available until early 
December 2007.  Under the schedules presented in the RSP, final bathymetry had been assumed 
                                                 
3 HQR for Sullivan Creek was performed for two periods: high flow and low flow.  To support the HQR 
determination, physical habitat data were collected both in September 2007 and November 2007 on Sullivan Creek.  
All other tributaries had habitat characterization data collected during the September low flow condition and will 
have HQRs determined based on these conditions.  This aspect of the procedure was developed and approved 
through interaction with the relicensing participants at the June 7, 2007, Fish and Aquatics Workgroup meeting in 
Spokane, Washington.   
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to be available in the first quarter (Q1) of 2007.  Development of the sediment supply to the 
tributary deltas required the final bathymetry be available.  This effort had originally been 
scheduled for late 2007.  It was performed in early 2008.  As a result of this schedule 
modification, the actual model development efforts for the tributary deltas were shifted from 
early 2008 to the middle of 2008.  The actual modeling of the tributary delta habitat was 
performed in Q4 of 2008 as originally indicated in the RSP.  
 
7.1.2. Tributary Delta Sediment Processes 

There were no variances from the FERC-approved study plan for either the methods or the 
schedule. 
 
7.1.3. Mainstem Sediment Transport 

There were no variances in the methods associated with the Mainstem Sediment Transport 
component of Study 8.  However, due to delays in the availability of the final bathymetry, the 
schedule was adjusted.  The adjusted schedule still achieved the goal of completing the 
Mainstem Sediment Transport modeling effort in Q4 of 2008.  The revised schedule was 
developed to meet the requirement of being able to complete prediction of future patterns of 
mainstem sediment erosion and accumulation in Q4 of 2008.  The determination of historical 
sediment erosion and accumulation and estimation of the sediment supply time series was shifted 
from 2007 into early 2008.  This required shifting the model development and calibration task 
from early 2008 into the middle of 2008.  The prediction of future patterns of sediment erosions 
and accumulation were completed Q4 of 2008. 
 
7.2. Study Modifications 

Study modifications are additions to the FERC-approved study plan to address study needs that 
have been identified by the Fish and Aquatics Workgroup.  The only modifications in Study 8 
involved temperature monitoring for the tributary deltas and were part of the Tributary Delta 
Habitat Modeling study component.  These modifications are described in the following two 
subsections, divided into temperature monitoring efforts for 2007 and temperature monitoring 
efforts for 2008. 
 
7.2.1. 2007 Temperature Monitoring 

Two types of temperature measurements were collected to characterize conditions at the tributary 
deltas.  The first involved installing water temperature recorders in the mainstem channel, in the 
delta channel thalweg within the varial zone, and in the tributary channel upstream of the 
reservoir influence.  This portion of the 2007 temperature monitoring effort was described in the 
RSP and was performed per the RSP description in Task 4.  The second set of measurements 
collected were several data sets taken at specific pool levels to identify whether plumes of low 
temperature water extended across the inundated tributary deltas beyond the channel thalweg.  
This second type of measurements was not originally included in the RSP, but was conducted in 
response to requests by Workgroup members after presentation of the tributary delta study 
methods at the June 7, 2007, Fish and Aquatics Workgroup meeting.  The initial findings were 
used to develop and conduct the 2008 thermal plume monitoring plan. 
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During the June 7, 2007, Fish and Aquatics Workgroup meeting, members of the workgroup 
brought up concerns about the need for additional delta temperature monitoring outside of the 
longitudinal thalweg profile and also in the vertical.  The impetus behind the additional 
monitoring was development of a better understanding of the lateral and vertical extent of the 
lower temperature plume that could develop in the summer and early fall when tributary inflows 
may be substantially cooler than the mainstem.  A July 17, 2007, conference call with the Fish 
and Aquatics Workgroup members was held to further discuss additional temperature monitoring 
at the tributary deltas.  As a result of this call, SCL developed a proposed 2007 monitoring plan 
for the tributary delta thermal plumes and presented the plan to the workgroup at the July 24, 
2007, Fish and Aquatics Workgroup meeting.  The 2007 data collection was planned mainly to 
gather general information about temperature patterns at the tributary deltas and based on the 
results, additional data collection could be proposed to be undertaken in 2008 to address 
questions that arose as a result of the 2007 data.  The Fish and Aquatics Workgroup members 
agreed that the proposed approach for monitoring temperature in tributary deltas in 2007 was 
acceptable. 
 
A summary of the methods to conduct the detailed spatial monitoring of the tributary delta 
temperature plumes is provided in Section 4.4.1.2.2; details are provided in Section 4.2.2 of 
Appendix 4b.  Three tributary deltas were selected for the 2007 study based on either the 
observation of fish holding at the tributary confluence, or the relative size and configuration of 
the delta and its tributary making it most likely to develop a thermal plume.  The three tributaries 
selected were Slate, Sullivan, and Sweet creeks.  The latter two creeks were selected because of 
their physical characteristics, whereas Sweet Creek was selected because of observations of fish 
holding at its mouth.  Each tributary was evaluated in August at two or three pool levels during a 
period of relatively low and stable inflow from Box Canyon Dam. 
 
The monitoring was performed in August 2007 and the results presented in Section 5.4.2 and in 
Section 5.2 of Appendix 4b.  General observations from the 2007 effort were: 

• A cool water thermal plume existed at the tributary deltas selected for monitoring. 
• The size of the plumes varied.  
• The size and behavior of the plumes was influenced by the delta morphology. 

 
Observations from the 2007 monitoring effort were used to help develop the 2008 monitoring 
plan for the thermal plumes. 
 
7.2.2. 2008 Temperature Monitoring 

Modifications to tributary delta monitoring in 2008 involved continuation of the thermal plume 
monitoring effort that was not included in the RSP and was developed through interaction with 
the Fish and Aquatics Workgroup members.  Findings from the 2007 thermal plume monitoring 
effort and proposed 2008 thermal plume monitoring effort were presented to the workgroup at 
the February 28, 2008, Fish and Aquatics Workgroup meeting.  This effort include adding Linton 
and Flume creeks to the tributary deltas with thermal plume mapping and to perform one 
additional round of thermal plume measurements for high, medium and low forebay elevations.  
Members of the Fish and Aquatics Workgroup agreed that the additional data collection for 2008 
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would be useful, but requested additional discussion on the subject before committing to any 
changes.  
 
During the Fish and Aquatics Workgroup meeting on March 25, 2008, additional discussion was 
held on the details of the 2008 thermal plume mapping effort.  Several workgroup members 
expressed opinions that more than one round of thermal plume measurements should be 
performed in 2008 to more fully characterize the plumes over a wider range of temperature and 
hydrologic conditions.  During the March 26, 2008, Initial Study Report meeting, SCL presented 
a 2008 thermal plume monitoring plan that included measurement at the five proposed tributary 
deltas being conducted in three rounds, one round each in July, August, and September.  During 
the July round, measurements would be taken at high, medium, and low forebay elevations.  For 
the August and September efforts, thermal plume mapping would be performed at high and low 
forebay pool elevations.  The Fish and Aquatics Workgroup members agreed to the proposed 
effort.   
 
The monitoring of the thermal plumes in the tributary deltas for 2008 is presented in Section 
4.4.1.2.2 and in Section 4.2.3 of Appendix 4b.  The 2008 tributary delta thermal plume 
monitoring program addressed two primary goals.  The first goal was to monitor all major 
Boundary Reservoir tributaries that have high potential for the existence of a cool water plume 
being utilized as thermal refugia.  The second goal was to define thermal plume response to 
changes in reservoir levels resulting from the combination of forebay water surface elevations 
and upstream inflows.  Results of the 2008 thermal plume monitoring on the tributary deltas is 
provided in Section 5.4.2 and Section 5.2 of Appendix 4b. 
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Study 8 Appendix 1 
Tributary Delta Characterization and Selection 

Final Report 
Boundary Hydroelectric Project (FERC No. 2144) 

1 INTRODUCTION 

The characterization of conditions at the tributary deltas was conducted to provide a means for 
selecting six to eight deltas that provide potential high aquatic resource values, or that potentially 
contribute sufficient sediment volume to affect reservoir habitats.  The selections were made 
using hydrologic and physical conditions of the 28 tributaries draining to the Boundary Reservoir 
as well as reconnaissance-level information collected at each tributary delta. 

The methods used to characterize the tributary deltas and conduct the delta reconnaissance are 
summarized in Section 4.  The selection of the six to eight deltas is presented in Section 5.
Attachment A contains historic aerial photography of the tributary deltas.  Attachment B includes 
photographs taken during the March 22, 2007, site visits to some of the tributary deltas. 

2 STUDY OBJECTIVES 

The goal of the tributary delta characterization and selection was to identify six to eight tributary 
deltas that provide potential habitat for native salmonids, or that have the potential to contribute a 
volume of sediment to the mainstem Pend Oreille River that could affect reservoir habitats.  The 
objectives of this effort included the following: 

1. Characterize specific hydrologic and physical conditions for the 28 tributaries 
identified in the study area. 

2. Conduct a reconnaissance-level site visit to the 28 tributary deltas to visually assess 
physical, biological, and hydrologic conditions. 

3. Select six to eight tributary deltas for more detailed study. 

All three of these objectives are addressed within this report. 

3 STUDY AREA 

The study area for the tributary delta characterization and selection encompassed the tributary 
deltas within Pend Oreille River from Box Canyon Dam to Boundary Dam (Figure 3.0-1).  A 
total of 28 tributaries were identified in the RSP for potential study (SCL 2007).  Table 3.0-1 
provides a listing of the 28 tributaries along with the Project river mile (PRM) of their 
confluence with the Pend Oreille River, and a categorical description of the reach where the 
tributary confluence is located. 
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Table 3.0-1.  Geographic descriptions of the 28 tributaries that drain into Boundary Reservoir. 

Tributary Name Project River Mile Study Reach1

Unnamed No. 1 17.2 Forebay 
Pewee Creek 17.9 Forebay 
Unnamed No. 2 17.9 Forebay 
Lime Creek2 19.45 Canyon 
Everett Creek 21.9 Canyon 
Whiskey Gulch 21.9 Canyon 
Slate Creek 22.2 Canyon 
Beaver Creek 24.3 Canyon 
Threemile Creek 24.3 Canyon 
Unnamed No. 3 25.4 Canyon 
Flume Creek 25.8 Canyon 
Sullivan Creek 26.9 Upper Reservoir 
Unnamed No. 4 27.1 Upper Reservoir 
Linton Creek 28.1 Upper Reservoir 
Unnamed No. 5 28.9 Upper Reservoir 
Unnamed No. 6 29.2 Upper Reservoir 
Pocahontas Creek 29.4 Upper Reservoir 
Unnamed No. 7 29.6 Upper Reservoir 
Unnamed No. 8 30.1 Upper Reservoir 
Wolf Creek 30.3 Upper Reservoir 
Sweet Creek 30.9 Upper Reservoir 
Unnamed No. 9 31.1 Upper Reservoir 
Sand Creek 31.7 Upper Reservoir 
Lost Creek 32.2 Upper Reservoir 
Unnamed No. 10 33.5 Upper Reservoir 
Unnamed No. 11 33.6 Upper Reservoir 
Unnamed No. 12 34.0 Upper Reservoir 
Unnamed No. 13 34.3 Upper Reservoir 

Notes:
1 The reaches are defined as follows:  Forebay Reach—downstream end of Z Canyon to Boundary Dam (Project 

river mile [PRM] 18.0 to 17.0); Canyon Reach—Metaline Falls to downstream end of Z Canyon (PRM 26.8 to 
18.0); Upper Reservoir Reach—Box Canyon Dam downstream to Metaline Falls PRM 34.5 to 26.8). 

2 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 
System (GIS) streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge 
and enter the reservoir at either location. 

4 METHODS 

The Boundary Reservoir contains several tributaries that have the potential to provide important 
habitat for native salmonids, or that deliver sufficient volumes of sediment to affect aquatic 
habitats in the mainstem of the Pend Oreille River.  Hydrologic and physical conditions of the 
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tributary watersheds were characterized to provide a framework for initial comparisons of the 
tributary deltas.  This framework was further developed through a reconnaissance-level site visit 
to each delta.  The characterization effort was then used to compare deltas and select six to eight 
to study in more detail.  The methods used to characterize the conditions at the deltas are 
described in the following sections. 

4.1. Characterize Tributary Delta Conditions 

The hydrologic and physical conditions at each of the 28 tributaries listed in the RSP (SCL 2007) 
were characterized to identify the potentially important deltas for modeling habitat and sediment 
transport processes.  The characterization process included reviews of readily available data, 
Geographic Information System (GIS)-based analyses, and field reconnaissance. 

4.1.1. Review of Readily Available Data 

The review of readily available data focused on the length of adfluvial habitat along with 
tributary flow measurements.  The length of adfluvial habitat as presented in the RSP (SCL 
2007) is based on the distance from the mouth of the stream to the lowermost migration barrier 
reported in McLellan and O’Connor (2001) and Andonaegui (2003).  The data sources were 
supplemented with the 2002 Washington Department of Fish and Wildlife (WDFW) 
SalmonScape (2007) GIS.  The flow measurements were recorded during the late summer low 
flow period as reported in McLellan and O’Connor (2001).  Table 4.1-1 presents the lengths of 
adfluvial habitat and the flow measurements. 

Table 4.1-1.  Length of adfluvial habitat and flow measurements for 28 Boundary Reservoir tributaries. 

Tributary Name Project River Mile 
Adfluvial Habitat 

Length (feet) 
Tributary Flow 

(cfs) 
Date Flow 
Measured

Unnamed No. 1 17.2 82   
Pewee Creek 17.9 0 0.4 9/25/2000 
Unnamed No. 2 17.9 129   
Lime Creek1 19.45 6,746 2.8 9/26/2000 
Everett Creek 21.9 60   
Whiskey Gulch 21.9 547   
Slate Creek 22.2 3,474 10.9 7/31/2000 
Beaver Creek 24.3 0   
Threemile Creek 24.3 0   
Unnamed No. 3 25.4 58   
Flume Creek 25.8 1,0562 8.8 9/6/2000 
Sullivan Creek 26.9 21,729 77.7 8/16/2000 
Unnamed No. 4 27.1 77   
Linton Creek 28.1 19,159   
Unnamed No. 5 28.9 130   
Unnamed No. 6 29.2 955   
Pocahontas Creek 29.4 16,480   
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Tributary Name Project River Mile 
Adfluvial Habitat 

Length (feet) 
Tributary Flow 

(cfs) 
Date Flow 
Measured

Unnamed No. 7 29.6 53   
Unnamed No. 8 30.1 66   
Wolf Creek 30.3 236   
Sweet Creek 30.9 2,6592 5.3 9/11/2000 
Unnamed No. 9 31.1 67   
Sand Creek 31.7 1,3202 0.4 9/7/2000 
Lost Creek 32.2 165   
Unnamed No. 10 33.5 99   
Unnamed No. 11 33.6 78   
Unnamed No. 12 34.0 <1003   
Unnamed No. 13 34.3 <1004

Notes:
1 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 

System (GIS) streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge 
and enter the reservoir at either location. 

2 The length of adfluvial habitat is based on the distance from the mouth of the stream to the lowermost migration 
barrier reported in McLellan and O’Connor (2001) and/or Andonaegui (2003). 

3 The original length of 102 feet of adfluvial habitat for Unnamed Tributary 12 was based on the 2002 WDFW 
SalmonScape (2007) GIS; however, during a September 2007 site visit, a natural fish migration barrier (a 
culvert perched higher than 15 feet) was observed near the reservoir margin.  The length of adfluvial habitat 
was estimated as less than 100 linear feet of stream. 

4 The original length of 4,184 feet of adfluvial habitat for Unnamed Tributary 13 was based on the 2002 WDFW 
SalmonScape GIS; however, during a September 2007 site visit, the outlet of the culvert through which the 
tributary flows was blocked by riprap.  Seepage flow was observed due to the low water conditions.  Due to this 
natural fish migration barrier the length of adfluvial habitat was estimated as less than 100 linear feet of stream. 

cfs – cubic feet per second 

4.1.2. GIS-based Analyses of Physical Characteristics 

The GIS-based analyses were conducted to characterize the following physical characteristics of 
the tributary deltas: 

� Drainage area 
� Evidence of delta aggradation or degradation since construction of Boundary Dam 
� Drawdown zone habitat length 

The drainages for the 28 tributaries were delineated using ESRI ArcGIS Version 9.2 software in 
a GIS to view digital versions of the U.S. Geological Survey (USGS) 1:24,000 scale, 7.5-minute 
series topographic maps.  The 20-foot-interval contour lines were used to delineate the watershed 
boundary, and the ESRI software calculated the bounded drainage area.  Table 4.1-2 presents the 
drainage area for each tributary. 

Evidence of significant delta aggradation or degradation since construction of Boundary Dam 
was developed using bathymetric maps, aerial photographs, and observations made during the 
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September 2007 tributary delta reconnaissance.  Aerial photographs taken in 1943, 1955, 1962, 
and 1972 were compared to assess significant morphologic changes at the tributary deltas.  An 
example comparison of photographs of the Slate Creek delta taken in 1955 and 1972 is presented 
in Figures 4.1-1 and 4.1-2; all available photographs are presented in Attachment A.  The 
findings from these evaluations are shown in Table 4.1-2.  Interviews of study area locals were 
also conducted as another means of evaluating significant delta aggradation or degradation. 

The determination of the drawdown zone habitat length was performed using a GIS to evaluate 
the reservoir bathymetry along with output from the Hydraulic Routing Model (HRM) developed 
in Study 7 (SCL 2009a).  The lengths were checked using aerial photographs of the confluence 
of each tributary with the reservoir.  The drawdown zone habitat lengths are listed in Table 4.1-2.  
If an existing delta was not observed on the aerial photography or during the field 
reconnaissance, no drawdown zone habitat length was determined. 
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Table 4.1-2.  GIS-based analyses of physical characteristics for the 28 Boundary Reservoir tributaries. 

Tributary Name 
Project 

River Mile 

Drainage 
Area

(sq-mi) 
Existing Delta 

Present

Significant 
Aggradation/ 
Degradation 

Drawdown Zone 
Habitat Length 

(feet) 
Unnamed No. 1 17.2 0.61 No N/A --2

Pewee Creek 17.9 10.37 Yes Yes 100 
Unnamed No. 2 17.9 0.02 No N/A --2

Lime Creek1 19.45 2.93 No N/A 380 
Everett Creek 21.9 2.18 Yes, minor No 360 
Whiskey Gulch 21.9 0.70 No N/A 240 
Slate Creek 22.2 32.33 Yes Yes 510 
Beaver Creek 24.3 1.77 No N/A 30 
Threemile Creek 24.3 4.91 No N/A 40 
Unnamed No. 3 25.4 0.15 No N/A --2

Flume Creek 25.8 19.33 Yes Yes 570 
Sullivan Creek 26.9 142.46 Yes No 1,510 
Unnamed No. 43 27.1 0.08 --3 --3 --3

Linton Creek 28.1 2.11 Yes Yes 640 
Unnamed No. 5 28.9 0.62 No N/A --2

Unnamed No. 6 29.2 0.01 No N/A --2

Pocahontas Creek 29.4 3.92 Yes No 260 
Unnamed No. 7 29.6 0.30 No N/A --2

Unnamed No. 8 30.1 0.07 No N/A --2

Wolf Creek 30.3 1.57 Yes No 240 
Sweet Creek 30.9 11.12 Yes No 570 
Unnamed No. 9 31.1 0.04 No N/A --2

Sand Creek 31.7 8.22 Yes No 800 
Lost Creek 32.2 1.20 Yes No 380 
Unnamed No. 10 33.5 0.93 No N/A --2

Unnamed No. 11 33.6 0.23 No N/A --2

Unnamed No. 12 34.0 0.93 No N/A --2

Unnamed No. 13 34.3 1.72 No N/A --2

Notes:
1 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 

System (GIS) streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge 
and enter the reservoir at either location. 

2 Based on initial characterization and delta reconnaissance findings (e.g., no flow and no existing delta present), 
calculations of drawdown zone habitat length were not warranted. 

3 No tributary channel could be found in September 2007. 
N/A – not applicable 
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4.2. Tributary Delta Field Reconnaissance 

In addition to reviewing available data and conducting GIS-based analyses, the characterization 
of tributary delta conditions also included a one-day tour of the reservoir in March 2007 and a 
two-day field reconnaissance effort that covered all 28 tributaries.  Observations were made 
during the field reconnaissance of the potential for aquatic habitat and of the presence of 
geomorphic forms and processes consistent with delta formation. 

The initial tour of the reservoir was conducted on March 22, 2007.  This tour was conducted by 
boat and allowed relicensing study leads, SCL staff, and relicensing consultants to observe 
conditions between Box Canyon Dam and Boundary Dam.  Of specific interest to Study 8 were 
visits to tributary deltas, where photographs were taken and observations noted.  Photographs are 
presented in Attachment B.   

The follow-up tributary delta reconnaissance was conducted in September 2007.  The purpose of 
the reconnaissance was to provide information to complete the selection of the six to eight 
tributary deltas to study in detail and to collect other information that would assist in developing 
the geomorphic and sediment transport aspect of the delta modeling effort.  These efforts were 
conducted to build on the data compiled through the characterization of tributary delta 
conditions.  The September 2007 tributary delta reconnaissance efforts were applicable to all 28 
tributaries listed in the RSP (SCL 2007).  The deltas were viewed at low pool condition so that 
their full extent could be accessed.  Measurements of tributary flow (Section 4.2.1) and water 
temperature (Section 4.2.2) were recorded to further assess the potential of each delta to provide 
habitat.  The measurements are listed in Table 4.1-3. 

The tributary delta reconnaissance was also an opportunity to observe and record the presence of 
cultural resource features associated with streams because of the low reservoir water surface 
elevation.  As part of the reconnaissance, the presence of any fire-cracked rock (FCR) or FCR 
clusters was to be noted and described (Section 4.2.3). 

4.2.1. Measurement of Tributary Flow 

The tributary reconnaissance occurred in September 2007 so that flow conditions were 
representative of summer lows.  As a result, tributary flows could mostly be made with a 
stopwatch and either a graduated 5-gallon bucket or a 1-liter bottle.  An appropriate location in 
the channel was selected where the bucket could capture the flow (i.e., outflow from a culvert, 
flow over an exposed ledge, or a constriction in a steep section of the channel); if a single 
location was unavailable, multiple measurements were recorded and then summed.  A stopwatch 
was used to record the amount of time required to fill the container.  Measurements were 
recorded two to three times and the results were averaged.  The flow in the channel was 
calculated in units of volume per time using these measurements. 

An electromagnetic flow velocity meter was used to calculate tributary flow in tributaries with 
flow volumes too large to be measured with a bucket and stopwatch.  The tributary was walked 
to identify a reasonably prismatic cross section.  Flow volume was calculated through 
measurements of cross-section area and flow velocity.  To minimize errors in the calculation of 
flow, velocity and depth were measured at approximately 20 equidistant points across the 
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channel.  Using this approach, it is unlikely that flow at a single measurement point represented 
more than 10 percent of the total flow through the section.  A surveyors tape was stretched across 
the section perpendicular to the predominant direction of flow.  A Marsh-McBirney® Flo-Mate 
Model 2000 portable flow velocity meter mounted to a wading rod was used to measure flow 
velocity.  The velocity was calculated over a 20-second interval at a depth of six-tenths of the 
total depth.  In cases where the depth was greater than 2 feet, flow velocity was measured at two 
depths: two-tenths and eight-tenths the total depth.  The zero stability of the Flo-Mate Model 
2000 is ±0.05 foot/second and the measurement accuracy is 2 percent of the reading plus the zero 
stability.

The measurements of tributary flow are shown in Table 4.2-1. 

4.2.2. Measurement of Tributary Water Temperature 

Measurements were made of the water temperature of the tributary and the surface of the 
reservoir near the confluence with the tributary.  A digital scientific thermometer was used to 
record temperature.  The thermometer was held in the water until the reading stabilized.  The 
thermometer is accurate to ±1°C between -20°C and 120°C and the resolution is 0.1°C.  The 
tributary was measured in a freely flowing section of the channel located upstream of any 
backwater influence by the reservoir.  The surface water temperature in the reservoir was 
recorded in a location far enough from the point of entry of the tributary that the localized 
thermal influence of the tributary was avoided.  The results of these measurements are shown in 
Table 4.2-1. 

Table 4.2-1.  Measurement of flow and water temperature for the 28 Boundary Reservoir tributaries. 

Tributary Name Project River Mile Site Visit Date 
Tributary 

Temperature (°C) 
Tributary Flow 

(cfs) 
Unnamed No. 1 17.2 9/6/2007 11 0.1 
Pewee Creek 17.9 9/6/2007 11 22

Unnamed No. 2 17.9 9/6/2007 12 0.004 
Lime Creek1 19.45 9/6/2007 11 2.7 
Everett Creek 21.9 9/6/2007 10 0.3 
Whiskey Gulch 21.9 9/6/2007 Dry Dry 
Slate Creek 22.2 9/6/2007 11 6.8 
Beaver Creek 24.3 9/7/2007 11 0.9 
Threemile Creek 24.3 9/7/2007 9 0.5 
Unnamed No. 3 25.4 9/7/2007 13 0.04 
Flume Creek 25.8 9/7/2007 10 5.0 
Sullivan Creek 26.9 9/10/2007 15 40.5 
Unnamed No. 4 27.1 --3 --3 --3

Linton Creek 28.1 9/8/2007 11 1.9 
Unnamed No. 5 28.9 9/8/2007 9 0.1 
Unnamed No. 6 29.2 9/11/2007 Dry Dry 
Pocahontas Creek 29.4 9/9/2007 Dry Dry 
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Tributary Name Project River Mile Site Visit Date 
Tributary 

Temperature (°C) 
Tributary Flow 

(cfs) 
Unnamed No. 7 29.6 9/11/2007 Dry Dry 
Unnamed No. 8 30.1 9/11/2007 Dry Dry 
Wolf Creek 30.3 9/11/2007 Dry Dry 
Sweet Creek 30.9 9/11/2007 12 2.5 
Unnamed No. 9 31.1 9/11/2007 Dry Dry 
Sand Creek 31.7 9/11/2007 Dry Dry 
Lost Creek 32.2 9/12/2007 11 0.03 
Unnamed No. 10 33.5 9/12/2007 11 0.001 
Unnamed No. 11 33.6 9/12/2007 14 0.002 
Unnamed No. 12 34.0 9/12/2007 10 0.06 
Unnamed No. 13 34.3 9/12/2007 8 0.4 

Notes:
1 The current mouth of Lime Creek is at Project river mile (PRM) 19.45.  Approved Geographic Information 

System (GIS) streams coverage shows the mouth at PRM 19.0.  Due to a saddle in the stream, flow can diverge 
and enter the reservoir at either location. 

2 Flow rate at the base of Pewee Falls was visually estimated. 
3 No tributary channel could be found in September 2007. 
cfs – cubic feet per second 

4.2.3. Identification of Cultural Resource Features 

In response to an observed correlation noted by the Cultural Resources Workgroup between 
certain topographic features and the potential for prehistoric archaeological deposits (e.g., 
prehistoric weirs and Native American fishing features), a trained geologist on the field crew was 
tasked with recording any of the following features observed during the reconnaissance of the 
tributary deltas: 

� FCR—This feature consists of an interior perpendicular “barb” between parallel 
sloughs that cannot be accounted for by natural landform development processes.  If 
these features were found, the geologist was instructed to examine the inundated 
margins of the barb for any indication of cultural deposits (e.g., FCR).  FCR can be 
readily identified and differentiated from naturally occurring gravel substrates in the 
Pend Oreille valley in that it typically has at least one, more typically three, angular 
and crenulated facet(s) in an environment where naturally deposited gravels should 
have a smooth and rounded cross-sectional profile.  The site of these observations and 
collections, if any, would be marked on aerial photographs and the Global Positioning 
System (GPS) coordinates recorded and provided to the Cultural Resources 
Workgroup.  A simple description of the observations would also be recorded at the 
time of such discoveries: each description included the relative density of FCR 
(estimated number of rocks per square meter) and a best estimate of the FCR scatter’s 
size in both length and width. 
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� FCR clusters—The geologist was instructed to make notation of the presence, relative 
density, and dimensions of any observed clusters of FCR on either the out-board or 
in-board meander scars in inundated tributary alluvial fans within the margins of the 
tributary’s main channel.  These observations would be marked on aerial 
photographs, the GPS coordinates recorded, and the data provided to the Cultural 
Resources Workgroup. 

During the field reconnaissance efforts, the trained geologist did not observe any FCR or FCR 
clusters.  The apparent absence of these features was communicated to the lead for Study 24, 
Cultural Resources. 

4.3. Selection of Tributary Deltas 

Tributary deltas to study in detail were selected through a two-stage process.  The first stage, an 
initial selection based on data available in the RSP (SCL 2007) and site visits conducted in 
March 2007, was presented to the relicensing participants (RPs) in June 2007.  The initial 
selection was used to guide the second stage, further characterization of tributary delta conditions 
(Section 4.1) and the tributary delta reconnaissance (Section 4.2).  The general criteria 
considered when comparing the tributaries were the potential to provide high-value habitat at the 
delta for native salmonids, and the potential to contribute sufficient sediment volume to affect 
reservoir habitats.  Tributaries that enter the reservoir where the shoreline water depth is deep 
enough to fully submerge the delta sediment deposits under all operations scenarios were 
eliminated from further analyses. 

The tributary and delta-specific characteristics used to perform the selection were: 
� Drainage area (relates to overall flow volume for the tributaries which are primarily 

ungaged)
� Flow (instantaneous measurement of late summer flow) 
� Length of adfluvial habitat (indicates the stream length that fish in the reservoir can 

access before encountering a migration barrier) 
� Water temperature (cooler tributary water, if it is present, in the late summer can 

provide thermal refugia from the warmer water in the reservoir) 
� Drawdown zone habitat length (provides an indicator of the extent of habit that 

changes between riverine and lacustrine in response to reservoir fluctuations) 
� Evidence of significant delta aggradation or degradation since construction of 

Boundary Dam (is an indicator of sediment load from the tributary and the interaction 
of the tributary and sediment transport processes in the reservoir) 

5 RESULTS 

The two-stage process was used to select six to eight tributary deltas that provide potential 
habitat for native salmonids, or that have the potential to contribute a volume of sediment to the 
mainstem Pend Oreille River that could affect reservoir habitats. The first stage of the selection 
process, the initial selection, utilized existing information from the RSP (SCL 2007), information 
from previous studies (McLellan and O’Connor 2001; Andonaegui 2003; WSFW SalmonScape 
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2007), data derived from GIS-based analyses of physical characteristics, and a preliminary field 
visit conducted in March 2007.  This level of characterization was conducted to provide the basis 
for an initial selection of tributaries to be studied in detail.  The second stage of the selection 
process, the final selection, was based on review of aerial photography, bathymetric surveys, and 
the observations made during field reconnaissance conducted in September 2007. 

5.1. Initial Selection of Tributary Deltas 

The initial selection of the tributary deltas was based on characterization efforts performed by the 
end of March 2007.  The characterization included the length of adfluvial habitat, the tributary 
drainage area, and observations made during site visits on March 22, 2007.  The initial selections 
were made to support the planning and implementation of the September 2007 data collection 
efforts.  A drawdown of the reservoir water surface elevation was scheduled for September 2007 
and this event allowed actual observation of the delta features within the full range of the normal 
drawdown zone. 

Relative rankings of the adfluvial habitat length and drainage areas are presented in Table 5.1-1.
The length of adfluvial habitat is a measure of the stream length that fish in the reservoir can 
access before encountering a migration barrier.  Greater lengths indicate potential for more usage 
by native salmonids, so the greatest lengths are rated highest.  Drainage area is an indicator of 
the overall flow volume and sediment yields delivered by the tributaries.  Greater flow volumes 
and sediment yields are directly correlated with drainage area, so greater areas are more highly 
rated.

Table 5.1-1.  Relative rankings of 10 highest rated adfluvial habitat length and drainage area. 

Relative Rating1 Length of Adfluvial Habitat Drainage Area 
1 Sullivan Creek Sullivan Creek 
2 Linton Creek Slate Creek 
3 Pocahontas Creek Flume Creek 
4 Lime Creek Sweet Creek 
5 Slate Creek Pewee Creek 
6 Sweet Creek Sand Creek 
7 Sand Creek Threemile Creek 
8 Flume Creek Pocahontas Creek 
9 Unnamed No. 6 Lime Creek 

10 Whiskey Gulch Everett Creek 
11 Wolf Creek Linton Creek 
12 Lost Creek Beaver Creek 
13 Unnamed No. 5 Unnamed No. 13 
14 Unnamed No. 2 Wolf Creek 
15 Unnamed No. 10 Lost Creek 
16 Unnamed No. 1 Unnamed No. 10 
17 Unnamed No. 11 Unnamed No. 12 
18 Unnamed No. 4 Whiskey Gulch 
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Relative Rating1 Length of Adfluvial Habitat Drainage Area 
19 Unnamed No. 9 Unnamed No. 5 
20 Unnamed No. 8 Unnamed No. 1 
21 Everett Creek Unnamed No. 7 
22 Unnamed No. 3 Unnamed No. 11 
23 Unnamed No. 7 Unnamed No. 3 
24 Unnamed No. 12 Unnamed No. 4 
25 Unnamed No. 13 Unnamed No. 8 
26 Pewee Creek2 Unnamed No. 9 
27 Beaver Creek2 Unnamed No. 2 
28 Threemile Creek2 Unnamed No. 6 

Notes:
1 Relative ratings are listed in decreasing order of value, with 1 indicating the greatest value. 
2 Pewee Creek, Beaver Creek, and Threemile Creek all have zero feet of adfluvial habitat due to waterfalls.  They 

are listed in order of increasing Project river mile. 

The listings shown in Table 5.1-1 reveal some similarities among tributaries with the greatest 
length of adfluvial habitat and large drainage areas.  During the March 22, 2007, site visits, many 
of the 28 tributaries were visited, and particular attention was paid to the deltas ranked highest in 
Table 5.1-1.  Photographs taken during the site visits are included in Attachment B; an example 
of the Sullivan Creek delta is shown in Figure 5.1-1.  Observations were made during these site 
visits regarding potential for aquatic habitat and the presence of geomorphic processes consistent 
with delta formation. 
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Figure 5.1-1.  Downstream view of Sullivan Creek delta taken March 22, 2007. 

As a result of the initial characterization and the observations during the site visits, the following 
seven tributaries were initially selected for further evaluation within Study 8 (listed from 
downstream to upstream, increasing project river mile, as shown in Figure 5.1-2): 

� Slate Creek 
� Flume Creek 
� Sullivan Creek 
� Linton Creek 
� Pocahontas Creek 
� Sweet Creek 
� Sand Creek 
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In addition to these seven tributaries, it was also proposed during the initial screening process 
that two other creeks would be discussed qualitatively as to their habitat conditions and their 
geomorphic evolution, but would not be included in the habitat modeling effort.  These two 
tributaries are Pewee Creek and Lime Creek.  Both of these tributaries have significant drainage 
areas, but other conditions excluded them from the initial list of tributaries identified for 
modeling of aquatic habitat. 

Peewee Creek pours over a falls directly into Boundary Reservoir and has no adfluvial habitat.
There is deposition of gravel, cobble, and small boulders in a pile at the base of the falls (Figure 
5.1-3).  At least a portion of this pile is in the reservoir fluctuation zone.  However, it is not 
expected that the character of this sediment deposit will change in respect to aquatic habitat over 
the term of a new license. 

Figure 5.1-3.  Deposition at the base of Pewee Falls as seen on March 22, 2007. 

Lime Creek was excluded from the initial list of tributary deltas for aquatic habitat modeling 
because it does not have a delta or a defined channel at its confluences with the reservoir (Figure 
5.1-4).  These aspects of Lime Creek’s morphology are partially due to the chemical 
characteristics of Lime Creek, which result in the formation of travertine deposits that spread the 
stream out into shallow flow paths over a steep hillside slope.  The stream has many shallow 
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braids and lacks a typical stream channel across the reservoir fluctuation zone.  The upstream 
pools and wetland created by these travertine formations are trapping sediments, resulting in the 
lack of sediment deposits at the reservoir. 

Figure 5.1-4.  Confluence of main Lime Creek channel (PRM 19.45) with Boundary Reservoir as seen on 
March 22, 2007. 

Table 5.1-1 includes the relative rank of each of the 28 tributaries considered in terms of their 
watershed areas and adfluvial habitat lengths.  Of the 10 tributaries with the largest drainage 
areas, 6 were identified for further study in the initial screening.  The seventh tributary selected 
was Linton Creek, which ranks 11th in drainage area.  Linton Creek was included because of its 
second ranking for adfluvial habitat length and the presence of a delta extending into the 
mainstem of the Pend Oreille River.  Of the 4 tributaries in the top 10 that were not selected for 
detailed study, 2 have already been discussed, Pewee and Lime creeks, which ranked fifth and 
ninth.  The other two tributaries in the top 10 watershed areas that were not selected were Everett 
(10th) and Threemile (seventh).  Minimal evidence of delta deposits was observed at Everett 
Creek and its adfluvial habit is identified as 60 feet (23rd).  Threemile Creek sheets down a steep 
bedrock outcrop into Boundary Reservoir, does not have a delta present in the reservoir 
fluctuation zone, and has no adfluvial habitat.  In contrast, the 7 initially selected tributaries 
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represent seven of the top 8 tributaries in length of adfluvial habitat.  The other tributary listed in 
the top 8 for length of adfluvial habitat is Lime Creek (fourth). 

The RPs agreed with the initial selection of the seven tributary deltas at the June 7, 2007, Fish 
and Aquatics Workgroup meeting.  The initial selection was presented in PowerPoint and 
documented in the Methods Outline (Tetra Tech and TRPA 2007) distributed for the workgroup 
meeting. 

5.2. Final Selection of Tributary Deltas 

Final GIS-based analyses were conducted to measure the drawdown zone habitat length and to 
evaluate significant aggradation/degradation of the deltas since construction of the Boundary 
Dam.  The tributary delta field reconnaissance was conducted September 6–12, 2007, during a 
drawdown of the reservoir water surface elevation so that the full extent of the drawdown zone 
could be observed at tributary deltas.  As described in Section 4.2, the reconnaissance activities 
at all deltas included measurement of tributary flow and measurement of tributary water 
temperature.  Observations were made of potential aquatic habitat and sediment deposition and 
delta morphology. 

The final GIS-based analyses revealed that the deposition at the base of Pewee Falls and the 
deltas at Slate Creek, Flume Creek, and Linton Creek experienced significant aggradation or 
degradation since construction of Boundary Dam.  Except for Linton Creek, the other creeks 
enter the reservoir downstream from Metaline Falls.  The inundation associated with the creation 
of the reservoir increased the elevation of the delta locations, so significant aggradation was 
observed (Figures 4.1-1 and 4.1-2).  The reviewed aerial photographs for all initial selected 
deltas are included in Attachment A.  The Linton Creek delta appears to have undergone 
significant degradation since construction of the dam.  However, through local interviews, it was 
learned that the apparent degradation resulted from gravel extraction from the delta and 
placement of fill in Metaline Park.  In 1975–1976, excess mine tailings were placed in the low 
areas around Linton Creek, including the delta, to raise the elevation of Metaline Park and reduce 
the effects of flooding caused by the Pend Oreille River.  Gravel materials were later dredged 
from the delta just off of the Linton Creek confluence, leading to the apparent degradation.
Because neither of these activities directly resulted as a natural effect of construction of the dam, 
the apparent degradation was not attributed to fluvial processes that warrant modeling for 
possible future conditions. 

The measurements of late summer tributary flows provided an indicator of the potential for a 
tributary delta to provide aquatic habitat at the deltas by a flow source other than the Pend 
Oreille River.  Higher flow volumes during this period of the year have the potential to provide 
larger areas of aquatic habitat.  Measurements of tributary water temperature were used to 
evaluate the potential for tributary delta habitat to provide thermal refugia when water 
temperatures in the reservoir exceed the optimal range for native salmonids (approximately 11 to 
5.5°C; see Appendix 4a of the Study 8 Final Report [SCL 2009b] for details of habitat suitability 
curves).  Five of the seven tributaries initially selected, along with Pewee Creek and Lime Creek, 
were measured to have relatively the greatest flows; the exceptions were Pocahontas Creek and 
Sand Creek, which were dry.  This would indicate the tributaries may have little or no value as 
thermal refugia.  However, tributary flows were generally low in September 2007 compared with 
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the limited values measured in 2000 (Table 4.1-1), so these two tributaries may have late 
summer flows in other years.  Similarly, the tributary water temperature was within or below the 
optimal range for native salmonids at the initially selected tributaries flowing at the time of 
measurement.  These cooler water temperatures indicate the potential for tributary delta habitats 
to provide thermal refugia for native salmonids.   

The final selection process provided information that supported the initial selection of study 
tributaries.  The most likely candidate to have been elevated was Lime Creek; however, the field 
reconnaissance confirmed that there are only minor delta sediment deposits in the fluctuation 
zone, with stumps from reservoir clearing still exposed to their base, indicating minimal 
sedimentation (Figure 5.1-4).  The other tributary candidate considered for elevation to detailed 
study was Pewee Creek.  In this case, the field reconnaissance revealed the steep pile of coarse 
sediment deposits extended throughout the fluctuation zone without a milder sloping delta 
surface present (Figure 5.1-2).  Another possible candidate for elevation to detailed study was 
Everett Creek.  In this case, the field reconnaissance indicated only a minor delta had formed at 
its mouth and confirmed the presence of the waterfall that limits its adfluvial habitat to 60 feet.

Based on the final GIS-based analyses and the data collected (including observations) during the 
field reconnaissance, the same seven tributary deltas identified in the initial selection were 
included in the final selection.  These tributary deltas are (listed from downstream to upstream, 
increasing project river mile): 

� Slate Creek 
� Flume Creek 
� Sullivan Creek 
� Linton Creek 
� Pocahontas Creek 
� Sweet Creek 
� Sand Creek 

The following photographs (Figures 5.2-1 through 5.2-7) of the selected tributary deltas were 
taken during the September 2007 reservoir water surface drawdown event. 
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Figure 5.2-1.  Upstream view of the Slate Creek delta as seen on September 7, 2007. 

Figure 5.2-2.  Upstream view of the Flume Creek delta as seen on September 7, 2007. 
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Figure 5.2-3.  Upstream view of the Sullivan Creek delta as seen on September 10, 2007. 

Figure 5.2-4.  Upstream view of the Linton Creek delta as seen on September 8, 2007. 
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Figure 5.2-5.  South facing view of the Pocahontas Creek delta as seen on September 9, 2007. 

 
Figure 5.2-6.  Downstream view of the Sweet Creek delta as seen on September 11, 2007. 
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Figure 5.2-7.  Upstream view of the Sand Creek delta as seen on September 11, 2007. 

 
The selections of these seven tributary deltas were finalized with the RPs at the March 25, 2008, 
Fish and Aquatics Workgroup meeting.  These tributary deltas were studied in more detail to 
evaluate the effects of Project operations on potential habitat for native salmonids and to evaluate 
the effects of Project operations on the physical evolution of delta morphology.  Appendices 4a 
and 4b of the Study 8 Final Report (SCL 2009b) provide the methods and results of the habitat 
evaluations; Appendix 3 describes the methods and results of the morphologic evaluations. 
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Tributary Deltas 
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This attachment contains the following figures: 

Figure A-1.  1955 aerial photography of Slate Creek delta. 
Figure A-2.  1962 aerial photography of Slate Creek delta. 
Figure A-3.  1972 aerial photography of Slate Creek delta. 
Figure A-4.  1955 aerial photography of Flume Creek delta. 
Figure A-5.  1962 aerial photography of Flume Creek delta. 
Figure A-6.  1972 aerial photography of Flume Creek delta. 
Figure A-7.  1943 aerial photography of Sullivan Creek delta. 
Figure A-8.  1955 aerial photography of Sullivan Creek delta. 
Figure A-9.  1962 aerial photography of Sullivan Creek delta. 
Figure A-10.  1972 aerial photography of Sullivan Creek delta. 
Figure A-11.  1943 aerial photography of Linton Creek delta. 
Figure A-12.  1955 aerial photography of Linton Creek delta. 
Figure A-13.  1962 aerial photography of Linton Creek delta. 
Figure A-14.  1972 aerial photography of Linton Creek delta. 
Figure A-15.  1943 aerial photography of Pocahontas Creek delta. 
Figure A-16.  1955 aerial photography of Pocahontas Creek delta. 
Figure A-17.  1962 aerial photography of Pocahontas Creek delta. 
Figure A-18.  1972 aerial photography of Pocahontas Creek delta. 
Figure A-19.  1943 aerial photography of Sweet Creek delta. 
Figure A-20.  1955 aerial photography of Sweet Creek delta. 
Figure A-21.  1962 aerial photography of Sweet Creek delta. 
Figure A-22.  1972 aerial photography of Sweet Creek delta. 
Figure A-23.  1943 aerial photography of Sand Creek delta. 
Figure A-24.  1955 aerial photography of Sand Creek delta. 
Figure A-25.  1962 aerial photography of Sand Creek delta. 
Figure A-26.  1972 aerial photography of Sand Creek delta. 
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1955 aerial photography 

of Slate Creek delta.
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Figure A-2
1962 aerial photography 

of Slate Creek delta.
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Figure A-3
1972 aerial photography 

of Slate Creek delta.

Map Version 10/22/08

0 200

FeetMap
Key §

Unpublished Work Copyright 2008 Seattle City Light

Slate Creek



SEATTLE CITY LIGHT
BOUNDARY HYDROELECTRIC PROJECT

FERC PROJECT NO. 2144

Figure A-4
1955 aerial photography 

of Flume Creek delta.
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Figure A-5
1962 aerial photography 

of Flume Creek delta.
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Figure A-6
1972 aerial photography 

of Flume Creek delta.
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Figure A-7
1943 aerial photography 
of Sullivan Creek delta.
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Figure A-8
1955 aerial photography 
of Sullivan Creek delta.
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Figure A-9
1962 aerial photography 
of Sullivan Creek delta.
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Figure A-10
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Figure A-11
1943 aerial photography 
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Figure A-12
1955 aerial photography 

of Linton Creek delta.

Map Version 10/22/08

0 100

FeetMap
Key §

Unpublished Work Copyright 2008 Seattle City Light

Linton Creek

All handwriting present on 
original scanned image



SEATTLE CITY LIGHT
BOUNDARY HYDROELECTRIC PROJECT

FERC PROJECT NO. 2144

Figure A-13
1962 aerial photography 
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Figure A-14
1972 aerial photography 

of Linton Creek delta.
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Figure A-15
1943 aerial photography 

of Pocahontas Creek delta.

Map Version 10/22/08

0 100

FeetMap
Key §

Unpublished Work Copyright 2008 Seattle City Light

Pocahontas Creek



SEATTLE CITY LIGHT
BOUNDARY HYDROELECTRIC PROJECT

FERC PROJECT NO. 2144

Figure A-16
1955 aerial photography 

of Pocahontas Creek delta.
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Figure A-17
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Figure A-18
1972 aerial photography 
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Figure A-19
1943 aerial photography 
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Figure A-20
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Figure A-21
1962 aerial photography 

of Sweet Creek delta.

Map Version 10/22/08

0 100

FeetMap
Key §

Unpublished Work Copyright 2008 Seattle City Light

Sweet Creek



SEATTLE CITY LIGHT
BOUNDARY HYDROELECTRIC PROJECT

FERC PROJECT NO. 2144

Figure A-22
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Figure A-23
1943 aerial photography 
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Figure A-24
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Figure A-25
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Attachment B:  Photographs Taken during March 22, 2007, 
Site Visits 
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This attachment contains the following figures: 

Figure B-1.  Unnamed Tributary No. 1. 
Figure B-2.  Pewee Creek. 
Figure B-3.  Unnamed Tributary No. 2. 
Figure B-4.  Lime Creek. 
Figure B-5.  Everett Creek. 
Figure B-6.  Slate Creek. 
Figure B-7.  Beaver Creek. 
Figure B-8.  Threemile Creek. 
Figure B-9.  Flume Creek. 
Figure B-10.  Sullivan Creek. 
Figure B-11.  Sullivan Creek. 
Figure B-12.  Linton Creek. 
Figure B-13.  Pocahontas Creek. 
Figure B-14.  Wolf Creek. 
Figure B-15.  Sweet Creek. 
Figure B-16.  Sand Creek. 
Figure B-17.  Lost Creek. 
Figure B-18.  Unnamed Tributary No. 10. 
Figure B-19.  Unnamed Tributary No. 11. 
Figure B-20.  Unnamed Tributary No. 12. 



FINAL REPORT APPENDIX 1 – TRIBUTARY DELTA CHARACTERIZATION AND SELECTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page ii March 2009 

This page intentionally left blank. 



FINAL REPORT APPENDIX 1 – TRIBUTARY DELTA CHARACTERIZATION AND SELECTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 1 March 2009 

Figure B-1.  Unnamed Tributary No. 1. 



FINAL REPORT APPENDIX 1 – TRIBUTARY DELTA CHARACTERIZATION AND SELECTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 2 March 2009 

Figure B-2.  Pewee Creek. 
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Figure B-3.  Unnamed Tributary No. 2. 
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Figure B-4.  Lime Creek. 

Figure B-5.  Everett Creek. 
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Figure B-6.  Slate Creek. 



FINAL REPORT APPENDIX 1 – TRIBUTARY DELTA CHARACTERIZATION AND SELECTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 6 March 2009 

Figure B-7.  Beaver Creek. 
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Figure B-8.  Threemile Creek. 
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Figure B-9.  Flume Creek. 

Figure B-10.  Sullivan Creek. 
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Figure B-11.  Sullivan Creek. 

Figure B-12.  Linton Creek. 



FINAL REPORT APPENDIX 1 – TRIBUTARY DELTA CHARACTERIZATION AND SELECTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 10 March 2009 

Figure B-13.  Pocahontas Creek. 

Figure B-14.  Wolf Creek. 
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Figure B-15.  Sweet Creek. 

Figure B-16.  Sand Creek. 
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Figure B-17.  Lost Creek. 
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Figure B-18.  Unnamed Tributary No. 10. 
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Figure B-19.  Unnamed Tributary No. 11. 
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Figure B-20.  Unnamed Tributary No. 12. 
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Study 8 Appendix 2 
Sediment Supply to Tributary Deltas and Mainstem 

Final Report 
Boundary Hydroelectric Project (FERC No. 2144) 

1 INTRODUCTION 

Evaluating the effects of Boundary Hydroelectric Project (Project) operations on both tributary 
delta habitats and on aquatic habitats in the mainstem Pend Oreille River (via channel 
morphology and the size and distribution of channel substrates) was a primary goal of Study 8.  
The tributary delta habitat evaluation as described in Appendix 4 of the Study 8, Sediment 
Transport and Boundary Reservoir Tributary Delta Habitats Final Report (SCL 2009a), utilized 
predictions of the physical evolution of tributary delta morphology to quantify future areas of 
delta habitat.  The mainstem sediment transport modeling, as described in Appendix 5 of the 
Study 8 Final Report considered the erosion, transport, and accumulation of sediments in the 
mainstem Pend Oreille River over the 50-year term of a new license.  Both of these components 
of Study 8 required determinations of sediment supply and sediment gradation. 

Sediment is supplied to areas of interest from three primary sources: watersheds of tributaries 
flowing into the study area, erosion of the shoreline in the study area, and the Pend Oreille River 
watershed upstream of Box Canyon Dam.  The methods used to calculate the supply as a weight 
distributed by grain size are presented in Section 4.  The results of the calculations are provided 
in Section 5.  The following attachments include supporting information: 

� Attachment A—Tributary Delta Mapping 
� Attachment B—Tributary Delta Sediment Sample Gradations 
� Attachment C—Tributary Cross Section Surveys 
� Attachment D—Mainstem Sediment Sample Gradations 
� Attachment E—Pre-dam Mainstem Channel Geometry 

2 STUDY OBJECTIVES 

The goal of this study component was to calculate the supply and gradation of sediment 
delivered to selected tributary deltas and to the mainstem Pend Oreille River to support 
evaluation of Project effects on aquatic habitats.  The primary interest was to determine how the 
supply of sediment affects the morphology of the tributary deltas and the mainstem channel, and 
how these changes in morphology affect aquatic habitats.  Specific objectives of this effort were: 

� Calculate the supply and gradation of sediment from tributary watersheds. 
� Calculate the supply and gradation of sediment from Boundary Reservoir shoreline 

erosion.
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� Calculate the supply and gradation of sediment from the Pend Oreille River at Box 
Canyon Dam. 

� Develop a daily time series of sediment supply on a grain size specific basis. 

3 STUDY AREA 

The topography and types of potential sediment sources in the Pend Oreille watershed are 
influenced by underlying bedrock geology and the Pleistocene glacial history of the area.  The 
following overview is presented to provide context for delineating the study area associated with 
sediment supply. 

The Project is located within the Okanogan Highlands physiographic province, with bedrock 
geology attributable to volcanism, intrusion of granitic rock, and deformation and metamorphism 
of marine sedimentary rocks.  Pleistocene continental glaciers eroded the bedrock and left areas 
of thick glacial and postglacial sediments in valleys.  Lake Pend Oreille is a glacially over-
deepened trough that effectively traps all sediment delivered from upstream sources. 

The Project is located in an area where the Pend Oreille River bisects the Selkirk Mountains and 
cuts through Metaline Limestone and Ledbetter Slate.  These two marine sedimentary formations 
were deposited in the Cambrian and Ordovician periods, 4.5 to 5.5 million years ago.  Folding, 
faulting, and metamorphosis of these formations occurred during the Cretaceous period and 
resulted in the relatively resistant, canyon-forming rocks that dominate the Boundary Reservoir 
and hills downstream of Metaline Falls.  The northeast-southwest trending faults and folds in 
these rocks influence tributary stream valley orientation east of the Project.  Following the 
faulting and folding, intrusion of volcanic rocks of the Kanisku batholith occurred in the area 
south of Ione.  Tributary stream valleys underlain by the batholith are not as controlled by fault 
or folds and form a dendritic pattern. 

Stream sculpting was the principal geomorphic process in the Project vicinity during the Tertiary 
period (1.8 to 64 million years ago).  During this time, erosion and deposition by streams created 
what is now the Pend Oreille River valley. The valley contained a small stream flowing 
southward as a tributary to the ancestral Pend Oreille River, which flowed south into the 
Columbia River. 

During the Pleistocene epoch (1.8 million to 10,000 years ago), widespread glaciation resulted in 
much of the present day topography.  Ice was a major force in determining both broad-scale and 
small-scale physical characteristics of the Project vicinity.  Ice sheets moved south from Canada 
and covered the region with up to 6,500 feet of ice at the present-day location of the U.S.-Canada 
boundary.  The ice eroded and rounded the Kettle and Selkirk mountains and helped sculpt much 
of the north-south trending mountain ranges.  During the late Pleistocene, as the continental ice 
melted northward, widespread deposition of glacial sediments occurred in areas below 
approximately 3,000 feet in elevation.  These glacial deposits, which are unconsolidated and 
more erodible than the resistant bedrock formations, include the following: 

� Till—a mix of coarse- and fine-grained sediment deposited under the glacier 
� Glaciofluvial deposits—sorted sediment deposited by melt water, and  
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� Lacustrine deposits—fine-grained sediments deposited in large lakes that formed in 
the Pend Oreille valley when the retreating ice blocked the northern and eastern 
outlets. 

Another modification brought about by glaciation was a change in flow direction of the Pend 
Oreille River.  The ice sheet eroded the divide between the southward flowing pre-glacial 
tributary to the Pend Oreille River and a small north- and west-flowing tributary to the Columbia 
River near the border, and upon the final retreat of the ice, the Pend Oreille River changed to 
follow a new, north-flowing course.  With this change, rapid down-cutting of the river along its 
new course commenced through the underlying bedrock and glacial deposits.  In areas with 
resistant bedrock, control points such as Metaline Falls formed, resulting in a deeply carved 
canyon downstream of the falls and broader, lower gradient upstream valleys. 

This overview of the influence of the underlying bedrock geology and Pleistocene glacial history 
on topography in the Pend Oreille River valley was considered in determining supplies and 
gradations of sediment.  The mainstem sediment transport model represented the Pend Oreille 
River from Box Canyon Dam downstream to the confluence of Red Bird Creek, which enters on 
the left bank just above the confluence of the Pend Oreille River and the Salmo River.  The 
seven selected tributary deltas (see Appendix 1 of the Study 8 Final Report [SCL 2009a] for 
tributary delta characterization and selection) are within the reach represented in the mainstem 
sediment transport model.  Since Box Canyon Dam was assumed to pass all incoming sediment 
load to the Pend Oreille River between Albeni Falls Dam and Box Canyon Dam, the extents of 
this watershed were delineated and used in calculations of sediment supply.  Additionally, bed 
material load and wash load from the Priest River (with effective drainage area limited to the 
portion downstream of Priest Lake) were assumed to pass Albeni Falls Dam, so this portion of 
the Priest River drainage area was also delineated and included in the study area.  Due to the 
trapping of nearly all sediment in Lake Pend Oreille, no sediment supply upstream of the 
confluence of the Priest River with the Pend Oreille River was considered.  Figure 3.0-1 
illustrates the extents of the watersheds areas used to calculate sediment supplies and gradations 
to the tributaries and the mainstem.  Table 3.0-1 provides the drainage area for the seven selected 
tributaries and for the watersheds of interest upstream of Box Canyon Dam. 
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Table 3.0-1.  Areas of watersheds supplying sediment to tributary deltas and mainstem. 

Watershed Description Area (sq. mi.) Cumulative Area (sq. mi.) 
Priest Lake (d/s of Priest Lake) 246.6 246.6 
Box Canyon Reservoir1 601.1 847.7 
Sand Creek 8.224 N/A 
Sweet Creek 11.12 N/A 
Pocahontas Creek 3.918 N/A 
Linton Creek 1.983 N/A 
Sullivan Creek (d/s Sullivan Lake) 90.78 N/A 
Flume Creek 19.33 N/A 
Slate Creek 32.33 N/A 
Boundary Reservoir2 44.82 1,060 
Boundary Tailrace 14.07 1,074 

Notes:
1 Area between Albeni Falls Dam and Box Canyon Dam, excluding areas upstream of major lakes or reservoirs. 
2 Excluding the tributaries listed in this table. 
d/s – downstream 
N/A – not applicable 

4 METHODS 

Sediment is supplied to tributary deltas and the mainstem Pend Oreille River from three primary 
sources: the watersheds of tributaries flowing into the Boundary Reservoir and the Boundary 
Tailrace, erosion of the Boundary Reservoir shoreline, and the Pend Oreille River watershed 
upstream of Box Canyon Dam.  The total sediment supply is made up of the wash load plus the 
bed material load.  The wash load covers the range of fine particles that are easily washed away 
by the flow, particles that are not found in large quantities in the bed.  Wash load transport is 
limited by the upstream supply.  The bed material load is derived entirely by the capacity of the 
flow to transport the coarser sediment sizes found in the bed.  Although the limiting particle size 
between wash load and bed material load corresponds to the point at which the sediment 
transport capacity equals the sediment supply from upstream, 0.0625 millimeters (the lower size 
limit of sand) is a commonly recommended threshold (Julien 1998; Knighton 1998).  Unless 
specified otherwise, the sediment supply includes both the wash load and the bed material load. 

The methods applied to calculate the weight and gradation of sediment supplied to the tributary 
deltas from their contributing watersheds are described in Section 4.1.  The methods used to 
quantify the sediment supply and gradation from the erosion of the Boundary Reservoir shoreline 
are presented in Section 4.2.  The methods utilized to represent the weight and gradation of 
sediment delivered to the Boundary Reservoir from the mainstem Pend Oreille River through 
Box Canyon Dam are provided in Section 4.3.  Section 4.4 explains the methods for converting 
the sediment supplies and gradations to daily time series to provide required inputs for the 
mainstem sediment transport model (see Section 4.5). 
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4.1. Tributary Watersheds 

As described in Appendix 1 of Study 8 (SCL 2009a), 7 of the 28 tributaries that directly drain to 
the Boundary Reservoir were selected for modeling of both the evolution of the delta 
morphology as well as the potential to provide aquatic delta habitats.  The 7 tributaries were 
selected because they provide potential habitat for native salmonids and/or have the potential to 
contribute a volume of sediment to the mainstem Pend Oreille River that could affect reservoir 
habitats.  These tributaries have deltas that are dynamic environments that have the potential to 
physically evolve.  This evolution may occur by either aggradation or degradation as a result of 
the interaction of upstream sediment supply, local hydraulic conditions created by Project 
operations, and the influence of flows in both the tributaries and the mainstem Pend Oreille.  
Additionally, 4 named and a few unnamed tributaries were identified draining directly to the 
Boundary tailrace, between Boundary Dam and the confluence of Red Bird Creek and the Pend 
Oreille River.  Although no modeling of these tailrace delta habitats was pursued, the potential 
for the supply and gradation of sediment to affect mainstem aquatic habitats was considered.   

The four following approaches were considered to calculate the supply of sediment delivered to 
the deltas: 

� Estimate the volume of sediments that have accumulated in the tributary deltas.  This 
method was used to calculate bed material loading, but is not appropriate for wash 
load.

� Estimate the volume of sediments that have accumulated in the Boundary Reservoir 
and estimate reservoir trapping efficiency to calculate inflowing sediment loads (both 
bed material load and wash load).  

� Apply regional sediment yield relationships to calculate the wash load. 
� Calculate the bed material load transport based on stream hydraulics and substrate 

The following sections describe these approaches in more detail along with the methods used for 
necessary field surveys and data collection. 

4.1.1. Field Surveys and Data Collection 

Applying each of the three approaches for estimating future tributary sediment supply required 
tributary delta specific information.  Detailed field surveys and data collection efforts occurred 
during the September 2007 reservoir drawdown to take advantage of exposed tributary delta 
features.  Data collected included sketches and photographic documentation of delta 
morphology, mapping of depositional features, characterization of depositional material, and 
surveys of the tributary thalweg profile and tributary channel geometry at cross sections selected 
for calculating bed material load transport.  Figures of surveyed tributary deltas showing mapped 
depositional features, sediment sampling locations, thalweg location, and locations of bed 
material load cross sections are provided in Attachment A.  An example of the Sullivan Creek 
delta is presented in Figure 4.1-1. 
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4.1.1.1. Sketches and Photographic Documentation 

Delta features were sketched and photographed to document conditions at the deltas during the 
September 2007 reservoir drawdown.  The delta sketches were recorded on field forms.  Key 
features noted on the sketch included: 

� Location, size, and orientation of depositional features in the tributary channels and 
on the tributary delta 

� Composition/dominant substrate size of depositional features 
� Locations of large woody debris (e.g., downed trees, logs, stumps) 
� The planform of the tributary channel 
� Locations of potential fish migration barriers 
� Locations of survey control points 

Photographs were taken using digital cameras.  Photograph number, date and time taken, and 
brief notes were recorded on photograph logs.  Key points of interest included: 

� The tributary delta 
� Substrate sizes, both for depositional features as well as the tributary channel 
� Substrate sample locations 
� The morphology of the tributary channel as documented in a series of photographs 

4.1.1.2. Mapping of Depositional Features 

The location, size, and orientation of depositional features were mapped using a Trimble® GPS 
Pathfinder Pro XH receiver.  After post-processing the data, horizontal accuracy is sub-foot.  The 
perimeters of various depositional features were walked as the GPS receiver recorded positions 
on a 2-second interval.  The centerline of the tributary channel through the exposed delta was 
recorded with the GPS unit.  Where exposed, the change in slope between the topset, foreset, and 
bottomset portions of the delta was recorded.  The figures in Attachment A illustrate the mapped 
depositional features. 

4.1.1.3. Characterization of Depositional Materials 

Two different techniques were employed to characterize the particle size distribution of 
depositional material in the tributary channel and on the tributary delta.  The first technique, as 
described by Wolman (1954) (commonly referenced as a Wolman count), entailed measurement 
of the intermediate axis of 100 pebbles randomly selected from the surface of interest.  The 
second technique involved taking a volumetric sample of sediment and sending it to a laboratory 
for sorting of the size fractions using sieves and a hydrometer.  The laboratory analyses were 
performed by Cascade Testing Laboratory, Inc., in Kirkland, Washington, following the 
American Society of Testing Materials (ASTM) International active standard D422 – Standard 
Test Method for Particle-Size Analysis of Soils.  Cascade Testing Laboratory followed the 
sediment size distributions provided in ASTM active standards C136 – Standard Test Method for 
Sieve Analysis of Fine and Coarse Aggregates, and C117 – Standard Test Method for Materials 
Finer than 75-�m (No. 200) Sieve in Mineral Aggregates by Washing, with the exception that a 
No. 270 wash was used instead of a No. 200 wash. 
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The advantages of the Wolman count as compared to a volumetric sample are applicability to 
very coarse materials and better representation of large sample area.  The advantage of the 
volumetric sample as compared to a Wolman count is the ability to represent finer size fractions 
(i.e., fine gravels, sands, silts, and clays).  The number of areas sampled on each delta and the 
type of sampling method varied as a function of the size and complexity of the depositional 
features.

Seventy-five sediment samples were collected across the seven tributary delta areas.  The 
sediment samples were collected to quantify the particle size distribution at various places of 
interest to describe the dominant materials both within the tributary delta stream beds and the 
depositional features.  Though samples were all designated “BM” referring to bed material 
(except for those at the bed load cross sections at Slate Creek, which were designated BL), these 
samples represent both bed material and materials deposited on various delta surfaces.  In some 
cases, both surface and subsurface gradations of the bed material were sampled.  These selected 
subsurface bed material samples were collected when there was a distinct pavement layer and 
conditions allowed retrieval of a subsurface sample.  The size distribution was characterized 
using particle size diameter for which a standard percentage of the sample is finer (as measured 
by weight).  Percent finer fractions selected for this study include d85, d50, and d15.  Plots of the 
sediment size distribution for each of these samples are presented in Attachment B.  Figure 4.1-2 
is an example gradation plot. 
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Figure 4.1-2.  Particle size distribution for Sullivan Creek sediment sample BM-4. 
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A description of the location and type of material represented by the samples were noted in the 
field.  The sample locations are shown on the maps of the tributary deltas presented in 
Attachment A; Figure 4.1-1 is an example for the Sullivan Creek delta.   

4.1.1.4. Tributary Thalweg Survey 

The distance along the thalweg of the primary tributary channel through the delta was marked off 
in 25-foot increments using a surveyors tape.  Station 0+00 was assigned to an upstream location 
in the tributary channel upstream of the backwater influence of the reservoir (except in Flume 
Creek where the backwater influence extended to the base of a cascading waterfall that could not 
be safely navigated).  The longitudinal profile along the stationed thalweg was surveyed using a 
level.  A Topcon AT-G2 Auto Level was mounted on a tripod and elevations were read from a 
fiberglass stadia rod.  The stadia rod was marked with divisions of 0.01-foot to a total length of 
25 feet.  The elevation of the level was calculated from temporary survey control monuments.  
The elevation of the monuments was provided with resolution to 0.01 foot, and the elevations 
reference the Project datum (North American Vertical Datum of 1988]).  Significant changes in 
the grade of the thalweg were surveyed, along with geomorphic features (e.g., head of riffle, tail 
of riffle, maximum pool depth, pool tail out), and the elevation at the 25-foot stationing 
increments.  The thalweg locations as surveyed in September 2007 at selected deltas are shown 
on the figures in Attachment A. 

4.1.1.5. Tributary Bedload Cross Section Surveys 

To support the calculations of bed material load transport based on hydraulic conditions and 
substrate, two cross sections were surveyed at selected deltas near the upper end of the reservoir 
fluctuation zone or upstream in the tributary.  The cross section locations were selected to best 
represent reaches where the sediment transport capacity and sediment supply were in 
equilibrium, but not supply limited (as indicated by an armor or pavement layer).  The overall 
water surface slope was surveyed in the area of each transect.  A visual estimate of Manning’s n-
values was made to represent roughness.  The bed material gradation was represented through a 
sediment sample collected as described in Section 4.1.1.3.  The geometry of the surveyed 
sections is shown in the figures in Attachment C; Figure 4.1-3 is an example of Sullivan Creek 
section BL-1 (the location of which is shown on Figure 4.1-1). 
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Figure 4.1-3.  Downstream facing view of Sullivan Creek cross section BL-1. 

4.1.2. Tributary Delta Deposition 

The first method explored to calculate the sediment supplied from tributary watersheds relied on 
the volume of sediment deposited on the tributary deltas.  The volume of sediment was 
calculated by comparing pre-dam morphology to existing morphology.  As described in 
Appendix 1 and presented in Attachment A of Appendix 1 (Study 8 [SCL 2009a]), historic aerial 
photographs were reviewed to characterize the morphology of the tributary deltas prior to 
construction of the Project.  Appendix 3 of Study 8 (SCL 2009a) describes how historic 
topographic mapping and local resident interviews were used to better characterize the pre-dam 
delta morphology.  Appendix 3 also presents an assessment of existing delta morphology, and 
through comparison to pre-dam morphology, identifies how construction and operation of the 
Project caused certain deltas to evolve.  The historic evolution of the deltas was the basis for 
assigning models of future delta evolution.  Only the deltas at Slate Creek and Flume Creek were 
assigned Type 4 models (deltas where morphology is expected to change and the changes will be 
significantly influenced by operations scenarios).  The five deltas upstream from Metaline Falls 
(i.e., Sullivan, Linton, Pocahontas, Sweet, and Sand) were assigned Type 2 models (deltas where 
morphology is not expected to significantly change over the term of a new license). 

For the Slate Creek and Flume Creek deltas, located downstream from Metaline Falls, the 
creation of the Boundary Reservoir lead to the development of a delta in an entirely new location 
as compared to the pre-dam location.  The volume of sediment stored in these deltas represents 
the bed material load delivered from the contributing watersheds.  For the five selected deltas 
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upstream from Metaline Falls, the creation of the Boundary Reservoir was not observed to have 
caused a significant change in the delta morphology.  No significant aggradation or deposition 
was observed and changes in depositional volume were not detected.  Thus, these five deltas 
could not be used to estimate bed material loading from the contributing watersheds; only the 
deltas downstream of Metaline Falls were observed to have changed since dam construction, so 
these deltas were targeted for further evaluation. 

In addition to the Slate Creek and Flume Creek deltas, the deposition of gravel, cobble, and small 
boulders in a pile at the base of Pewee Falls provided another estimate of bed material volume 
delivered from tributary watersheds.  The pre-dam morphology at the existing location of these 
three depositional features was characterized primarily using the topographic mapping developed 
by SCL in 1957.  The topography was represented on this map using 20-foot interval contour 
lines.  The pre-dam channel of Pewee Creek below Pewee Falls was included in a 1947 
topographic map of the Project site (USACE 1947); these data were compared to the 1957 data 
and showed close agreement to the 1957 data. 

The historic morphology of the depositional features was compared to topographic and 
bathymetric mapping of existing conditions.  The mapping was conducted using multiple data 
collection techniques (see Section 4.2.1 of Appendix 3 of Study 8 [SCL 2009a] for details 
regarding these techniques).  The existing bathymetric and topographic mapping together 
represented the physical morphology of the tributary deltas as it existed between September 2005 
and October 2007.  The approximate midpoint of this period is September 2006; hereafter, these 
datasets are referred to as the “existing mapping.”  The existing mapping comprised individual 
surveyed points, each with a northing, easting, and elevation.  Surfaces were generated from 
these data points to represent the ground and contour maps with two-foot interval contours were 
derived from the surfaces. 

An average end area method was used to calculate the volume of bed material deposition stored 
since construction of Boundary Dam in the pile at the base of Pewee Falls and the Slate and 
Flume Creek deltas.  Approximately six sections through the existing deposition were evaluated 
such that the area of deposition was calculated.  The distance between successive sections was 
multiplied by the average of the depositional areas at these sections to calculate a volume of 
deposition.  The volume of deposition calculated at each depositional area is shown in 
Table 4.1-1. 

Table 4.1-1.  Calculated tributary depositional volumes. 

Tributary Name Depositional Volume (cubic yards) 
Pewee Creek 12,100 
Slate Creek 18,800 

Flume Creek 14,600 

The Boundary Reservoir was topped out in June 1967 and the first power was produced in 
September 1967.  Therefore, the volume of deposition calculated at each tributary confluence 
with the Boundary Reservoir occurred over approximately 39 years (September 1967 – 
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September 2006).  Since the bed material consists of sand and coarser size fractions, no 
consolidation of the deposition was considered.  A typical unit weight of 109 pounds per cubic 
foot (pcf) was selected for the depositional mixture of sand, gravel, cobbles, and small boulders.  
This unit weight was used with the calculated depositional volumes, the watershed areas, and the 
39-year period of deposition to calculate an average annual areal bed material loading rate.  The 
results are shown in Table 4.1-2. 

Table 4.1-2.  Calculated average annual loading of bed material. 

Tributary Name Area (acres) 
Bed Material Supply 

(tons/acre/year) 
Pewee Creek 5,6031 0.0815 
Slate Creek 20,693 0.0343 

Flume Creek 12,369 0.0444 
Note:
1 The South Fork of Pewee Creek was excluded from the watershed area due to a large wetland that traps all bed 

material upstream of Metaline Falls (the area of the South Fork watershed is 1,034.2 acres). 

The average annual bed material supplied to the depositional pile at the base of Pewee Falls is 
nearly twice the rate for either Slate Creek or Flume Creek.  A review of the depositional areas 
revealed that shoreline erosion along the Pewee Falls embayment of the reservoir had the 
potential to contribute substantial volumes of material to the depositional pile at the base of the 
falls.  Based on estimates of the shoreline erosion volume included in Study 1, Erosion Study 
Final Report (SCL 2009b), the depositional volume of bed material delivered from Pewee Creek 
was reduced to 12,100 cubic yards as shown in Table 4.1-2.  Despite this reduction, the bed 
material supply rate was still twice the other two tributaries.  A review of aerial photography 
from 1972 revealed the presence of a surface gravel pit at the confluence of the Middle Fork and 
North Fork of Pewee Creek, between Pewee Falls and the dam access road.  The photograph 
showed a large fill slope encroaching on the stream channels, with apparent erosion into the 
channel.  By the 2006 aerial photograph, this slope was stabilized and vegetated.  Without 
intervening photos of the area, it is unclear how long and to what extent the gravel extraction 
operation introduced bed material-sized sediment into Pewee Creek.  However, the gravel pit is 
expected to be the primary reason the volume of deposition per acre of contributing drainage 
area is so much greater at Pewee Creek than Slate or Flume creeks.  A straight average of the 
Slate Creek and Flume Creek bed material supply rates was thus used as an estimate of the 
average annual areal supply for all tributary watersheds.  The average rate was 0.0393 ton per 
acre per year. 

4.1.3. Regional Sediment Yield Relationships 

The tributary delta deposition discussed in the previous section targeted bed material sediment 
deposited; however, that method does not provide a means for calculating wash load delivered 
from tributary watersheds.  To address this gap, regional sediment yield relationships were 
initially considered, but later rejected when more reliable estimates were derived from 
depositional volumes stored in the Boundary Reservoir and calculated reservoir trapping 
efficiencies.  The regional sediment yield relationships considered are presented in this section, 
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but the selected method for estimating wash load (described in Section 4.3.2) used estimates of 
accumulated sediment in the Boundary Reservoir and estimated reservoir trapping efficiencies. 

As outlined in the Revised Study Plan (RSP) (SCL 2007), the finer size fractions of the sediment 
supply were estimated using watershed-based sediment yield relationships such as Rainwater 
(1962), Dendy and Bolton (1976), and the U.S. Department of Interior Bureau of Reclamation 
(USBR) (1987).  These methods are described in more detail in the following paragraphs. 

4.1.3.1. Rainwater (1962) Method 

The hydrologic atlas authored by Rainwater (1962) comprises three maps of the United States, 
one of which shows the average sediment concentration of rivers.  This atlas was developed to 
provide a starting point for evaluating surface water resources on a nationwide scale.  The map 
showing the sediment concentration of rivers provides the average annual, discharge weighted 
mean sediment concentration.  This mean concentration value represents only the suspended 
portion of the total sediment supply.  The Rainwater hydrologic atlas notes that sediment 
transport is a complicated process, and at the scale of the entire country, the concentration values 
are most applicable as general guidelines.  The sediment concentration in the majority of the 
watershed of the Pend Oreille River, and all of the watershed downstream of Lake Pend Oreille, 
is shown as less than approximately 280 parts per million (ppm), equal to 280 milligrams per 
liter (mg/L).  The suspended sediment load was calculated by multiplying the average annual 
discharge by the sediment concentration and a factor to convert units.  Given the relatively 
coarse resolution of this data, it was not seriously considered for further evaluation. 

4.1.3.2. Dendy and Bolton (1976) Method 

The Dendy and Bolton (1976) method was developed from sediment data collected from 500 
reservoirs with watershed areas of at least 1 square mile.  The method specifies a runoff 
threshold of 2 inches, below which sediment yield is directly related to annual runoff volume and 
above which sediment yield is inversely related to annual runoff volume.  As such, sediment 
yield increases as annual runoff approaches the threshold of 2 inches.  The method requires only 
the annual runoff volume (inches) and drainage area (square miles) to produce annual sediment 
yield (tons per square mile per year). 

The Dendy and Bolton (1976) method was developed for small to midsize catchments in the 
United States, so it is appropriate for preliminary evaluations on a regional basis; application to 
prediction of sediment from individual watersheds may produce errors as much as 10 to 100 
times larger or smaller than the actual sediment yields.  Therefore, similar to the Rainwater 
(1962) method, the Dendy and Bolton (1976) method of estimating sediment yield was not 
favored.

4.1.3.3. USBR (1987) Method 

The USBR (1987) developed a relationship between drainage area and average annual sediment 
yield rate.  The relationship requires only drainage area in square miles as input and provides 
sediment yield rates in units of acre-feet per square mile per year.  Because this relationship was 
developed from selected reservoir resurvey data in the semi-arid climate of the southwestern 



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 15 March 2009 

United States and provides sediment yield rate independent of runoff volume (meaning that the 
sediment yield is the same every year), its applicability to the study area was considered dubious. 

These three methods of estimating suspended sediment supply were developed to provide 
estimates and approximations for preliminary watershed planning or relative comparisons.  
While additional regional sediment yield methods were initially reviewed to identify whether a 
method exists that is more specific to conditions in the study area exists, it became apparent that 
the best available method for calculating wash load supply was not a regional yield relationship; 
rather, the calculation of trapped sediment in the Boundary reservoir coupled with calculated 
trapping efficiencies would provide the best estimate of wash load entering the reservoir (both 
from the mainstem and from tributary watersheds).  A more detailed discussion of this approach 
is presented in Section 4.3. 

4.1.4. Accumulated Reservoir Sediment and Reservoir Trapping Efficiency 

The best method of estimating wash load entering the reservoir (both from the mainstem and 
from tributary watersheds) involved calculations from estimates of trapped volumes of 
accumulated sediment in the Boundary Reservoir coupled with calculated trapping efficiencies.  
A more detailed discussion of this approach is presented in Section 4.2.3.2. 

4.1.5. Bed Material Transport Calculations 

The method described in Section 4.1.3 provided one way of calculating the bed material load 
delivered from tributary watersheds; however, the calculated rate was based on a limited number 
of deltas.  An alternate method of determining the bed material supply is application of equations 
that relate sediment transport capacity to channel geometry, hydraulics, and bed material 
gradation.  Appropriate bed material load equations were selected based on the dominant sizes of 
sediments and hydraulic conditions at selected tributaries.  Generally the sediment sizes found in 
appreciable quantities in the bed of a channel are transport limited.  Unlike the transport of wash 
load, which is limited by the supply of these finer size fractions, the transport of the bed material 
load is limited by transport capacity.  Since most bed material transport equations calculate 
transport rates assuming the needed size fractions are available in the surface of the bed, a 
condition that is frequently violated in the paved/armored steep stream channels common to the 
study area, the calculated transport rates have the potential to substantially overestimate actual 
transport. 

4.1.5.1. Development of Tributary Hydraulics 

The transport of non-cohesive bed materials common to the tributary channels within the study 
area is limited by the transport capacity of the flow, which is determined by channel hydraulics.  
As flow rates increase above a minimum threshold, the size and amount of sediment mobilized 
and transported increases.  Calculations of channel hydraulics were made to determine when 
various size fractions become mobile, and how much of a particular size fraction is transported.  
Hydraulic conditions for application of selected bed material load equations were determined 
from normal depth conditions.  During the September 2007 tributary delta field efforts, two cross 
sections were surveyed for selected tributaries near the upper end of the reservoir fluctuation 
zone or upstream in the tributary.  The locations were selected to best represent sections where 
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the sediment transport capacity is in balance with the sediment supply.  Excessive aggradation or 
the presence of an armor layer indicated excess or limited sediment supply, respectively, and 
sections with these characteristics were avoided if possible.  The overall water surface slope was 
surveyed in the area of each section; the calculated slopes are presented in Table 4.1-4.  The 
geometry of the cross sections and the water surface slope were surveyed using the equipment 
and approach described in Section 4.1.1.4.  Figures showing the channel geometry are presented 
in Attachment C.  The size distribution of the bed material at each section was characterized 
using one of the methods described in Section 4.1.1.3.  The channel roughness was visually 
estimated at each section and represented as a Manning n-value; selected values are presented in 
Table 4.1-4. 

Table 4.1-4.  Hydraulic parameters for calculations of bed material load. 

Cross Section Slope (feet/foot) Manning n-value 
Slate BL-1.1 0.0051 0.045 
Slate BL-1.2 0.036 0.045 
Flume BL-1 0.014 0.035 

Sullivan BL-1 0.016 0.035 
Sullivan BL-2 0.016 0.035 
Linton BL-1 0.021 0.030 
Linton BL-2 0.021 0.030 

Pocahontas BL-1 0.0541 0.040 
Pocahontas BL-1 0.0541 0.040 

Sweet BL-1 0.017 0.045 
Sweet BL-2 0.017 0.045 
Sand BL-1 0.0161 0.040 
Sand BL-2 0.0161 0.040 

Note:
1 Pocahontas Creek and Sand Creek were dry at the time of the survey, so the thalweg slope was measured 

instead of the water surface slope. 

The channel geometry, slope, and roughness were input to the SAMwin software (Ayers 
Associates 2003) to calculate hydraulic properties such as flow depth, flow area, velocity, and 
shear stress for a range of flow rates.  The SAMwin software also provides calculations of 
transport rate by size fraction for a variety of transport equations.  For the channels in the study 
area, the bed materials were characterized as gravels and cobbles, coarser than the sand sizes 
used for development of many equations.  Therefore, some transport equations were evaluated in 
SAMwin, and others were applied using the hydraulic output from SAMwin in a spreadsheet.  
Within SAMwin the following transport equations were applied: the bed load formulation of the 
Einstein equation (1950), the Meyer-Peter and Muller equation (1948), the Parker (1990) 
equation, and Madden’s (1993) modification of the Laursen equation.  All four of these 
equations were selected for their applicability to higher gradient, gravel and cobble bed material 
streams.  Outside of SAMwin, two equations developed for paved streams were applied: the 
Bathurst equation (2007) and the Barry et al. (2004, 2007) equation.  These two equations 
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included a term to account for a reduction in transport rate due to the development of a pavement 
layer.

4.1.5.2. Synthesis of Tributary Hydrologic Record 

The hydraulic conditions that affect bed material transport in the tributaries are a function of 
hydrologic conditions.  Sullivan Creek is the only tributary to the Pend Oreille River between 
Box Canyon Dam and Boundary Dam where a flow gage is maintained and long-term historic 
flow records have been recorded.  The generation of a hydrologic record is required to calculate 
bed material transport in tributaries other than Sullivan Creek.  Documentation of the process 
used to synthesize hydrologic records for study area tributaries is currently being compiled in a 
hydrology report (R2 Resource Consultants 2008).  A brief summary of the process is presented 
here.

A commonly used approach to create hydrologic records for ungaged watershed is to scale 
hydrologic records from a gaged watershed with similar characteristics to the watershed of 
interest.  Hydrologic characteristics typically considered include precipitation regime, 
contributing drainage area, and mean annual volume of precipitation; other characteristics that 
may be considered include land cover, watershed shape, watershed slope, and geology/soils. 

Gaged watersheds in the Pend Oreille River basin were evaluated to identify an appropriate 
“reference” gage for extending the record on Sullivan Creek and for creating hydrologic records 
for the ungaged watersheds between Box Canyon Dam and Boundary Dam.  The evaluations 
started with a comparison of the hydrologic record of the candidate gage to the period of record 
on Sullivan Creek.  It is important to note that flows in Sullivan Creek are regulated by Sullivan 
Lake, so the gage on the unregulated reach of Sullivan Creek was used (U.S. Geological Survey 
[USGS] gage 12396900).  The closer geographically the candidate gage to the study area, the 
greater the likelihood of similar precipitation regime, land cover, watershed slope, and 
geology/soils.  A scaling factor derived as a ratio of contributing drainage areas was applied to 
the candidate gage to evaluate how well the Sullivan Creek record is replicated.  An additional 
scaling factor derived as a ratio of mean annual volume of precipitation was also evaluated, but it 
did not improve the representation of the Sullivan Creek record.  The scaling relationship for the 
candidate gage that best replicated the Sullivan Creek gage (i.e., the reference gage) was located 
on the Salmo River (Water Survey of Canada gage 08NE074).  The parameters in the 
relationship (e.g., contributing drainage area and a seasonal adjustment factor) were quantified to 
generate a long-term hydrologic record for all ungaged tributary watersheds to the Pend Oreille 
River between Box Canyon Dam and the confluence of Red Bird Creek with the Pend Oreille 
River.  Additional details on the method are available in the hydrologic report (R2 Resource 
Consultants 2008). 

The average annual loading of bed material was based on the integration of the synthesized 
hydrologic record for each tributary.  The 39 years of daily average flow rates (September 1967–
December 2006) for the seven selected tributaries were evaluated to determine flow duration 
curves.  Ten flow rates were selected from these curves as input to SAMwin so that bed material 
load transport could be calculated across the range of synthesized flows. 
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4.1.5.3. Bed Material Load Calculations 

To evaluate the suitability of the considered bed material load transport equations, calculated 
transport over the 39 year period of Project operations was summed and compared to the 
calculated volume of deposition stored in tributary deltas.  Due to the known volume of 
deposition in the Slate Creek and Flume Creek deltas, these two tributary watersheds were first 
evaluated.  While transport rates by size fractions were ultimately needed, only the bulk volume 
was considered during the initial comparison. Although sand size fractions are present in the 
depositional volume at the tributary deltas, the bed material transport equations developed for 
gravel bed rivers generally do not include sand size fractions.  Therefore, the gradation of 
depositional material at all seven selected deltas was compared, and except for the Linton Creek 
delta, the sand fraction of the deposition ranged from 32–40 percent, with an average value of 
approximately 36 percent.  The volume of deposition at the Slate Creek and Flume Creek deltas 
was reduced by 36 percent to estimate the gravel and coarser size fractions stored in the delta and 
delivered from the contributing watershed.  These reduced volumes were used as the basis for 
comparing calculated bed material transport rates. 

Calculated rates of bed material transport were made by applying the transport formulae to the 
average daily flow rate in each tributary.  Instead of applying transport formulae to every flow 
rate over the 39 year period of interest, a power relationship was developed between average 
daily flow and sediment transport rate.  This relationship was derived using 10 flow rates 
selected from the flow duration curve developed for each tributary such that transport rates 
across the range of flows were calculated.  Plots of sediment transport rate (tons per day) as a 
function of flow rate (average daily cubic feet per second [cfs]) were generated and power 
relationships fitted to the points.  The best fit relationship was then used to calculate a daily bed 
material transport rate for any flow within the 39-year period of synthesized flows.  The daily 
sediment transport rates were then summed, converted to a volume, and compared to the stored 
volumes in the tributary deltas. 

Comparing the calculated rates of bed material transport to the gravel and coarser size fractions 
stored in the Slate Creek and Flume Creek deltas revealed considerable differences between the 
equations.  The Parker (1990), Einstein (1950), and Meyer-Peter and Muller (1948) equations 
predicted transport rates that were orders of magnitude greater than actual transport.  These 
results were expected due to the effect of pavement layers on the stream beds reducing available 
supply, but no accounting for this effect by these equations.  Conversely, the Bathurst (2007), 
Barry et al. (2004, 2007), and Madden (1993) equations were developed specifically for higher 
gradient channels with coarser bed materials and pavement layers.  These three equations 
predicted bed material transport rates that were generally within a factor of 2 to 3 times the 
actual rate.  However, the Bathurst (2007) and Barry et al. (2004, 2007) equations were sensitive 
to subsurface substrate gradations and the magnitude of the 2-year recurrence interval flow rate, 
respectively.  The sensitivity of the equations to these estimated data introduced additional 
variability that could cause the estimates to vary up to an order of magnitude. 

In summary, the bed material transport calculations served to confirm that the presence of 
pavement layers reduces sediment transport and that the rates estimated using the volume of 
material stored in tributary deltas was reasonable. 
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4.1.6. Comparison of Tributary Watershed Sediment Supply Methods  

Four different methods were pursued to estimate the rate of bed material load and wash load 
delivered to tributary deltas and the mainstem from tributary watersheds.  The first method 
described in Section 4.1.2 provided a means for estimating the bed material loading from 
tributary watersheds.  The application of regional sediment yield relationships (Section 4.1.3) 
was targeted toward the finer size fractions delivered from the watershed.  The application of bed 
material transport equations described in Section 4.1.4 established another basis for estimating 
bed material loading.  Given the applicability of these methods to either wash load or bed 
material load, no single method could be selected to quantify the needed sediment supply 
estimate. 

For the wash load, the regional sediment yield relationships considered were not specific enough 
to the study area to provide appropriate estimates.  The best estimate of wash load was derived 
using depositional volumes in the Boundary Reservoir and trapping efficiencies of the reservoir 
(see Section 4.3.2).  The bed material load was calculated from volumes stored in tributary deltas 
and by application of bed material transport equations.  The method based on depositional 
volumes in the Slate Creek and Flume Creek deltas, when converted to an areal loading rate, 
showed close agreement between the calculated loading rates for each tributary.  The average of 
these two areal rates is 0.0393 ton per acre per year.  When compared to rates of bed material 
transport calculated using selected transport equations, of the transport equations tended to over 
predict supply.  While some equations predicted transport rates that were a few orders of 
magnitude high, other equations that accounted for a pavement layer predicted transport rates 
that were only 2 to 3 times larger than expected.  While the over prediction using transport 
equations was expected due to the effect of pavement layers limiting supply of bed materials, the 
equations confirmed that the rate calculated from delta deposition was reasonable. 

4.1.7. Sediment Gradation 

The sediment size selected to distinguish bed material load from wash load was 0.0625 mm (the 
lower limit of sand and the upper limit of silt).  The weights of bed material load and wash load 
were calculated, but these weights had to be divided by sizes fraction.  For the bed material size 
fractions, representative gradations were selected from collected sediment samples on the deltas.  
As the depositional material on the deltas is derived from the bed material transported from the 
tributary channel, the gradation of the depositional material was used to distribute the total 
amount of bed material transport into amounts by size class.  The size classes used for this 
project were subdivided based on the American Geophysical Union (AGU) classification scale 
(Table 2-1, Vanoni 1975 as referenced in USACE 1993) and are presented in Table 4.1-5.  As 
shown in this table, there are 20 sediment size classes: one for clay, four for silt, and fifteen for 
sand through boulders. 
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Table 4.1-5.  Sediment size classes. 

Sediment Size Class 
Name Symbol Lower Bound (mm) Upper Bound (mm) 

Geometric Mean 
(mm)

Clay Clay 0.002 0.004 0.00283 
Very Fine Silt VFM 0.004 0.008 0.00566 

Fine Silt FM 0.008 0.016 0.0113 
Medium Silt MM 0.016 0.032 0.0226 
Coarse Silt CM 0.032 0.0625 0.0447 

Very Fine Sand VFS 0.0625 0.125 0.0884 
Fine Sand FS 0.125 0.25 0.177 

Medium Sand MS 0.25 0.5 0.354 
Coarse Sand CS 0.5 1 0.707 

Very Coarse Sand VCS 1 2 1.41 
Very Fine Gravel VFG 2 4 2.83 

Fine Gravel FG 4 8 5.66 
Medium Gravel MG 8 16 11.3 
Coarse Gravel CG 16 32 22.6 

Very Coarse Gravel VCG 32 64 45.3 
Small Cobbles SC 64 128 90.5 
Large Cobbles LC 128 256 181 
Small Boulders SB 256 512 362 

Medium Boulders MB 512 1024 724 
Large Boulders LB 1024 2048 1448 

Representative gradations for bed material deposited on the deltas were selected to cover the 
range of the maximum size of mobile bed material through sands.  The gradation of all samples, 
including bar samples and subsurface samples were considered.  The selected gradations are 
presented in Table 4.1-6; the gradations are shown as percent of the sample by weight within 
each size class. 
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Table 4.1-6.  Bed material gradation (percent by weight) for selected tributary watersheds. 

Symbol dgm (mm) Slate Flume Sullivan Linton Pocahontas Sweet Sand 
VFS 0.0884 0 0 1 3 1 1 2 
FS 0.177 0 1 1 10 0 2 1 
MS 0.354 1 2 11 20 3 6 4 
CS 0.707 2 4 9 13 8 8 7 

VCS 1.41 4 6 11 10 15 11 12 
VFG 2.83 4 5 7 7 14 12 10 
FG 5.66 6 6 12 12 15 14 14 
MG 11.3 10 12 18 17 13 18 18 
CG 22.6 16 19 13 5 14 14 16 

VCG 45.3 17 21 12 3 13 10 14 
SC 90.5 33 22 4 -- 3 4 2 
LC 181 7 2 1 -- 1 -- -- 
SB 362 -- -- -- -- -- -- -- 
MB 724 -- -- -- -- -- -- -- 
LB 1448 -- -- -- -- -- -- -- 

Note:
dgm – diameter of geometric mean of the size class 

The wash load is comprised of the clay and four silt size fractions.  The distribution of the total 
wash load into these five size classes follows the same approach described for the mainstem 
Pend Oreille River described in Section 4.3.6. 

4.2. Boundary Reservoir Shoreline 

One of the objectives of Study 1 (SCL 2009b) was to estimate erosion rates by sediment size 
fraction, the area and volume of land that could be lost to erosion, and slope failures at each of 
the identified sites along the shoreline of the reservoir over the potential term of a new license.  
Details regarding the methods and results of the Erosion Study are available in the SCL (2009b) 
final report; an overview of relevant material is presented in the following paragraphs. 

The reservoir erosion inventory conducted in 2007 identified 54 erosion sites between Boundary 
Dam and Metaline Falls, 30 sites from Metaline Falls to Box Canyon Dam, and 3 sites along the 
Pend Oreille River between Boundary Dam and the U.S.-Canada border.  Detailed information 
on each site is included in the data table in Appendix 2 of the Study 1 Final Report (SCL 2009b).  
The erosion sites identified include both linear features (erosion along the shoreline) and 
polygons (mass wasting sites that extend above the shoreline).  A total of 81,606 feet (15.5 miles, 
32 percent of the total shoreline length) of the reservoir shoreline was identified as part of an 
erosion site.  Inclusion of a shoreline area as part of an erosion site indicated that this area either 
has been subject to shoreline erosion in the past or is eroding at present. 
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Based on the estimated area of past shoreline loss, the estimated erosion rates at each erosion 
site, and the dimensions of each site (length and bank height), it was calculated that a total of 14 
to 15 acres of land adjacent to the shoreline has been lost in the past 40 years as a result of all 
erosion factors (Project and non-Project).  This is equivalent to the loss of an estimated 233,500 
cubic yards of material.  Based on the composite grain size distribution of the various parent 
materials applied to each erosion site, it was estimated that 1 percent of the total eroded material 
was boulder/cobble size, 47 percent was gravel size, 42 percent was sand size, 5 percent was silt 
size, and 5 percent was clay. 

The total volume of reservoir shoreline erosion calculated since construction of the Project for all 
identified erosion sites included in Study 1 was converted to a daily average erosion rate by size 
fraction.  This was achieved by dividing the total volume of eroded material within specified size 
fraction classes by the number of days over the 40-year period between September 1967 and 
September 2007.  The Boundary Reservoir was filled in September 1967 and the Study 1 field 
survey was conducted in September 2007.  This approach was selected because the shoreline 
erosion is not solely linked to mainstem flow rates; rather, it is the result of a variety of factors 
including peak flows, reservoir water surface elevation fluctuations, waves, and non-Project 
factors.  The combination of these factors made it difficult to determine a more reliable temporal 
distribution of shoreline erosion than the daily average rate. 

4.3. Mainstem Pend Oreille River 

In support of the modeling of erosion, transport, and accumulation of sediments in the mainstem 
Pend Oreille River over the potential term of a new license, the future supply of sediment to the 
study area by the mainstem Pend Oreille River was estimated.  As with the sediment supply from 
tributary watersheds, the sediment supplied by the mainstem includes both bed material load and 
wash load.  Multiple methods were applied to estimate the sediment supply, including use of the 
trapped volume of sediment in the reservoir with calculated trapping efficiencies and 
downstream suspended sediment monitoring data to calculate inflowing sediment (Section 
4.3.2), application of regional sediment yield relationships (Section 4.3.3), and bed material 
transport calculations (Section 4.3.4).  These methods were compared to identify the best 
estimate of mainstem sediment supply.  The technique used to distribute the supply by size 
fraction is described in Section 4.3.6. 

4.3.1. Field Surveys and Data Collection 

Applying each of the different techniques for estimating future mainstem sediment supply 
required collection of data in the field.  Data collection efforts occurred during the September 
2007 reservoir drawdown to take advantage of exposed depositional features, bars, and 
bedforms.  The focus of the data collection was characterization of the depositional and riverbed 
materials. 

Upstream from Metaline Falls, the depositional and riverbed materials were characterized either 
through Wolman (1954) pebble counts or through collection of volumetric samples that were 
later sieved.  The methods for both of these techniques are described in Section 4.1.1.3. 
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Twenty-two sediment samples were collected between Box Canyon Dam and the bar along the 
left bank adjacent to the Metaline Park.  The locations of the sample are shown in Figure 4.3-1. 

The sediment samples were collected to quantify the particle size distribution at various places of 
interest to describe the dominant materials.  Though samples were all designated “BM” referring 
to bed material, the samples represent both bed material and materials deposited on various bars.
In some cases, both surface and subsurface gradations of the bed material were sampled.  These 
selected subsurface bed material samples were collected when there was a distinct pavement 
layer and conditions allowed retrieval of a subsurface sample.  The size distribution was 
characterized using particle size diameter for which a standard percentage of the sample is finer 
(as measured by weight).  Percent finer fractions selected for this study include d85, d50, and d15.
A summary of the sediment samples and selected size fractions are presented in Table 4.3-1.
Plots of the sediment size distribution for each of these samples are presented in Attachment D.  
Figure 4.3-1 is an example gradation plot. 

Table 4.3-1.  Summary particle size statistics for sediment samples collected in the mainstem. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Volumetric Mainstem PRM 27.6, depositional bar 0.33 0.20 0.13
BM-2 Volumetric Mainstem PRM 27.9, surface 13 4.1 0.51
BM-3 Volumetric Mainstem PRM 27.9, subsurface 2.7 0.93 0.41
BM-4 Volumetric Mainstem PRM 28.1 34 18 1.6
BM-5 Volumetric Mainstem PRM 28.9, depositional bar 0.20 0.11 0.016
BM-6 Volumetric Mainstem PRM 28.9, depositional bar 0.10 0.036 0.0042
BM-7 Wolman Count Mainstem PRM 30.15 100 51 12
BM-8 Wolman Count Mainstem PRM 30.25 110 66 26
BM-9 Volumetric Mainstem PRM 31.4, surface 34 17 3.3

BM-10 Volumetric Mainstem PRM 31.4, subsurface 20 4.2 0.36
BM-11 Volumetric Mainstem PRM 33.0, depositional bar 0.19 0.12 0.069
BM-12 Volumetric Mainstem PRM 33.0, depositional bar 0.13 0.057 0.011
BM-13 Wolman Count Mainstem PRM 33.15 80 32 13
BM-14 Wolman Count Mainstem PRM 33.15 110 42 20
BM-15 Wolman Count Mainstem PRM 31.65 100 40 17
BM-16 Wolman Count Mainstem PRM 31.0 130 100 51
BM-17 Volumetric Mainstem PRM 31.9, subsurface 1.5 0.65 0.35
BM-18 Wolman Count Mainstem PRM 31.9  80 34 12
BM-19 Volumetric Mainstem PRM 32.8, subsurface 68 18 1.3
BM-20 Wolman Count Mainstem PRM 32.8 100 51 18
BM-21 Volumetric Mainstem PRM 33.8, subsurface 53 2.1 0.22
BM-22 Wolman Count Mainstem PRM 33.8 102 91 50

Notes:
mm – millimeter 
PRM – Project river mile 
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Figure 4.3-2.  Particle size distribution for mainstem sediment sample BM-9. 

In addition to the sediment samples collected in September 2007, depositional materials were 
sampled throughout the reservoir as part of Study 4, Toxics Assessment: Evaluation of 
Contaminant Pathways Final Report (SCL 2009c).  Sediment sampling was conducted at 14 sites 
to characterize the longitudinal gradient of potential contaminant concentrations (Figure 4.3-3).  
More relevant to Study 8 is the gradation of the depositional materials as characterized through 
sieve analyses.  A summary of the grain sizes as grouped into clay, silt, sand, and fine gravel is 
presented in Table 4.3-2. 
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Table 4.3-2.  Summary particle size for Study 4 sediment samples collected in the mainstem. 

Percent Composition of Sample (by weight) 
Sample ID Clay1 Silt2 Sand3 2–5 mm 5–6 mm 
Site 1 #1 16 80 4 -- -- 
Site 1 #2 18 78 4 -- -- 
Site 1 #3 21 76 3 -- -- 
Site 2 #1 12 51 37 -- --
Site 2 #2 16 55 29 -- --
Site 2 #3 15 58 27 -- --
Site 3 #1 19 78 3 -- -- 
Site 3 #2 19 74 7 -- -- 
Site 3 #3 20 75 5 -- -- 
Site 4 #1 12 57 31 -- --
Site 4 #2 9 50 41 -- --
Site 4 #3 10 59 31 -- --
Site 5 #1 1 9 90 -- -- 
Site 5 #2 2 14 84 -- -- 
Site 5 #3 1 4 95 -- -- 
Site 6 #1 0 1 93 6 --
Site 6 #2 0 1 97 2 --
Site 6 #3 0 2 96 2 --
Site 7 #1 0 1 99 -- -- 
Site 7 #2 0 10 68 12 10 
Site 7 #3 0 1 50 23 26 
Site 8 #1 0 8 79 9 4
Site 8 #2 0 10 76 6 8
Site 8 #3 0 7 67 11 15
Site 9 #1 0 12 86 2 -- 
Site 9 #2 0 5 93 2 -- 
Site 9 #3 0 0 79 13 8 
Site 10 #1 1 16 83 -- --
Site 10 #2 2 41 57 -- --
Site 10 #3 2 25 73 -- --
Site 11 #1 0 2 98 -- -- 
Site 11 #2 0 28 72 -- -- 
Site 11 #3 0 18 82 -- -- 
Site 12 #1 0 5 94 1 --
Site 12 #2 0 11 88 1 --
Site 12 #3 0 8 90 2 --
Site 13 #1 0 22 77 1 -- 
Site 13 #2 0 4 69 11 16 
Site 13 #3 0 13 76 6 5 
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Percent Composition of Sample (by weight) 
Sample ID Clay1 Silt2 Sand3 2–5 mm 5–6 mm 
Site 14 #1 0 0 98 2 --
Site 14 #2 0 4 94 1 1
Site 14 #3 0 4 95 1 --

Notes:
1 Size fraction less than 0.004 mm. 
2 Size fractions 0.004–0.075 mm. 
3 Size fractions 0.075–2 mm. 

The data collected from both the Study 8 and Study 4 field efforts were useful in characterizing 
the sizes and distribution of sediment in the study area.  Upstream from Metaline Falls, the bed 
material samples collected for Study 8 show consistent gravel and cobble sized substrates.  The 
samples not collected from the bed for Study 8 revealed predominantly sand and silt size 
fractions stored on bars and depositional features in the upper reservoir.  The Study 4 samples 
show that of the locations sampled, clay is deposited only in the Boundary Forebay.  The clay 
fractions represent on average approximately 20 percent of the forebay samples, with silt 
comprising the majority of the remaining material.  Moving in the upstream direction, the 
samples reveal little if any clay, smaller amounts of silt, and increasing amounts of sand and fine 
gravel.  Considering that the samples collected for Study 4 were targeted to areas where fine 
materials (and bound metals and other toxics) were expected to deposit, the lack of clay and 
minor amounts of silt in the Upper Reservoir indicate that silt and clay are appropriately 
considered wash load.  These size fractions are washed through the Canyon Reach (which 
extends from Metaline Falls to the downstream end of Z Canyon [Project river mile 26.8 to 
18.0]), and only begin to deposit upon entering the forebay. 

4.3.2. Deposition in the Boundary Reservoir and Reservoir Trapping Efficiency 

As addressed in the previous section, the size fractions in the wash load have been deposited in 
the forebay since construction of the Project.  However, not all the wash load is trapped in the 
reservoir.  Multiple sources of data were evaluated to estimate the volume of sediment deposited 
in the Boundary Reservoir, and by association, the supply of sediment to the reservoir.  A 
comparison of existing bathymetric mapping to historic mapping provided one estimate of 
depositional volume.  This method was compared to calculated trapping efficiencies coupled 
with suspended sediment data monitored by the USGS at the international boundary. 

4.3.2.1. Identification of Zones of Erosion and Sediment Accumulation 

The results of bathymetry and topographic surveys conducted prior to Project construction were 
compared to existing (i.e., 2006) bathymetry to guide the identification of zones of erosion and 
accumulation of sediment between 1967 and 2006 in the Pend Oreille River from Box Canyon 
Dam to approximately Red Bird Creek. 

In developing the approach to performing the comparison of the existing and pre-dam 
topography and bathymetry, it was important to note the differences in the coverage and 
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resolution of the datasets.  The historic topography collected in 1957 (SCL 1957) covered the 
area from just upstream of Box Canyon Dam downstream to the international border at 
elevations greater than the water surface in the Pend Oreille River.  The topography was 
represented using 20-foot interval contour lines.  One source of pre-dam bathymetric data was a 
single thalweg profile indicating an “approximate river bottom” (Sewell and Sewell date 
unknown).  The thalweg profile covered the length of the Pend Oreille River from Box Canyon 
Dam to the international border.  However, no information was available about the development 
of this profile, particularly the data collection method, the date, or the accuracy of the data.
Through information obtained through the Seattle District of the U.S. Army Corps of Engineers, 
additional pre-dam information was obtained.  Two plates showing topographic contours of the 
forebay prior to dam construction (USACE 1944a, 1947) were used to estimate pre-dam channel 
geometry; although, the plates contained no information below the water surface at the time of 
the surveys.  Soundings of the river bottom were shown on a few different places in the vicinity 
of the existing dam (USACE 1944a, 1944b, 1944c).  As an additional data source, the USGS 
provided measurements of channel surveys collected at the Z Canyon gage (USGS gage 
12398500) prior to its abandonment due to flooding of the reservoir.  The USGS surveys were 
available for three high flow rates (June 19, 1964; June 14, 1964; and July 29, 1964), providing 
for an area of overlap with the topographic data.  The soundings were combined with the 
topographic data to generate pre-dam reservoir geometry at locations where cross sections were 
generated for the Hydraulic Routing Model (HRM) developed for Study 7, Mainstem Aquatic 
Habitat Study (SCL 2009d).  The cross section locations are presented in Attachment A to 
Appendix 5 of the Study 8 Final Report (SCL 2009a).  Figures comparing the pre-dam and 
existing geometry are included in Attachment E; an example of the comparison made at cross 
section 5623 (PRM 17.05)is shown in Figure 4.3-4. 
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Figure 4.3-4.  Downstream facing view comparing 2006 to pre-Project channel geometry at modeling 
section 5623 (PRM 17.05). 

The resolution of the existing topography and bathymetry is such that the entire study area is 
represented with high resolution.  A multibeam sonar bathymetric survey was conducted within 
the Boundary Dam Reservoir by Global Remote Sensing, LLC (GRS) in 2006.  The data from 
this survey were supplemented and checked, in selected areas, with a high resolution multibeam 
bathymetry and scanning laser shoreline survey, collected by Tetra Tech in June/July 2007.  GRS 
partially resurveyed the reservoir with a high resolution multibeam bathymetry system in 
October 2007.  Tetra Tech conducted a concurrent shoreline scanning laser survey to provide full 
coverage of the shoreline below Metaline Falls.  This bathymetric and scanning laser data were 
combined with topographic surveys conducted using light detection and ranging (LiDAR) 
technology.

Due to the differences in resolution and coverage of the historical versus current surveying 
techniques and equipment, and the higher uncertainties in the vertical control for the historical 
data, care was taken when comparing data to ensure that apparent differences in geometry were 
due to erosion or sediment accumulation and not simply differences in the resolution of the data 
sets.  The approach used to estimate the volume of sediment accumulation in the forebay is the 
same one used to calculate the volume of sediment accumulated in the tributary deltas 
(Section 4.1.2).  The average end area method averages the area of sediment accumulation at 
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either end of a reach of channel, and the reach length is multiplied by the average area to produce 
a volume.  Eight cross sections were evaluated in the forebay and the associated reach lengths 
and areas of sediment accumulation are presented in Table 4.3-3. 

Table 4.3-3.  Volume of sediment accumulated in the Boundary Forebay. 

Cross Section 
Downstream Reach 

Length (feet) 
Area of Sediment 
Accumulation (ft2)

Sediment Volume 
(cubic feet) 

Sediment Volume 
(acre feet) 

5623 635 12,244 7,775,000 178.5 
6445 870 48,178 41,915,000 962.2 
7488 592 13,340 7,904,000 181.4 

USGS Gage 405 10,350 4,192,000 96.2 
8364 1,065 11,072 11,792,000 270.7 
9874 12,00 24,201 29,041,000 666.7 

12044 d/s bend 708 17,217 12,181,000 279.6 
12044 u/s bend 995 16,150 16,069,000 368.9 

TOTAL 6470  130,868,000 3,004 

The volume of sediment accumulation in the Boundary Forebay since construction of the dam 
was estimated as approximately 3,000 acre-feet.  Coupled with the average gradations of samples 
Site 1, Site 2, and Site 3 collected for Study 4, approximately 17 percent of this volume was 
estimated to be clay, 70 percent was estimated as silt, and the remaining 13 percent as sand. 

Outside of the forebay, the only other likely location of considerable sediment accumulation was 
the 2-mile reach of the mainstem downstream of Deadman’s Eddy (PRM 25.8).  The longitudinal 
profile (Sewell and Sewell date unknown) through this reach indicated an average increase in 
thalweg elevation of approximately 16 feet, with maximum increases of approximately 28 feet.  
No data was available to confirm this apparent discrepancy, but the magnitude of the difference 
and the consistency of the difference over the length of channel indicated this apparent difference 
in thalweg elevation was unlikely to result simply from differences in the resolution of the 
datasets.  Because no data were available to estimate cross section geometry (only the thalweg 
elevation was shown on the pre-dam profile), the area of each cross section representative of 
sediment accumulation was estimated using the hydraulic width (cross section area divided by 
maximum depth).  The difference in thalweg elevation between the Sewell and Sewell profile 
and the existing bathymetry was multiplied by the hydraulic width to estimate the change in 
cross section area.  The average end area method was used to estimate the volume of sediment 
accumulation in this reach.  Twenty cross sections were evaluated; the associated reach lengths, 
areas of sediment accumulation, and volume of accumulation are presented in Table 4.3-4. 
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Table 4.3-4.  Volume of sediment accumulated in the Boundary Canyon Reach. 

Cross Section 

Downstream 
Reach Length 

(feet) 
Project River 

Mile

Difference in 
Thalweg 

Elevation (feet) 
Hydraulic 

Width (feet) 

Sediment
Volume (acre 

feet)
39878 300 23.045 -3.42 198.6 13.0 
40527 641 23.166 5.33 238.1 -0.3 
41385 795 23.317 -0.07 224.6 20.1 
41730 321 23.378 7.34 188.6 23.3 
42048 309 23.436 14.83 247.0 37.5 
42655 589 23.548 15.14 236.6 11.8 
43023 366 23.617 4.77 207.4 9.5 
43379 349 23.683 5.31 230.7 43.8 
44184 733 23.822 11.19 354.9 54.1 
45013 786 23.971 10.2 257.2 83.2 
45884 857 24.133 17.09 259.0 57.7 
46619 668 24.260 11.7 310.6 27.4 
46632 12 24.262 11.32 285.8 102.8 
47561 846 24.422 23.51 446.2 245.7 
48571 946 24.602 28.45 396.4 98.3 
49380 764 24.746 12.19 428.9 196.0 
50159 750 24.888 22.59 570.8 146.5 
50590 417 24.967 20.31 479.4 74.0 
50703 112 24.989 25.11 506.0 35.3 
51103 327 25.051 15.27 443.0 225.5 
51877 691 25.181 23.69 495.1 13.0 

TOTAL 11,579    1,505 

The estimated volume of sediment accumulation in the Canyon Reach of the reservoir is 
approximately 1,500 acre-feet.  Coupled with the average gradations of samples 5-SED and 6-
SED collected for Study 4, approximately 1 percent of this volume was estimated to be clay, 6 
percent was estimated as silt, 92 percent as sand, and 1 percent as fine gravel. 

Comparison of 2006 aerial photography to pre-dam aerial photography showed no substantial 
development of depositional bars was apparent in the upper reservoir.  The comparison of the 
Sewell and Sewell profile matched very closely the profile of the thalweg derived from the 2006 
bathymetric survey.  Therefore, no zones of erosion or sediment accumulation were identified 
upstream from Metaline Falls. 

The volume of material trapped in the reservoir was converted to a weight using a unit weight 
that accounts for consolidation of silt and clay.  The key factors influencing consolidated unit 
weight are the types and sizes of depositional material, the potential for drying due to reservoir 
operations, and the consolidation rate of the depositional materials.  Lara and Pemberton (1965) 
developed an equation to determining the unit weight of the deposits with the type of reservoir 
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operation.  Miller (1953) developed an approximated of the integral for determining the average 
density of all sediment deposited over a specified period of reservoir operation.  For the 39-year 
period during which the Project has been in operation, application of the Lara and Pemberton 
(1965) and Miller (1953) equations produces an average density of deposits in the Forebay 
Reach (downstream end of Z Canyon to Boundary Dam [Project river mile 18.0 to 17.0]) of 
64.2 pounds per cubic foot.  Due to the more than 90 percent of the canyon reach deposit 
consisting of sand, no consolidation was considered and a unit weight of 97 pounds per cubic 
foot was applied.  Using these unit weights, the weight of sediment trapped in the forebay was 
calculated to be 4.20 million tons and the weight of sediment trapped in the canyon reach was 
calculated to be 3.18 million tons. 

4.3.2.2. Sediment Passing Through Boundary Dam 

The USGS collected measurements of water quality parameters at the International Boundary 
(USGS gage 12398600), including measurements of suspended sediment from 1974 to 1985.  No 
study or publication of this data is known as the data was likely collected to generally 
characterize overall water quality of the Pend Oreille River.  Due to the lack of any significant 
tributaries or inflows between Boundary Dam and the USGS gage, measurements of suspended 
sediment were used to represent the load of sediment passing through Boundary Dam.  
Approximately 105 discrete suspended sediment samples were collected over the 12-year 
monitoring period over a wide range of flows.  The suspended sediment load in tons per day was 
plotted against the daily average flow rate to develop a sediment rating curve.  The rating curve 
was applied to the daily average flow rate discharged from the Project to estimate the sediment 
load passing through Boundary Dam.  The sediment rating curve developed from the USGS data 
is presented in Figure 4.3-4. 



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 34 March 2009 

y = 1.705E-06x1.854E+00

R2 = 7.408E-01

y = 1.5808E-04x1.3980E+00

R2 = 4.2399E-01

y = 1.2567E-09x2.5263E+00

R2 = 9.2192E-01

10

100

1,000

10,000

100,000

1,000 10,000 100,000 1,000,000

Daily Average Discharge (cfs)

Su
sp

en
de

d 
Se

di
m

en
t D

is
ch

ar
ge

 (t
on

s/
da

y)

Figure 4.3-4.  Sediment rating curve for USGS gage 12398600 at international boundary. 

As shown in Figure 4.3-4, three trend lines were fitted through the data.  The red line represents 
the entire data set; the green and blue lines represent flows less than 40,000 cfs and greater than 
40,000 cfs, respectively.  These two relationships were used to estimate the tons of sediment 
passing through Boundary Dam on a daily basis. 

4.3.2.3. Application of Reservoir Trapping Efficiency 

The concept of reservoir trapping was used in conjunction with both sediment loads trapped in 
the Boundary Reservoir (Section 4.3.2.1) and sediment loads passing through Boundary Dam 
(Section 4.3.2.2) to estimate the total sediment supply to the system.  The concept of reservoir 
trapping efficiency allowed for a refinement of the estimated sediment load. 

The reservoir trapping efficiency is defined as the ratio of the weight of sediment trapped in the 
reservoir divided by the total weight of incoming sediment.  The trapping efficiency of Boundary 
Reservoir was calculated using methods developed by Churchill (1948), Brune (1953), and 
Einstein (1965).  The total weight of incoming sediment was “back calculated” using either 
weight of sediment trapped in the reservoir or the weight of sediment passing through the dam. 
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With a calculated reservoir trapping efficiency and an estimate of the weight of sediment trapped 
in the reservoir, the weight of the incoming sediment was calculated using the following 
equation:

f

stst
in E
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�

Where:
Win  =  weight of incoming sediment (pounds force [lbf]) 
Ef    =  reservoir trapping efficiency (dimensionless) 
Vst   =  volume of sediment stored in the reservoir (cubic feet [ft3])
�st    =  unit weight of accumulated reservoir deposits (pounds force/cubic feet [lbf/ft3])

Another calculation of incoming sediment was made using the reservoir trapping efficiency and 
the sediment load that passes though Boundary Dam.  In combination with the calculated 
reservoir trapping efficiency, the weight of incoming sediment can be calculated as follows: 
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Where:
Win  =  weight of incoming sediment (lbf) 
Wo  =  weight of sediment passing through the reservoir (lbf) 
Ef    =  reservoir trapping efficiency (dimensionless) 

The Brune (1953) method of calculating reservoir trapping efficiency is applicable for normal 
ponded reservoirs.  This method expresses trap efficiency using the ratio of storage capacity to 
mean annual inflow volume.  Due to the relatively small storage capacity of the Boundary 
Reservoir compared to the mean annual flow volumes, the Brune method showed very low 
trapping efficiencies (less than 10 percent).  The method of estimating trap efficiency developed 
by Churchill (1948) is more applicable to for desilting and semidry reservoirs than the 
relationship developed by Brune. While the calculated trapping efficiencies (median value of 27 
percent) were greater than the Brune (1953) method, the Churchill methods applicability to 
desilting and semidry reservoirs indicated it is not ideally suited to conditions in the Boundary 
Reservoir.  Neither of these methods account for sediment characteristics in the inflow to the 
reservoir.  The method developed by Einstein (1965) for computing trap efficiency evaluates 
different size classes of sediment; the sum of these quantities gives the total trapped 
weight/volume.  The Einstein (1965) method was preferred for the Boundary Reservoir because 
of its flexibility regarding differences in reservoir hydraulics (considering the noted difference 
between the forebay and the canyon reach hydraulics) and sediment characteristics.  The median 
calculated trapping efficiency of silt in the forebay over the 39 year period of operation of the 
Project was 32 percent; the median calculated trapping efficiency of clay in the forebay was less 
than one percent.  In the canyon reach, the median calculated trapping efficiency of silt over the 
39 year period of operation of the Project was 64 percent.  The median calculated trapping 
efficiency of clay in the canyon reach was less than one percent. 

Using the calculated trapping efficiencies, the inflowing wash load was calculated from the 
estimated weight of sediment passing through the Project.  This total wash load entering the 
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Boundary Reservoir through Box Canyon Dam over the 39 years of Project operations was 
estimated as 13.07 million tons.  Similarly, the wash load entering the study area was estimated 
by adjusting the trap efficiency applied to the USGS data to match the weight of sediment 
accumulated in the reservoir over the 39-year period of operations.  Using this approach, the 
calculated weight of wash load entering the reservoir was estimated to be 12.82 million tons.  
Due to the similarity between the two methods, the wash load entering the reservoir was 
averaged.

To distribute the wash load among the tributary watersheds and the watersheds upstream of Box 
Canyon Dam, the total weight of wash load was converted to an average annual basis and then 
distributed to an areal basis.  It is noted that with the contributing watersheds, all areas upstream 
of significant lakes or reservoir were excluded from contributing area as all wash load was 
assumed to be trapped in these lakes/reservoirs.  The resulting areal rate of wash load was 0.528 
ton per acre per year. 

4.3.3. Regional Sediment Yield Relationships 

Regional sediment yield relationships were considered for application to the tributary 
watersheds.  The same shortcomings identified for their application to the tributary watersheds 
holds for the mainstem Pend Oreille River (see Section 4.1.3).  Further, the method described in 
the previous section was based on study area specific data and was considered more appropriate 
than methods developed using data collected in other regions of the U.S. 

4.3.4. Bed Material Transport Calculations 

The transport of bed material by the mainstem Pend Oreille River into the study area is heavily 
influenced by the operation of Box Canyon Dam.  The Box Canyon project is operated in a run-
of-river mode, so the Box Canyon Reservoir water levels are primarily controlled by the flow in 
the Pend Oreille River.  As flows increase above turbine capacity (27,400 cfs), water is spilled 
over the dam through the spillway gates.  The spillway has four bays, each with a gate containing 
three vertically stacked leaves (the leaves are the panels that slide up and down in the tracks 
within each gate).  When gates are opened to spill flow, first the top leaves in each gate are 
removed, followed by the middle leaves, and then the bottom leaves.  It is not possible to remove 
only the bottom leaves and operate the gates like a sluice.  When flow rates exceed 80,000 cfs, 
the bottom leaf in one bay is removed and the bottom leaves in all four bays are removed when 
flow rates exceed 90,000 cfs.  No bed material can be transported through the spillway until the 
first bottom leaf is removed at 80,000 cfs; however, application of bed material transport 
equations revealed the capacity to begin mobilizing gravel size fractions at flow rates much 
lower than this threshold.  Thus, the rate of bed material sediment delivered to the mainstem 
through Box Canyon Dam was set equal to the rate generated from the tributary watersheds 
(0.0393 ton per acre per year). 

4.3.5. Comparison of Mainstem Sediment Supply Methods  

The supply of sediment to the study area via the mainstem Pend Oreille River through Box 
Canyon Dam was estimated using multiple methods.  The highest level of confidence was 
assigned to the methods used to estimate volumes of sediment trapped in the reservoir, and the 
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weight of sediment passing through the dam as derived from USGS measurements.  The 
reservoir traps all bed material loads, so only wash load fractions are transported through 
Boundary Dam.  The trapping efficiency of the forebay and the canyon reach were adjusted, so 
that the incoming sediment supply yielded the estimated volumes of accumulated sediment and 
the weight passing through the dam.  Given the lack of information related to the transport of the 
abundant gravel and cobble size fractions in the mainstem river bed, coupled with the hydraulic 
influence of the Box Canyon Dam spillway, the same loading rate developed for the tributary 
watersheds was applied to the mainstem watershed between Albeni Falls and Box Canyon. 

4.3.6. Sediment Gradation 

The gradation of the mainstem sediment supply to the study area was estimated differently for 
wash load and bed material load.  The two approaches are described in more detail in the 
following paragraphs. 

The wash load delivered to the mainstem Pend Oreille River was expected to be supply limited.  
Therefore the potential supply of these size fractions was assessed using county level soil 
surveys developed by the U.S. Department of Agriculture Natural Resources Conservation 
Service (Donaldson et al. 1992; Weisel 1982).  The composition of the surface layer of soil in the 
study area covered by the soil surveys was evaluated to determine the area weighted average clay 
and silt contents.  In the surface soil layer, assumed to be the primary source of wash load size 
fractions, the clay content was approximately 40 percent of the wash load size fractions and the 
silt content was approximately 60 percent of the wash load size fractions.  Lacking more detailed 
data, the silt was even distributed into the four available size classes of silt (see Table 4.1-5). 

The gradation of the bed material load delivered to the mainstem through Box Canyon Dam was 
based on samples of mainstem bed material sediment collected during the field work.  Due to the 
clear evidence of a pavement layer on the river bed, the subsurface samples were evaluated to 
identify the finer gravel size fractions.  A subsurface sample collected on a bar along the left 
bank upstream of the confluence with Sweet Creek, sample BM-10, was selected to represent the 
gradation of the bed material moving through the mainstem.  The total volume of bed material 
supplied to the mainstem Pend Oreille River within the study area was distributed into size 
fractions based on the gradation of this sample. 

Both the wash load and bed material load gradations were further assessed during the calibration 
of the mainstem sediment transport model. 

4.4. Daily Time Series of Sediment Supply 

The methods presented in Sections 4.1 and 4.3 were followed to generate estimates of the supply 
and gradation of sediment delivered to the tributary deltas and the mainstem, but these methods 
only considered the bulk volumes and weights of sediments supplied over the entire period from 
September 1967 to December 2006.  Due to differences in hydrology over this period, and the 
direct relationship between high flows and sediment transport capacity, the rate of sediment 
delivered is not constant year to year.  To account for these fluctuations in sediment transport, 
the total supply of sediment was distributed over time using the average daily flow rates 
synthesized for the tributaries in the study area (details of the hydrologic methods are presented 
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in the compilation of Project hydrologic data [R2 Resource Consultants 2008]).  The objective of 
the distribution of sediment was to account for differences in hydrology and associated 
fluctuation in sediment transport.  Considering this objective, the approach was not intended to 
exactly reproduce the weight or volume of sediment delivered at a specific point in time. 

A sediment supply versus flow rating curve was developed for individual size fractions as a 
function of flow, using an equation of the following form: 

b
cs QQaQ )( ��

Where: 
Qs  =  sediment transport rate 
a    =  scaling coefficient 
Q   =  flow discharge rate 
Qc  =  critical flow rate to mobilize sediment  
b    =  power coefficient

A value of 2.0 was used for the exponent b as recommended by the U.S. Army Corps of 
Engineers (1995).  This value was further validated by the exponent of the power relationship 
derived from the USGS measurements at the international boundary (see Figure 4.3-4).  The 
coefficient a was determined by applying the rating curve to the daily flows from 1967 to 2006 
to match the total sediment volume input to a tributary delta or the mainstem over the 39-year 
period of interest.  The critical flow, Qc, for silt and clay was set to zero as these size fractions 
are supply limited.  The critical flow were estimated for sand, gravel, and cobbles using available 
information on the operations of Box Canyon Dam for the mainstem as well as calculations 
made using SAMwin for the tributaries.   

5 RESULTS 

The goal of this study component was to calculate the supply and gradation of sediment 
delivered to selected tributary deltas and to the mainstem Pend Oreille River to support 
evaluation of Project effects on aquatic habitats.  The results of these calculations are organized 
by source of sediment.  Section 5.1 presents the supply and gradation of sediment derived from 
tributary watersheds.  Section 5.2 contains a summary of the supply and gradation of sediment 
generated from reservoir shoreline erosion as quantified in Study 1 (SCL 2009b).  Section 5.3 
includes the supply and gradation of sediment delivered to the study area via the mainstem Pend 
Oreille River at Box Canyon Dam. 

5.1. Tributary Watershed Sediment Supply and Gradation 

The methods utilized to calculate the supply and gradation of sediment delivered to tributary 
deltas were presented in Section 4.1.  Multiple techniques were pursued for these calculations, 
particularly to distinguish between wash load sediment sizes and bed material load sediment 
sizes, and the results from the different techniques were compared to identify the most 
appropriate estimates. 
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5.1.1. Wash Load Supply and Gradation 

The supply of wash load to the tributary deltas was estimated using the weight of silt and clay 
trapped in the Boundary Reservoir in conjunction with the weight of sediment passing through 
Boundary Dam (Sections 4.3.1 and 4.3.2).  Alternate approaches such as regional sediment yield 
relationships and calculations of sediment transport were considered, but the confidence in the 
results from these methods was lower than the selected approach.  The supply of wash load from 
the tributary watersheds was set equal to the wash load derived from the watershed upstream of 
Box Canyon Dam.  The loading was developed as an average annual areal-based rate so that the 
load supplied from a specific watershed was related to the size of the watershed.  The calculated 
rate was 0.528 tons per acre per year.  It is important to note that the supply of wash load to the 
selected tributary deltas was not expected to significant affect delta morphology.  The sediment 
samples collected at selected deltas showed that the deltas are formed from deposited bed 
materials, indicating that the wash load is transported into the reservoir.  Table 5.1-1 presents the 
watershed areas and wash load supplied on an annual basis for tributary watersheds. 

Table 5.1-1.  Supply of wash load generated by tributary watersheds between 1967 and 2006. 

Tributary Name Watershed Area (acres) Total Wash Load (tons) 
Slate Creek 20,693 426,116 
Flume Creek 12,369 254,705 
Sullivan Creek 58,1011 1,196,414 
Linton Creek 1,2692 26,136 
Pocahontas Creek 2,507 51,634 
Sweet Creek 7,114 146,500 
Sand Creek 5,264 108,386 
Notes:
1 Excludes the area upstream of Sullivan Lake due to the expected trapping of nearly all wash load within the 

lake. 
2 Excludes the area draining to the wetland upstream of the Highway 31 crossing as this wetland is expected to 

trap nearly all of the wash load from its contributing watershed. 

The wash load was separated into clay and silt size fractions using the size classes shown in 
Table 4.1-5 and the distribution based on the area weighted composition of the silt and clay 
components in the surface soil layer of the watershed (see Section 4.3.6).  Using this approach, 
40 percent of the wash load was designated as clay, and 60 percent as silt.  The total silt load was 
evenly distributed among the four silt sizes classes.  The distribution by size fraction is presented 
in Table 5.1-2. 
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Table 5.1-2.  Distribution of wash load as a percentage of total wash load generated by tributary 
watersheds between 1967 and 2006. 

Percentage of Total Wash Load 
Tributary Name Clay Very Fine Silt Fine Silt Medium Silt Coarse Silt 
Slate Creek 40 15 15 15 15 
Flume Creek 40 15 15 15 15 
Sullivan Creek 40 15 15 15 15 
Linton Creek 40 15 15 15 15 
Pocahontas Creek 40 15 15 15 15 
Sweet Creek 40 15 15 15 15 
Sand Creek 40 15 15 15 15 

5.1.2. Bed Material Load Supply and Gradation 

The supply of bed material load delivered to selected tributary deltas was based on the volume of 
deposition at the Slate Creek and Flume Creek deltas since construction of Boundary Dam.  
While the difference in the volume of depositional material at each delta differed, when 
normalized by contributing watershed area, the rates of bed material supply were similar.  
Therefore, an average areal loading rate was calculated as 0.0393 tons per acre per year.  The 
supply of bed material delivered to selected tributary deltas is presented in Table 5.1-3. 

Table 5.1-3.  Supply of bed material load generated by tributary watersheds between 1967 and 2006. 

Tributary Name Watershed Area (acres) Total Bed Material Load (tons) 
Slate Creek 20,693 31,717 
Flume Creek 12,369 18,958 
Sullivan Creek 10,8121 16,572 
Linton Creek 1,2692 1,946 
Pocahontas Creek 2,507 3,843 
Sweet Creek 7,114 10,904 
Sand Creek 5,264 8,068 

Notes:
1 Excludes the area upstream of the mill pond on Sullivan Creek due to the expected trapping of all bed material 

load within the lake. 
2 Excludes the area draining to the wetland upstream of the Highway 31 crossing as this wetland is expected to 

trap all wash load from its contributing watershed. 

The bed material load was divided into sand, gravel, and cobble size fractions using 
representative sediment samples collected from each delta.  The distributions based on 
represented sediment samples are presented in Table 5.1-4. 
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Table 5.1-4.  Distribution of bed material load generated by tributary watersheds between 1967–2006. 

Percentage of Total Bed Material Load 
Tributary Name VFS FS MS CS VCS VFG FG MG CG VCG SC LC 
Slate Creek 0 0 1 2 4 4 6 10 16 17 33 7 
Flume Creek 0 1 2 4 6 5 6 12 19 21 22 2 
Sullivan Creek 1 1 11 9 11 7 12 18 13 12 4 1 
Linton Creek 3 10 20 13 10 7 12 17 5 3 0 0 
Pocahontas Creek 1 0 3 8 15 14 15 13 14 13 3 1 
Sweet Creek 1 2 6 8 11 12 14 18 14 10 4 0 
Sand Creek 2 1 4 7 12 10 14 18 16 14 2 0 
Notes:
VFS – very fine sand; FS – fine sand; MS – medium sand; CS – coarse sand; VCS – very coarse sand; VFG – very 
fine gravel; FG – fine gravel; MG – medium gravel; CG – coarse gravel; VCG – very coarse gravel; SC – small 
cobbles; LC – large cobbles 

5.2. Reservoir Shoreline Sediment Supply and Gradation 

Detailed results from Study 1 are available in the final report (SCL 2009b); an overview of 
relevant material is presented in the following paragraph. 

A total of 87 individual shoreline erosion sites were identified during the September 2007 field 
inventory.  Detailed information on each site is included in the data table in Appendix 2 of the 
Study 1 Final Report (SCL 2009b).  Based on the estimated area of past shoreline loss, the 
estimated erosion rates at each erosion site, and the dimensions of each site (length and bank 
height), it was calculated that a total of 14 to 15 acres of land adjacent to the shoreline has been 
lost in the past 40 years as a result of all erosion factors (Project and non-Project).  This is 
equivalent to the loss of an estimated 233,500 cubic yards of material.  As the erosion rate is not 
explicitly linked to flow rates in the mainstem Pend Oreille River, the cumulative erosion rates 
was even distributed over the 40 years to estimate an average annual loading.  Based on the 
composite grain size distribution of the various parent materials applied to each erosion site, it 
was estimated that 1 percent of the total eroded material was boulder/cobble size, 47 percent was 
gravel size, 42 percent was sand size, 5 percent was silt size, and 5 percent was clay; however, it 
is noted that these percentages vary considerably site to site such that for modeling purposes, the 
gradation of each site was considered. 

5.3. Mainstem Pend Oreille Sediment Supply and Gradation 

The methods utilized to calculate the supply and gradation of sediment delivered to the mainstem 
Pend Oreille River through Box Canyon Dam were presented in Section 4.3.  Multiple 
techniques were pursued for these calculations, particularly to distinguish between wash load 
sediment sizes and bed material load sediment sizes, and the results of the different techniques 
were compared to identify the most appropriate estimates. 
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5.3.1. Wash Load Supply and Gradation 

The supply of wash load to the mainstem was estimated using the weight of silt and clay trapped 
in the Boundary Reservoir in conjunction with the weight of sediment passing through Boundary 
Dam (Sections 4.3.1 and 4.3.2).  Alternate approaches such as regional sediment yield 
relationships and calculations of sediment transport were considered, but the applicability of 
these approaches to conditions in the study area was questionable.  The loading was developed as 
an average annual areal-based rate so that the load supplied from a specific watershed was 
related to the size of the watershed.  The calculated rate was 0.528 tons per acre per year.  Table 
5.3-1 presents the watershed areas and supply of wash load on an annual basis for the watersheds 
upstream of Box Canyon Dam and downstream of the Priest River confluence with the Pend 
Oreille River. 

Table 5.3-1.  Supply of wash load generated from 1967 to 2006. 

Watershed Name Watershed Area (acres) Total Wash Load (tons) 
Priest River1 157,792 3,249,000 
Box Canyon Dam Reservoir2 384,724 7,922,000 

Notes:
1 Excludes the area upstream of Priest Lake due to the expected trapping of nearly all wash load within the lake. 
2 Excludes the area upstream of all significant lakes and reservoirs that are expected to trap all wash load. 

The wash load was separated into clay and silt size fractions using the size classes shown in 
Table 4.1-5 and the distribution based on the area weighted composition of the silt and clay 
components in the surface soil layer of the watershed (see Section 4.3.6).  Using this approach, 
40 percent of the wash load was designated as clay, and 60 percent as silt.  The total silt load was 
evenly distributed among the four silt size classes. 

5.3.2. Bed Material Load Supply and Gradation 

The supply of bed material load delivered to the mainstem was based on the loading rate 
calculated for the tributary watersheds.  The supply of bed material load delivered to the 
mainstem was based on the loading rate calculated for the tributary watersheds.  The operation of 
Box Canyon Dam limits movement of bed material until one of the four lower leaves in the 
spillway is lifted (80,000 cfs).  Because sediment transport calculations revealed a potential to 
mobilize some bed material size fractions at substantially lower flow rates, and a pavement layer 
was observed during field surveys, the hydraulic calculations based on transport capacity were 
not related to the dam operations and were unlikely to accurately reflect the actual bed material 
transport regime.  The selected approach using tributary watershed data was implemented 
because the climate, precipitation regime, land cover/vegetation, and soils of the watersheds 
between Albeni Falls Dam and Box Canyon Dam are similar to the watersheds within the 
Boundary Reservoir drainage.  The average areal loading rate applied was 0.0393 ton per acre 
per year.  The supply of bed material delivered to selected tributary deltas is presented in Table 
5.3-2.
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Table 5.3-2.  Supply of bed material load generated 1967 to 2006. 

Tributary Name Watershed Area (acres) Total Bed Material Load (tons) 
Priest River1 157,792 241,848 
Box Canyon Dam Reservoir2 384,724 589,667 

Notes:
1 Excludes the area upstream of Priest Lake due to the expected trapping of all bed material load within the lake. 
2 Excludes the area upstream of all significant lakes and reservoirs that are expected to trap all bed material load. 

The bed material load was divided into sand, gravel, and cobble size fractions using a 
representative bed material sediment sample.  Particular attention was paid to the riverbed 
samples collected in the wide reach of the upper reservoir at the town of Metaline (e.g., BM-2, 
BM-3, and BM-4).  However, the selected sample, BM-10, was collected from the subsurface of 
a bar (indicative of mobile bed material) and had a wider distribution of sizes than the samples 
collected in the reach near the town of Metaline.  The distribution of bed material was based on 
the gradation of BM-10 as presented in Table 5.3-3. 

Table 5.3-3.  Distribution of mainstem bed material load generated by tributary watersheds between 1967 
and 2006. 

Percentage of Total Bed Material Load Watershed
Name VFS FS MS CS VCS VFG FG MG CG VCG SC LC 
Above Box 
Canyon Dam 

3 2 10 10 7 12 10 18 18 10 0 0 

Notes:
VFS – very fine sand; FS – fine sand; MS – medium sand; CS – coarse sand; VCS – very coarse sand; VFG – very 
fine gravel; FG – fine gravel; MG – medium gravel; CG – coarse gravel; VCG – very coarse gravel; SC – small 
cobbles; LC – large cobbles 

5.4. Daily Time Series of Sediment Supply 

The daily time series of sediment supply by size fraction for the mainstem and for the tributaries 
were created for use in the mainstem sediment transport model.  A simplification made during 
the modeling was the grouping of sediment inputs, such as tributaries and shoreline erosion sites.
Since future tributary morphologies were estimated on an annual basis, there was no specific 
need for the daily time series other than as a boundary condition for the mainstem sediment 
model.  The calibration of the sediment routing equation presented in Section 4.4 therefore was 
not needed for individual deltas; rather, the calibration was conducted for combined inputs.  
Sediment generated from shoreline erosion, which was set to be independent of flow rate, were 
calculated on an average daily basis and simply added as a constant to any flow rate in the 
development of a sediment rating curve.  Additional details regarding the development of 
sediment rating curves are provided in Appendix 5 of the Study 8 Final Report (SCL 2009a). 

As mentioned in Section 4.4 the objective of the distribution of sediment on a daily basis was to 
account for differences in hydrology and associated fluctuations in sediment transport.  
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Considering this objective, the approach was not intended to exactly reproduce the weight or 
volume of sediment delivered on a specific day. 
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Attachment A:  Tributary Delta Mapping 
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This attachment contains the following figures: 

Figure A-1 Slate Creek delta plan view. 
Figure A-2 Flume Creek delta plan view. 
Figure A-3 Sullivan Creek delta plan view. 
Figure A-4 Linton Creek delta plan view. 
Figure A-5 Pocahontas Creek delta plan view. 
Figure A-6 Sweet Creek delta plan view. 
Figure A-7 Sand Creek delta plan view. 
Figure A-8 Pewee Creek confluence with Boundary Reservoir plan view. 
Figure A-9 Lime Creek confluence with Boundary Reservoir plan view. 
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Figure A-1
Slate Creek delta plan view.
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Figure A-2
Flume Creek delta plan view.
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Figure A-3
Sullivan Creek delta plan view.
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Figure A-4
Linton Creek delta plan view.
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Figure A-5
Pocahontas Creek delta plan view.
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Figure A-6
Sweet Creek delta plan view.
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Figure A-7
Sand Creek delta plan view.
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Figure A-8
Pewee Creek confluence with
Boundary Reservoir plan view.
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Figure A-9
Lime Creek confluence with

Boundary Reservoir plan view.
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This attachment contains the following figures: 

Figure B-1 Particle size distribution for Slate Creek sample BL-1.1. 
Figure B-2 Particle size distribution for Slate Creek sample BL-1.2. 
Figure B-3 Particle size distribution for Slate Creek sample BL-2.1. 
Figure B-4 Particle size distribution for Slate Creek sample BM-3. 
Figure B-5 Particle size distribution for Slate Creek sample BM-4. 
Figure B-6 Particle size distribution for Slate Creek sample BM-5. 
Figure B-7 Particle size distribution for Slate Creek sample BM-6. 
Figure B-8 Particle size distribution for Slate Creek sample BM-7. 
Figure B-9 Particle size distribution for Slate Creek sample BM-8. 
Figure B-10 Particle size distribution for Slate Creek sample BM-9. 
Figure B-11 Particle size distribution for Slate Creek sample BM-10. 
Figure B-12 Particle size distribution for Flume Creek sample BM-1. 
Figure B-13 Particle size distribution for Flume Creek sample BM-2. 
Figure B-14 Particle size distribution for Flume Creek sample BM-3. 
Figure B-15 Particle size distribution for Flume Creek sample BM-4. 
Figure B-16 Particle size distribution for Flume Creek sample BM-5. 
Figure B-17 Particle size distribution for Flume Creek sample BM-6. 
Figure B-18 Particle size distribution for Flume Creek sample BM-7. 
Figure B-19 Particle size distribution for Flume Creek sample BM-8. 
Figure B-20 Particle size distribution for Flume Creek sample BM-9. 
Figure B-21 Particle size distribution for Sullivan Creek sample BM-1. 
Figure B-22 Particle size distribution for Sullivan Creek sample BM-2. 
Figure B-23 Particle size distribution for Sullivan Creek sample BM-3. 
Figure B-24 Particle size distribution for Sullivan Creek sample BM-4. 
Figure B-25 Particle size distribution for Sullivan Creek sample BM-5. 
Figure B-26 Particle size distribution for Sullivan Creek sample BM-6. 
Figure B-27 Particle size distribution for Sullivan Creek sample BM-7. 
Figure B-28 Particle size distribution for Sullivan Creek sample BM-8. 
Figure B-29 Particle size distribution for Sullivan Creek sample BM-9. 
Figure B-30 Particle size distribution for Sullivan Creek sample BM-10. 
Figure B-31 Particle size distribution for Sullivan Creek sample BM-11. 
Figure B-32 Particle size distribution for Sullivan Creek sample BM-12. 
Figure B-33 Particle size distribution for Sullivan Creek sample BM-13. 
Figure B-34 Particle size distribution for Sullivan Creek sample BM-14. 
Figure B-35 Particle size distribution for Linton Creek sample BM-1. 
Figure B-36 Particle size distribution for Linton Creek sample BM-2. 
Figure B-37 Particle size distribution for Linton Creek sample BM-3. 
Figure B-38 Particle size distribution for Linton Creek sample BM-4. 
Figure B-39 Particle size distribution for Linton Creek sample BM-5. 
Figure B-40 Particle size distribution for Linton Creek sample BM-6. 
Figure B-41 Particle size distribution for Linton Creek sample BM-7. 
Figure B-42 Particle size distribution for Linton Creek sample BM-8. 
Figure B-43 Particle size distribution for Linton Creek sample BM-9. 
Figure B-44 Particle size distribution for Linton Creek sample BM-10. 
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Figure B-45 Particle size distribution for Pocahontas Creek sample BM-1. 
Figure B-46 Particle size distribution for Pocahontas Creek sample BM-2. 
Figure B-47 Particle size distribution for Pocahontas Creek sample BM-3. 
Figure B-48 Particle size distribution for Pocahontas Creek sample BM-4. 
Figure B-49 Particle size distribution for Pocahontas Creek sample BM-5. 
Figure B-50 Particle size distribution for Pocahontas Creek sample BM-6. 
Figure B-51 Particle size distribution for Pocahontas Creek sample BM-7. 
Figure B-52 Particle size distribution for Pocahontas Creek sample BM-8. 
Figure B-53 Particle size distribution for Pocahontas Creek sample BM-9. 
Figure B-54 Particle size distribution for Sweet Creek sample BM-1. 
Figure B-55 Particle size distribution for Sweet Creek sample BM-2. 
Figure B-56 Particle size distribution for Sweet Creek sample BM-3. 
Figure B-57 Particle size distribution for Sweet Creek sample BM-4. 
Figure B-58 Particle size distribution for Sweet Creek sample BM-5. 
Figure B-59 Particle size distribution for Sweet Creek sample BM-6. 
Figure B-60 Particle size distribution for Sweet Creek sample BM-7. 
Figure B-61 Particle size distribution for Sweet Creek sample BM-8. 
Figure B-62 Particle size distribution for Sweet Creek sample BM-9. 
Figure B-63 Particle size distribution for Sweet Creek sample BM-10. 
Figure B-64 Particle size distribution for Sweet Creek sample BM-11. 
Figure B-65 Particle size distribution for Sweet Creek sample BM-12. 
Figure B-66 Particle size distribution for Sweet Creek sample BM-13. 
Figure B-67 Particle size distribution for Sand Creek sample BM-1. 
Figure B-68 Particle size distribution for Sand Creek sample BM-2. 
Figure B-69 Particle size distribution for Sand Creek sample BM-3. 
Figure B-70 Particle size distribution for Sand Creek sample BM-4. 
Figure B-71 Particle size distribution for Sand Creek sample BM-5. 
Figure B-72 Particle size distribution for Sand Creek sample BM-6. 
Figure B-73 Particle size distribution for Sand Creek sample BM-7. 
Figure B-74 Particle size distribution for Sand Creek sample BM-8. 
Figure B-75 Particle size distribution for Sand Creek sample BM-9. 
Figure B-76 Particle size distribution for Sand Creek sample BM-10. 
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Figure B-1.  Particle size distribution for Slate Creek sample BL-1.1. 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-2.  Particle size distribution for Slate Creek sample BL-1.2.
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Figure B-3. Particle size distribution for Slate Creek sample BL-2.1. 
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Figure B-4. Particle size distribution for Slate Creek sample BM-3.



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 3 March 2009 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-5. Particle size distribution for Slate Creek sample BM-4. 
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Figure B-6. Particle size distribution for Slate Creek sample BM-5.
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Figure B-7. Particle size distribution for Slate Creek sample BM-6. 
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Figure B-8. Particle size distribution for Slate Creek sample BM-7.
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Figure B-9. Particle size distribution for Slate Creek sample BM-8. 
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Figure B-10.  Particle size distribution for Slate Creek sample BM-9. 
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Figure B-11.  Particle size distribution for Slate Creek sample BM-10. 
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Figure B-12.  Particle size distribution for Flume Creek sample BM-1.
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Figure B-13.  Particle size distribution for Flume Creek sample BM-2. 
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Figure B-14.  Particle size distribution for Flume Creek sample BM-3.
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Figure B-15.  Particle size distribution for Flume Creek sample BM-4. 
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Figure B-16.  Particle size distribution for Flume Creek sample BM-5.
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Figure B-17.  Particle size distribution for Flume Creek sample BM-6. 
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Figure B-18.  Particle size distribution for Flume Creek sample BM-7.
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Figure B-19.  Particle size distribution for Flume Creek sample BM-8.
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Figure B-20.  Particle size distribution for Flume Creek sample BM-9.



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 11 March 2009 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-21.  Particle size distribution for Sullivan Creek sample BM-1. 
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Figure B-22.  Particle size distribution for Sullivan Creek sample BM-2.
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Figure B-23.  Particle size distribution for Sullivan Creek sample BM-3. 
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Figure B-24.  Particle size distribution for Sullivan Creek sample BM-4.
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Figure B-25.  Particle size distribution for Sullivan Creek sample BM-5. 
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Figure B-26.  Particle size distribution for Sullivan Creek sample BM-6.
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Figure B-27.  Particle size distribution for Sullivan Creek sample BM-7. 
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Figure B-28.  Particle size distribution for Sullivan Creek sample BM-8.
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Figure B-29.  Particle size distribution for Sullivan Creek sample BM-9. 
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Figure B-30.  Particle size distribution for Sullivan Creek sample BM-10.
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Figure B-31.  Particle size distribution for Sullivan Creek sample BM-11. 
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Figure B-32.  Particle size distribution for Sullivan Creek sample BM-12.
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Figure B-33.  Particle size distribution for Sullivan Creek sample BM-13. 
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Figure B-34.  Particle size distribution for Sullivan Creek sample BM-14.
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Figure B-35.  Particle size distribution for Linton Creek sample BM-1. 
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Figure B-36.  Particle size distribution for Linton Creek sample BM-2.
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Figure B-37.  Particle size distribution for Linton Creek sample BM-3. 
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Figure B-38.  Particle size distribution for Linton Creek sample BM-4.



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 20 March 2009 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-39.  Particle size distribution for Linton Creek sample BM-5. 
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Figure B-40.  Particle size distribution for Linton Creek sample BM-6.
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Figure B-41.  Particle size distribution for Linton Creek sample BM-7. 
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Figure B-42.  Particle size distribution for Linton Creek sample BM-8.
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Figure B-43.  Particle size distribution for Linton Creek sample BM-9. 
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Figure B-44.  Particle size distribution for Linton Creek sample BM-10.
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Figure B-45.  Particle size distribution for Pocahontas Creek sample BM-1. 
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Figure B-46.  Particle size distribution for Pocahontas Creek sample BM-2. 
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Figure B-47.  Particle size distribution for Pocahontas Creek sample BM-3. 
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Figure B-48.  Particle size distribution for Pocahontas Creek sample BM-4.
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Figure B-49.  Particle size distribution for Pocahontas Creek sample BM-5. 
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Figure B-50.  Particle size distribution for Pocahontas Creek sample BM-6.



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 26 March 2009 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-51.  Particle size distribution for Pocahontas Creek sample BM-7. 
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Figure B-52.  Particle size distribution for Pocahontas Creek sample BM-8.
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Figure B-53.  Particle size distribution for Pocahontas Creek sample BM-9. 
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Figure B-54.  Particle size distribution for Sweet Creek sample BM-1.
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Figure B-55.  Particle size distribution for Sweet Creek sample BM-2. 
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Figure B-56.  Particle size distribution for Sweet Creek sample BM-3.
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Figure B-57.  Particle size distribution for Sweet Creek sample BM-4 
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Figure B-58.  Particle size distribution for Sweet Creek sample BM-5
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Figure B-59.  Particle size distribution for Sweet Creek sample BM-6 
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Figure B-60.  Particle size distribution for Sweet Creek sample BM-7
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Figure B-61.  Particle size distribution for Sweet Creek sample BM-8 
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Figure B-62.  Particle size distribution for Sweet Creek sample BM-9
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Figure B-63.  Particle size distribution for Sweet Creek sample BM-10 
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Figure B-64.  Particle size distribution for Sweet Creek sample BM-11
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Figure B-65.  Particle size distribution for Sweet Creek sample BM-12 
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Figure B-66.  Particle size distribution for Sweet Creek sample BM-13
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Figure B-67.  Particle size distribution for Sand Creek sample BM-1 
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Figure B-68.  Particle size distribution for Sand Creek sample BM-2
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Figure B-69.  Particle size distribution for Sand Creek sample BM-3 
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Figure B-70.  Particle size distribution for Sand Creek sample BM-4
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Figure B-71.  Particle size distribution for Sand Creek sample BM-5 
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Figure B-72.  Particle size distribution for Sand Creek sample BM-6
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Figure B-73.  Particle size distribution for Sand Creek sample BM-7 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure B-74.  Particle size distribution for Sand Creek sample BM-8
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Figure B-75.  Particle size distribution for Sand Creek sample BM-9 
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Figure B-76.  Particle size distribution for Sand Creek sample BM-10 
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Attachment C:  Tributary Cross Section Surveys 
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This attachment contains the following figures: 

Figure C-1 Downstream view of Slate Creek cross section BL-1. 
Figure C-2 Downstream view of Slate Creek cross section BL-2. 
Figure C-3 Downstream view of Flume Creek cross section BL-1. 
Figure C-4 Downstream view of Sullivan Creek cross section BL-1. 
Figure C-5 Downstream view of Sullivan Creek cross section BL-2. 
Figure C-6 Downstream view of Linton Creek cross section BL-1. 
Figure C-7 Downstream view of Linton Creek cross section BL-2. 
Figure C-8 Downstream view of Pocahontas Creek cross section BL-1. 
Figure C-9 Downstream view of Pocahontas Creek cross section BL-2. 
Figure C-10 Downstream view of Sweet Creek cross section BL-1. 
Figure C-11 Downstream view of Sweet Creek cross section BL-2. 
Figure C-12 Downstream view of Sand Creek cross section BL-1. 
Figure C-13 Downstream view of Sand Creek cross section BL-2. 
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Figure C-1. Downstream view of Slate Creek cross section BL-1. 
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Figure C-2. Downstream view of Slate Creek cross section BL-2. 
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Figure C-3. Downstream view of Flume Creek cross-section BL-1. 

1997.0

1997.5

1998.0

1998.5

1999.0

1999.5

2000.0

2000.5

2001.0

2001.5

2002.0

2002.5

2003.0
0+5 0+25 0+45 0+65 0+85 1+05 1+25

Stationing (ft)

El
ev

at
io

n 
(f

t)
, N

A
VD

 8
8

Figure C-4. Downstream view of Sullivan Creek cross-section BL-1. 
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Figure C-5. Downstream view of Sullivan Creek cross-section BL-2. 
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Figure C-6. Downstream view of Linton Creek cross-section BL-1.
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Figure C-7. Downstream view of Linton Creek cross-section BL-2. 
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Figure C-8. Downstream view of Pocahontas Creek cross-section BL-1.
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Figure C-9. Downstream view of Pocahontas Creek cross-section BL-2. 
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Figure C-10. Downstream view of Sweet Creek cross-section BL-1.
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Figure C-11. Downstream view of Sweet Creek cross-section BL-2. 
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Figure C-12. Downstream view of Sand Creek cross-section BL-1.
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Figure C-13. Downstream view of Sand Creek cross-section BL-2. 



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment C Page 8 March 2009 

This page intentionally left blank. 



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144  March 2009 

Attachment D:  Mainstem Sediment Sample Gradations 
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This attachment contains the following figures: 

Figure D-1 Mainstem sediment sampling sites (series of 3 maps). 
Figure D-2 Particle size distribution for mainstem sediment sample BM-1. 
Figure D-3 Particle size distribution for mainstem sediment sample BM-2. 
Figure D-4 Particle size distribution for mainstem sediment sample BM-3. 
Figure D-5 Particle size distribution for mainstem sediment sample BM-4. 
Figure D-6 Particle size distribution for mainstem sediment sample BM-5. 
Figure D-7 Particle size distribution for mainstem sediment sample BM-6. 
Figure D-8 Particle size distribution for mainstem sediment sample BM-7. 
Figure D-9 Particle size distribution for mainstem sediment sample BM-8. 
Figure D-10 Particle size distribution for mainstem sediment sample BM-9. 
Figure D-11 Particle size distribution for mainstem sediment sample BM-10. 
Figure D-12 Particle size distribution for mainstem sediment sample BM-11. 
Figure D-13 Particle size distribution for mainstem sediment sample BM-12. 
Figure D-14 Particle size distribution for mainstem sediment sample BM-13. 
Figure D-15 Particle size distribution for mainstem sediment sample BM-14. 
Figure D-16 Particle size distribution for mainstem sediment sample BM-15. 
Figure D-17 Particle size distribution for mainstem sediment sample BM-16. 
Figure D-18 Particle size distribution for mainstem sediment sample BM-17. 
Figure D-19 Particle size distribution for mainstem sediment sample BM-18. 
Figure D-20 Particle size distribution for mainstem sediment sample BM-19. 
Figure D-21 Particle size distribution for mainstem sediment sample BM-20. 
Figure D-22 Particle size distribution for mainstem sediment sample BM-21. 
Figure D-23 Particle size distribution for mainstem sediment sample BM-22. 
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Figure D-2.  Particle size distribution for mainstem sediment sample BM-1. 
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Figure D-3.  Particle size distribution for mainstem sediment sample BM-2. 
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Figure D-4.  Particle size distribution for mainstem sediment sample BM-3. 
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Figure D-5.  Particle size distribution for mainstem sediment sample BM-4. 
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Figure D-6.  Particle size distribution for mainstem sediment sample BM-5. 
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Figure D-7.  Particle size distribution for mainstem sediment sample BM-6. 
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Figure D-8.  Particle size distribution for mainstem sediment sample BM-7. 
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Figure D-9.  Particle size distribution for mainstem sediment sample BM-8. 
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Figure D-10.  Particle size distribution for mainstem sediment sample BM-9. 
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Figure D-11.  Particle size distribution for mainstem sediment sample BM-10. 
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Figure D-12.  Particle size distribution for mainstem sediment sample BM-11. 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure D-13.  Particle size distribution for mainstem sediment sample BM-12. 



FINAL REPORT APPENDIX 2 – SEDIMENT SUPPLY TO TRIBUTARY DELTAS AND MAINSTEM

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment D Page 11 March 2009 

1000 100 10 1 0.1 0.01 0.001
Particle Size (mm)

0

20

40

60

80

100

P
er

ce
nt

 F
in

er

100 10 1 0.1 0.01 0.001 0.0001
Particle Size (in)

Cobble Gravel SandBoulder Silt Clay

Figure D-14.  Particle size distribution for mainstem sediment sample BM-13. 
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Figure D-15.  Particle size distribution for mainstem sediment sample BM-14. 
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Figure D-16.  Particle size distribution for mainstem sediment sample BM-15. 
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Figure D-17.  Particle size distribution for mainstem sediment sample BM-16. 
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Figure D-18.  Particle size distribution for mainstem sediment sample BM-17. 
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Figure D-19.  Particle size distribution for mainstem sediment sample BM-18. 
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Figure D-20.  Particle size distribution for mainstem sediment sample BM-19. 
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Figure D-21.  Particle size distribution for mainstem sediment sample BM-20. 
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Figure D-22.  Particle size distribution for mainstem sediment sample BM-21. 
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Figure D-23.  Particle size distribution for mainstem sediment sample BM-22. 
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Attachment E:  Pre-dam Mainstem Channel Geometry 
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This attachment contains the following figures: 

Figure E-1 Pre-Project channel geometry at modeling section 5428. 
Figure E-2 Pre-Project channel geometry at modeling section 6445. 
Figure E-3 Pre-Project channel geometry at modeling section 7488. 
Figure E-4 Pre-Project channel geometry at modeling section at Z Canyon USGS gage.
Figure E-5 Pre-Project channel geometry at modeling section 8364. 
Figure E-6 Pre-Project channel geometry at modeling section 9874. 
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Figure E-1.  Pre-Project channel geometry at modeling section 5428. 
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Figure E-2.  Pre-Project channel geometry at modeling section 6445. 
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Figure E-3.  Pre-Project channel geometry at modeling section 7488. 
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Figure E-4.  Pre-Project channel geometry at modeling section at Z Canyon USGS gage. 
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Figure E-5.  Pre-Project channel geometry at modeling section 8364. 
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Figure E-6.  Pre-Project channel geometry at modeling section 9874. 
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Study 8 Appendix 3 
Tributary Delta Evolution 

Final Report 
Boundary Hydroelectric Project (FERC No. 2144)

1 INTRODUCTION 

The tributary delta evolution was conducted primarily to support the calculations of habitat 
quality ratings (HQR) in the tributary delta aquatic habitat evaluation.  A HQR is calculated as 
the product of habitat area and habitat suitability.  Multiple HQR are calculated for different 
habitat types and different life stages of native salmonids.  Because the erosion, transport, and 
accumulation of sediment within selected tributary deltas may affect aquatic habitats by altering 
channel morphology, delta morphology, and the size and distribution of substrates, it was 
necessary to understand these processes to evaluate the effects of Project operations on delta 
habitats.  The tributary delta habitat evaluation utilizes the hourly reservoir water surface 
elevation calculated from the Hydraulic Routing Model (HRM) (conducted in Study 7, Mainstem 
Aquatic Habitat Modeling Study Final Report [SCL 2009a]) for the wet (1997), dry (2001), and 
average (2002) years to calculate the area of inundated delta (lacustrine habitat) and free flowing 
channel (riverine habitat) as a function of delta morphology.  The hourly changes in reservoir 
water surface elevation at selected deltas affect habitat areas, thereby changing the HQR.  If the 
morphology of selected tributary deltas was predicted to change over the 50-year term of a new 
license, the evolution of the morphology was estimated using the net change in the volume of 
sediment deposited on the tributary deltas.  It was also determined whether the delta evolution 
was sensitive to operations scenarios, so that different future delta conditions could be developed 
appropriately for each operation scenario.  Ultimately, the delta evolution models were used to 
estimate future areas of delta habitat (lacustrine and riverine) for input to the HQR calculations. 

The methods used to evaluate and model tributary delta evolution are summarized in Section 4.
Section 4.1 describes the methods used to evaluate potential changes in delta morphology.  
Deltas were categorized based on potential for change as described in Section 4.2.  Section 4.3 
describes the methods utilized to predict future delta morphology.  The relationships developed 
to describe habitat areas as a function of delta morphology are presented in Section 5. 

2 STUDY OBJECTIVES 

The goals of the tributary delta evolution evaluation were to 1) determine the effects of existing 
Project operations on the morphology of selected tributary deltas, 2) determine the effects of 
operations scenarios on the morphology of selected tributary deltas, and 3) develop relationships 
to describe the future areas of lacustrine and river delta habitats as a function of water surface 
elevation.  The objectives of this study component included the following: 

1. Evaluate whether the morphology of tributary deltas has changed since construction 
of Boundary Dam. 

2. Characterize the existing morphology of tributary deltas. 
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3. Evaluate the stability of the existing delta morphology. 
4. Categorize tributary deltas based on sensitivity of change to operations scenarios. 
5. Predict the morphology of deltas over the 50-year term of a new license under 

existing Project operations. 

This report addresses existing Project effects and establishes a “Baseline Condition” for the 
Preliminary License Proposal and License Application (LA).  Evaluating the effects of 
operations scenarios on tributary delta morphology is not addressed in this report because 
operations scenarios have not yet been selected.  The evaluation of operations scenarios will be 
provided in the LA. 

3 STUDY AREA 

The study area for the tributary delta evolution evaluation encompassed the seven selected 
tributary deltas within Pend Oreille River from Box Canyon Dam to Boundary Dam (Figure 
3.0-1) (see Appendix 1 of the Study 8, Sediment Transport and Boundary Reservoir Tributary 
Delta Habitats Final Report [SCL 2009b]) for more information regarding the delta selection 
process).  Because the delta morphology is affected by sediment delivered from the tributary 
watershed and by hydraulic forces applied by the Pend Oreille River, the study area extended 
beyond the extents of the deltas to include these areas.  Table 3.0-1 lists the deltas along with the 
Project river mile (PRM) of their confluence with the Pend Oreille River, a categorical 
description of the reach where the tributary confluence is located, and the area of the contributing 
watershed.

Table 3.0-1.  Location and watershed area of tributary deltas selected for evaluation of morphologic 
evolution. 

Tributary Name Project River Mile Study Reach1 Watershed Area (sq. mi.) 
Slate Creek 22.2 Canyon 32.33 

Flume Creek 25.8 Canyon 19.33 
Sullivan Creek 26.9 Upper Reservoir 142.46 
Linton Creek 28.1 Upper Reservoir 2.11 

Pocahontas Creek 29.4 Upper Reservoir 3.92 
Sweet Creek 30.9 Upper Reservoir 11.12 
Sand Creek 31.7 Upper Reservoir 8.22 

Note:
1 The reaches are defined as follows:  Canyon Reach—Metaline Falls to downstream end of Z Canyon (Project 

river mile [PRM] 26.8 to 18.0); Upper Reservoir Reach—Box Canyon Dam downstream to Metaline Falls PRM 
34.5 to 26.8). 
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4 METHODS 

Because the erosion, transport, and accumulation of sediment within tributary deltas along the 
Pend Oreille River can affect aquatic habitats by altering channel morphology, delta 
morphology, and the size and distribution of substrates, it is necessary to consider these sediment 
processes while evaluating the effects of operations scenarios on potential salmonid habitat at the 
seven selected tributary deltas. The sediment processes can influence the area of habitat and the 
elevation at which it is inundated/dewatered by changing the morphology of a delta.  To predict 
the future morphology of the tributary deltas, it was important to assess how, if at all, the 
selected deltas evolved since construction of Boundary Dam in 1967.  Establishing a historic 
baseline provides a reference for comparing the existing morphology.  The methods used to 
assess historic delta morphology and characterize existing morphology are presented in Sections 
4.1 and 4.2 respectively.  Section 4.3 describes the methods used to evaluate the stability of the 
existing delta morphology.  The basis for categorizing deltas based on their sensitivity to changes 
in Project operations is included in Section 4.4.  Section 4.5 describes the methods utilized to 
predict the morphology of the tributary deltas over the 50-year term of a new license under 
existing Project operations.  The methods followed to calculate future areas of lacustrine and 
riverine delta habitats are documented in Section 4.6.  The methods followed to assess the 
influence of the delta morphology on fish passage and tributary access are presented in Section 
4.7.

4.1. Pre-dam Morphology of Tributary Deltas 

The future morphology of the tributary deltas was predicted over the 50-year term of a new 
license using existing Project operations to represent future operations.  Comparisons of existing 
delta morphology to historic delta morphology were used to provide an understanding of the 
influence of existing operations on existing morphology.  The morphology of the deltas prior to 
the construction of the dam was investigated through three primary sources of information: 

• Reviews and comparisons of historic aerial photographs 
• Reviews of topographic maps developed prior to 1967 
• Local interviews 

4.1.1. Review of Historic Aerial Photography 

Construction of Boundary Dam was initiated in June 1963 and the dam topped out in September 
1967.  A search of historic aerial photography yielded partial coverage in 1943 (no photographs 
available downstream of Metaline Falls, so Slate Creek delta and Flume Creek delta not 
represented), 1955, and 1962.  Additional coverage was available in 1972, although the Project 
was operational by this time.  A comparison of these photographs was conducted during the 
Tributary Delta Characterization and Selection (Appendix 1 of the Study 8 Final Report [SCL 
2009b]).  Figures of the available photography from each of these years for the seven selected 
deltas were included in Attachment A to Appendix 1 (SCL 2009b).  An example comparison of 
the delta location and extents is provides for Slate Creek in Figures 4.1-1 and 4.1-2.  Comparing 
the photographs to each other and to 2006 aerial photographs revealed that only the Slate Creek 
and Flume Creek deltas appear to have experienced significant changes to delta morphology as a 
result of the construction and operation of the Project. 
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4.1.2. Review of Historic Topographic Mapping 

The review of historic aerial photographs was helpful for considering changes in the location and 
horizontal extent of the tributary deltas; however, the height of the deltas cannot be compared.  A 
search for historic topographic mapping, bathymetric mapping, and surveys did not yield much 
usable information related to the historic morphology of the selected deltas.  Multiple visits were 
made to the Seattle District of the U.S. Army Corps of Engineers to review materials pulled from 
archives, but topographic, bathymetric, and survey data describing the deltas was not identified.
The best available information describing pre-dam morphology of the deltas was two 
topographic maps.  The first map was a 20-foot interval contour map published by the U.S. 
Geological Survey (USGS) in 1934.  Although the map represents terrain along the Pend Oreille 
River from the international boundary to Albany Falls, the resolution of the map, the 20-foot 
contour interval, and the lack of information below the water surface in the river at the time of 
the survey limit the utility of this map with regards to delta morphology.  The other topographic 
map identified as covering the study area was published in 1957.  This map also represented 
topography using only 20-foot interval contours, and it also excluded any information below the 
water surface at the time of the survey.  However, the scale of the map was finer and the 
topographic lines had been scanned to a digital file.  The 1957 data were representative of 
conditions prior to construction of Boundary Dam, so it was useful to estimating the topography 
of the existing locations of the Slate Creek and Flume Creek deltas; however, the five deltas 
upstream of Metaline Falls were underwater at the time of the survey and thus not represented. 

4.1.3. Local Interviews 

The third path explored to assess the pre-dam morphology of the tributary deltas was local 
interviews.  Tetra Tech staff interviewed five local residents in July 2008.  These interviews 
provided anecdotal information as to delta morphology, but no specific information leading to 
possible surveys or mapping.  Of the individuals interviewed, all five had grown up in the area or 
moved to the area prior to the construction of Boundary Dam.  They were familiar with the Pend 
Oreille River and the deltas, and the general memory of all five was that the existing morphology 
of the deltas upstream of Metaline Falls has not changed as a result of construction and operation 
of the Project.  The interviewees were asked about the extent of the deltas, elevations of 
deposition, erosion, and substrate size; no one indicated differences or progressive changes in 
these morphologic characteristics.  However, there was consensus that the creation of the 
reservoir did increase the elevation of the location of the Slate Creek and Flume Creek deltas. 

4.1.4. Compilation of Data Sources 

The data available to establish the morphology of the seven deltas prior to construction of 
Boundary Dam were limited.  Specifically, no data other than anecdotal information were 
identified regarding the elevation of morphologic features for the five dams upstream of 
Metaline Falls.  However, the aerial photographs and anecdotal information indicate that no 
considerable changes in morphology have occurred at these deltas as a result of existing Project 
operations.  For the two deltas downstream of Metaline Falls, the available data were sufficient 
to verify considerable changes in delta morphology as a result of dam construction, and to 
represent the ground surface in 1957 at the current delta location.  This information was used to 
estimate the existing volume of sediment stored in the Slate Creek and Flume Creek deltas. 



FINAL REPORT  APPENDIX 3 – TRIBUTARY DELTA EVOLUTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 8 March 2009 

4.2. Existing Morphology of Tributary Deltas 

As introduced in Section 4.1, the predictions of future delta morphology were linked to noted 
changes between pre-dam morphology and existing morphology.  The existing morphology of 
the tributary deltas was assessed using the following sources of data: 

• Existing bathymetric and topographic mapping 
• Surveys conducted at the deltas in 2007. 
• Local interviews 

4.2.1. Review of Existing Bathymetric and Topographic Mapping 

The mapping of the existing topography and bathymetry was conducted using multiple data 
collection techniques.  A multibeam sonar bathymetric survey was conducted within the 
Boundary Dam Reservoir by Global Remote Sensing, LLC (GRS) in 2006.  The data from this 
survey were supplemented and checked, in selected areas, with a high resolution multibeam 
bathymetry and scanning laser shoreline survey, collected by Tetra Tech in June/July 2007.  GRS 
partially resurveyed the reservoir with a high resolution multibeam bathymetry system in 
October 2007.  Tetra Tech conducted a concurrent shoreline scanning laser survey to provide full 
coverage of the shoreline below Metaline Falls.  TerraPoint conducted the light detection and 
ranging (LiDAR) survey on August 25, 2005; a description of their data collection methods and 
results are available in their project report dated September 10, 2005.  The bathymetric and 
scanning laser data were combined with topographic data to represent elevations throughout the 
study area for the entire relicensing project, including the seven selected tributary deltas. 

The existing bathymetric and topographic mapping together represented the physical 
morphology of the tributary deltas as it existed between September 2005 and October 2007.  The 
approximate midpoint of this period is September 2006; hereafter, these datasets are referred to 
as the “existing mapping.”  The existing mapping comprised individual surveyed points, each 
with a northing, easting, and elevation.  Surfaces were generated from these data points to 
represent the ground and contour maps with two-foot interval contours were derived from the 
surfaces.  Figure 4.2-1 is an example illustrating the morphology of the Sweet Creek delta using 
the two-foot interval contours overlaid on the 2006 aerial photography.  The existing mapping 
was used to estimate typical descriptors of delta morphology (Table 4.2-1); a conceptual model 
representing these descriptors is presented in Figure 4.2-2.  The delta area as listed in Table 4.2-1 
represents the topset of each delta.  This area was physically limited at the downstream end of 
the topset by the elevation of the top of the foreset slope; the physical limit at the upstream end  
of the topset slope was set using the HRM with an upstream flow rate of 80,000 cubic feet per 
second (cfs) and a reservoir water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 
29)1 to calculate the water surface elevation at each of the seven tributary deltas. 

1 SCL is in the process of converting all Project information from an older elevation datum (National Geodetic 
Vertical Datum of 1929 [NGVD 29]) to a more recent elevation datum (North American Vertical Datum of 1988 
[NAVD 88]).  As such, elevations are provided relative to both data throughout this document.  The conversion 
factor between the old and new data is approximately 4 feet (e.g., the crest of the dam is 2,000 feet NGVD 29 and 
2,004 feet NAVD 88).   
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Table 4.2-1.  Physical descriptors of existing tributary delta morphology. 

Tributary 
Name 

Top of 
Foreset (ft, 
NAVD 88) 

Upper 
Bound (ft, 
NAVD 88)1

Delta Area 
(sq. ft.)2

Topset 
Slope (%) 

Foreset 
Slope (%) 

Delta 
Length (ft)3

Average 
Delta Width 

(ft)4

Slate Creek 1966 1,995.02 80,400 2.5 60 555 145 

Flume Creek 1966 1,996.80 97,000 1.8 23 560 173 

Sullivan Creek 1982 2,005.38 773,200 1.6 26 1,460 530 

Linton Creek n/a5 2,006.12 115,100 1.1 n/a5 610 189 

Pocahontas 
Creek

1990 2,005.94 18,100 2.7 51 205 88 

Sweet Creek 1984 2,006.79 147,400 1.6 40 890 166 

Sand Creek 1986 2,007.20 186,500 1.9 23 920 203 
Notes:
1 Upper elevation limit set using HRM developed for Study 7 with mainstem flow rate of 80,000 cfs and reservoir 

water surface elevation set to 1,994 feet NAVD 88 (1,990 feet NGVD 29). 
2 Delta area calculated as area between elevations set by the top of the foreset slope and the upper bound, as well 

as confining topography. 
3 Delta length calculated as straight line distance across delta between upper and lower elevation bounds. 
4 Average delta width calculated as delta area divided by delta length. 
5 Linton Creek delta does not exhibit a typical foreset, so the top of the foreset slope was set to 1,980 feet NAVD 

88 (1,976 feet NGVD 29) based on bathymetric survey data and thermal plume mapping. 
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Figure 4.2-2.  Conceptual longitudinal profile of tributary delta morphology (from Parker 2004 [as cited 
in SCL 2007]). 

4.2.2. 2007 Delta Surveys 

The reservoir water surface elevation was drawn down in September 2007 to the lower limit of 
normal operations to expose the full extent of the deltas within the drawdown zone.  During 
these low flow and low reservoir pool conditions, morphologic data at each of the seven selected 
tributary deltas was collected.  These data included sketches and photographic documentation, 
mapping of depositional features, and collection of samples of depositional material to 
characterize particle size gradation.  The methods for these data collection efforts are described 
in Appendix 2 of the Study 8 Final Report (SCL 2009b).  Figures of the seven deltas showing the 
results are presented in Attachment A to Appendix 2.  Figure 4.2-3 is an example of these 
figures.

Seventy-five sediment samples were collected across the seven tributary delta areas.  The 
sediment samples were collected to quantify the particle size distribution at various places of 
interest to describe the dominant materials both within the tributary delta stream beds and the 
depositional features.  Though samples were all designated “BM” referring to bed material 
(except for those at the bed load cross sections at Slate Creek, which were designated BL), these 
samples represent both bed material and materials deposited on various fan surfaces.  In some 
cases, both surface and subsurface gradations of the bed material were sampled.  These selected 
subsurface bed material samples were collected when there was a distinct pavement layer and 
conditions allowed retrieval of a subsurface sample.  The size distribution was characterized 
using particle size diameter for which a standard percentage of the sample is finer (as measured 
by weight).  Percent finer fractions selected for this study include d85, d50, and d15.  Plots of the 
sediment size distribution for each of these samples are presented in Attachment B to Appendix 
2 (Study 8 Final Report [SCL 2009b]).  Figure 4.2-4 is an example gradation plot. 
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Figure 4.2-4.  Gradation of depositional material collected from Sweet Creek BM-11. 

A description of the location and type of material represented by the samples were noted in the 
field.  The sample locations are shown on the maps of the tributary deltas presented in 
Attachment A to Appendix 2 (Study 8 [SCL 2009b]); Figure 4.2-3 is an example for the Sweet 
Creek delta.   

4.2.3. Local Interviews 

As described in Section 4.1.3, local interviews were conducted to discuss both the historic and 
the existing morphology of tributary deltas.  These interviews provided anecdotal information as 
to delta morphology, but no specific information leading to possible surveys or mapping.  The 
memory of all five interviewees was that the existing morphology of the deltas upstream of 
Metaline Falls has not changed as a result of construction and operation of the Project.  The 
interviewees were asked about the extent of the deltas, elevations of deposition, erosion, and 
substrate size; no one indicated differences or progressive changes in these morphologic 
characteristics; however, changes were noted at Slate Creek and Flume Creek due to flooding of 
the reservoir. 

4.2.4. Compilation of Data and Description of Existing Morphology 

The existing morphology of the tributary deltas was characterized from the three primary data 
sources: existing mapping, delta surveys, and local interviews.  These data sources were 
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compared, and information from each source was compiled into the following descriptions of 
existing morphology. 

4.2.4.1. Slate Creek Delta 

Slate Creek is one of two tributaries located within the canyon reach of the study area where 
development of a significant delta was observed in reviews of historic aerial photographs.  A 
view of the delta as taken from the south side of the Slate Creek embayment on September 7, 
2007, is shown in Figure 4.2-5. 

Figure 4.2-5.  Slate Creek delta as observed on September 7, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,974 feet NAVD 88 (1,970 feet NGVD 29).

As seen in Figure 4.2-5, the delta is confined on the sides by canyon walls.  As evidenced in 
Figure 4.2-6, the delta is still filling the canyon with sediment, indicating that the delta is not 
currently in a state of dynamic equilibrium.  A comparison of historic (pre-dam) and current 
aerial photography and bathymetry reveals that significant delta aggradation has occurred.  The 
current delta, although approximately 555 feet in length, is set so far back from the mainstem 
that there is no regular interaction with mainstem flows.  When the delta does finally encroach 
on the mainstem flows, mainstem velocities and shear stresses will initially be too low to 
mobilize significant amounts of deposited sediment because the reservoir depth is approximately 



FINAL REPORT  APPENDIX 3 – TRIBUTARY DELTA EVOLUTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 15 March 2009 

70 feet.  Three delta surfaces were mapped, but there were several additional small surfaces 
observed.  These surfaces were created by the interaction of tributary inflows (both water and 
sediment) and reservoir levels.  Depending on reservoir levels, sediments may be deposited at 
higher levels, and then eroded by headcutting when the reservoir water surface elevation falls.  
The delta area is approximately 80,400 square feet, and this area is expected to increase as 
sediment is delivered to the delta over the 50-year term of a new license.  The existing 
morphology shows a clear foreset slope (60 percent slope) and an upper elevation limit of 
approximately 1,966 feet NAVD 88 (1,962 feet NGVD 29).  The average topset slope of the 
surface calculated from the bathymetry was 2.5 percent.  Attachment A of Appendix 2 (Study 8 
[SCL 2009b]) includes a figure showing the various delta surfaces mapped, the bathymetry, and 
the location of bed material sampling locations. 

Figure 4.2-6.  Slate Creek delta as observed on September 7, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,973 feet NAVD 88 (1,969 feet NGVD 29).

Figures 4.2-5 and 4.2-6 also illustrate the general progression of the fining of the depositional 
material toward the mouth of the tributary canyon.  Eleven sediment size distribution samples 
were collected; nine samples were taken in the bed of the tributary channel and two from 
depositional features on the delta.  A summary of the particle size distributions for each sample 
is presented in Table 4.2-2.  In the upper reaches of the channel the bed material is dominated by 
boulders and cobbles (BL-1.1, 1.2, 2.1, and BM-3 to BM-6).  The BL-1.2 sample was collected 
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upstream of a woody debris jam that likely trapped the gravel-sized material represented by this 
sample.  The bed material grades to gravel-sized material in the downstream direction (BM-7 
and BM-8).  Deposition at the downstream end of the delta contained primarily coarse sands and 
fine gravel (BM-9 and BM-10). 

Table 4.2-2.  Descriptors of depositional material collected at the Slate Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BL-1.1 Wolman Count Downstream bedload section 80 37 13
BL-1.2 Volumetric Downstream bedload section 60 36 7.9  
BL-2.1 Wolman Count Upstream bedload section 220 120 52  
BM-3 Wolman Count Station 0+00 – 1+00 950 220 110
BM-4 Wolman Count Station 1+00 – 2+00 700 320 150
BM-5 Wolman Count Station 2+00 – 3+00 590 280 110
BM-6 Wolman Count Station 3+00 – 3+50 190 100 31
BM-7 Volumetric Station 3+50 – 4+00 71 14 2.2  
BM-8 Volumetric Station 4+00 – 4+55 78 31 4.3  
BM-9 Volumetric Station 3+25, subsurface, 10-ft right of  channel 21 7.5 0.86
BM-10 Volumetric Station 4+25, subsurface, 10-ft right of channel 10 2.9 1.0

4.2.4.2. Flume Creek Delta 

Flume Creek is the other tributary located within the Canyon Reach of the study area where 
development of a significant delta was observed in the historic aerial photographs.  A view of the 
downstream portion of the delta as taken from the mainstem on September 7, 2007, is shown in 
Figure 4.2-7. 



FINAL REPORT  APPENDIX 3 – TRIBUTARY DELTA EVOLUTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 17 March 2009 

Figure 4.2-7.  Flume Creek delta as observed on September 7, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,973 feet NAVD 88 (1,969 feet NGVD 29).  
The round, orange buoy seen in the creek channel has a diameter of approximately 1 foot.

The mainstem currents in Deadman’s Eddy during high flow conditions may influence the 
morphology of the Flume Creek delta.  At high flows, the eddy currents may remove sediment 
from the delta, thereby limiting its riverward growth.  A comparison of historic (pre-dam) and 
current aerial photography and bathymetry reveals that significant delta aggradation has 
occurred, so it does not appear that the delta has reached conditions of dynamic equilibrium.  The 
existing area of the delta is approximately 97,000 square feet, the length of the delta is 
approximately 560 feet, and the average topset slope is 1.8 percent.  The foreset slope is defined, 
but not as clearly as at Slate Creek.  The average foreset slope is 23 percent and the top of the 
foreset slope was identified at an elevation of approximately 1,966 feet NAVD 88 (1,962 feet 
NGVD 29).  Flume Creek flows down a cascading falls and the base of the falls appears subject 
to backwater effects from high reservoir pool elevations.  As with Slate Creek, three major delta 
surfaces were mapped, but other smaller surfaces were observed during the delta surveys.  
Attachment A of Appendix 2 (Study 8 [SCL 2009b]) includes a figure illustrating these surfaces 
as well as the locations of the sediment samples. 

Nine sediment-size distribution samples were collected; five samples were taken in the bed of the 
tributary channel and four from below the surface of depositional features.  A summary of the 
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particle size distributions for each sample is presented in Table 4.2-3.  In the upper reaches of the 
channel the bed material is dominated by boulders and cobbles (BM-1 through BM-3).  The bed 
material graded from these boulders and cobbles to gravel sized material in the downstream 
direction.  Several subsurface samples were collected due to observed layers of sand, fines, and 
organic material (BM-6 through BM-9).  The samples revealed gravel material underneath these 
layers, indicating that the finer material is likely deposited by eddy current during high flow 
events in the mainstem.  The depth of deposition along the channel in the middle of the delta 
appears to only be several feet.  This assessment was based on an exposed stump and a rock 
outcrop in the cut channel banks. 

Table 4.2-3.  Descriptors of depositional material collected at the Flume Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Station 0+00 – 0+70 900 300 100
BM-2 Wolman Count Station 0+70 – 1+70 300 120 36
BM-3 Wolman Count Station 1+70 – 2+85 200 80 22
BM-4 Wolman Count Station 2+85 – 4+00 90 40 17
BM-5 Volumetric Station 4+00 – 4+50 54 21 2.0
BM-6 Volumetric Station 3+10, subsurface, 10-ft right of channel 49 14 1.9  
BM-7 Volumetric Station 3+10, subsurface, 20-ft right of channel 13  2.7 0.50 
BM-8 Volumetric Station 4+40, subsurface, 10-ft left of channel 8.9  1.3 0.42 
BM-9 Volumetric Station 4+40, subsurface, 45-ft left of  channel 58  7.9 0.57 

4.2.4.3. Sullivan Creek Delta 

The delta observed at Sullivan Creek was the largest of the seven selected deltas (delta length of 
approximately 1,460 feet).  The delta area within the influence of Project operations is 
approximately 773,200 square feet.  Figure 4.2-8 illustrates the delta as observed on September 
10, 2007, from the Highway 31 bridge.  As shown in this figure, the Sullivan Creek delta has a 
complex system of distributary channels.  Other deltas had a single channel, or possibly a single 
split; the Sullivan delta had a main channel with several overflow channels.  As a result, many 
depositional features were mapped across the complex delta.  One of these features, the delta 
topset, has a slope of 1.6 percent as calculated using the bathymetric data. 
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Figure 4.2-8.  Sullivan Creek delta as observed from the Highway 31 bridge on September 10, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,981 feet NAVD 88 (1,977 feet NGVD 29).

The riverward extent of the Sullivan Creek delta is constrained by flows in the mainstem and the 
sides of the delta are confined within terraces.  A comparison of historic (pre-dam) and current 
aerial photography and bathymetry data shows that the extents of the delta appear relatively 
consistent over time, indicating a lack of significant aggradation or degradation.  The location of 
the foreset slops has remained constant, and the existing foreset slope was measured as 26 
percent.  The elevation of the top of the foreset was approximately 1,982 feet NAVD 88 (1,978 
feet NGVD 29).  As summarized in Table 4.2-4, 14 sediment samples were collected on the 
delta.  Upstream of the delta, the streambed was dominated by cobbles (BM-1); on the delta, the 
stream bed was gravel, starting upstream as coarse gravel and grading to medium gravel toward 
the downstream end.  Gravel bar samples taken at the upper end of the delta (BM-4 and BM-5) 
have similar gradation to bar samples at the downstream end of the delta (BM-11 and BM-12); in 
fact, the downstream samples were a bit coarser.  The consistency in the depositional materials 
indicates that this delta is in equilibrium with existing hydrology and Project operations.  Further, 
the gradation of the upstream depositional bars and the channel bed within the delta were similar.  
Two locations were sampled to represent the layer of material deposited by mainstem eddy flows 
in the delta embayment (due to constrictions on the mainstem through Metaline Falls).  These 
samples were dominated by fine sand and silt (BM-9 and BM-10). 
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Table 4.2-4.  Descriptors of depositional material collected at the Sullivan Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Station 0+00 – 1+75 260 130 60
BM-2 Wolman Count Station 2+00 – 3+00, bar sample 85 42 15
BM-3 Wolman Count Station 1+75 – 5+00 92 50 20
BM-4 Volumetric Near Station 3+75 19  2.9 0.72  
BM-5 Volumetric Near Station 5+90, left bank 17  2.6 0.40  
BM-6 Wolman Count Station 5+00 – 7+00 110  61 24
BM-7 Wolman Count Station 7+00 – 10+50 94 50 19  
BM-8 Wolman Count Station 10+00 – 17+00 70 31 12
BM-9 Volumetric Station 13+50, in channel, left edge  0.17 0.067 0.014
BM-10 Volumetric Finer material on high bench 0.14 0.057 0.011
BM-11 Volumetric Station 14+50, bar sample, left side of channel 23 8.6 1.7
BM-12 Volumetric Bar sample, right side of delta, 200-ft from POR 22 7.5 0.98
BM-13 Volumetric 200-ft from topset-foreset intersection 0.28 0.17 0.075
BM-14 Volumetric 50-ft from topset-foreset intersection 26 5.3 0.43

4.2.4.4. Linton Creek Delta 

The delta at Linton Creek, while located upstream of Metaline Falls, was noted as having 
undergone significant morphologic changes since construction of Boundary Dam.  Through local 
interviews, it was learned that the apparent degradation resulted from gravel extraction from the 
delta and the placement of fill in Metaline Park.  In 1975–1976, excess mine tailings were placed 
in the low areas around Linton Creek, including the delta, to raise the elevation of Metaline Park 
and reduce the effects of flooding caused by the Pend Oreille River.  Gravel materials were later 
dredged from the delta just off of the Linton Creek confluence, leading to the apparent 
degradation.  Because neither of these activities directly resulted as a natural effect of 
construction of the dam and no significant changes in morphology were identified since the 
occurrence of these activities, the existing morphology was used to represent future morphology. 

The existing delta length was approximately 610 feet, with a 1.1 percent slope calculated for the 
topset.  The area of the delta, approximately 115,100 square feet, was calculated within the range 
of elevation affected by Project operations. The flows in the mainstem limit the riverward 
growth of the delta, the sides are confined within the placed fill within Metaline Park.  The bed 
material load, including considerable amounts of medium and finer gravels, transported by 
Linton Creek was finer than the most other tributaries with significant deltas (although the bed 
material in the Sand Creek delta was similarly sized).  The finer size fractions that make it to the 
delta were mobilized by the mainstem Pend Oreille River, resulting in the lack of a defined 
foreset slope (Figure 4.2-9).  The low slope of the mainstem channel bed and banks at the Linton 
Creek delta, and the open exposure to annual high flows, prevents the riverward growth of the 
delta.  Thus, no foreset slope was observed and the lower limit of deposition was estimated as 
approximately 1,980 feet NAVD 88 (1,976 NGVD 29). 
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Figure 4.2-9.  Linton Creek delta as observed on September 8, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,981 feet NAVD 88 (1,977 feet NGVD 29).
Note the car parked on a bar in the river for scale. 

During the delta surveys, the bed of the channel on the delta was gravel the entire way, except 
for the finer material near the mainstem.  As shown in Table 4.2-5, 10 sediment samples were 
collected on the delta.  Sample BM-5 represents the finer size fractions at the mouth of the delta 
that were eroded from the delta during drawdown, likely covering a layer of coarser gravel.
Unlike other deltas, a sample was collected that represented fine, over-consolidated, lacustrine 
materials (BM-9).  The gradation is very similar to BM-7, which is believed to be silt from the 
mainstem deposited on the delta surface.  BM-9 had roots and other organic materials in it. 
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Table 4.2-5.  Descriptors of depositional material collected at the Linton Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Both bedload sections 41 20 11
BM-2 Volumetric Both bedload sections 27 6.2 0.40
BM-3 Wolman Count Station 0+00 – 2+10 47 22 11
BM-4 Wolman Count Station 2+10 – 5+00 50 22 11
BM-5 Volumetric Station 5+00 – 6+70 21 8.3 0.99
BM-6 Volumetric Station 2+75, bar sample, 25-ft right of channel 5.2 0.66 0.28
BM-7 Volumetric Station 3+70, bar surface, 25-ft right of channel 0.098 0.043 0.0079
BM-8 Volumetric Station 3+70, bar subsurface, 25-ft right of channel 0.59 0.14 0.023
BM-9 Volumetric Station 4+50, clay/silt lens at toe of right bank 0.091 0.039 0.0025
BM-10 Volumetric Station 4+30, bar subsurface, 6-ft right of channel 8.2 0.92 0.18

4.2.4.5. Pocahontas Creek Delta 

The delta at Pocahontas Creek was the smallest of the seven selected deltas (approximately 
18,100 square feet).  A large deposit on the downstream (in relation to the flow in the mainstem) 
side of the delta is likely the result of sediment mobilized during an infrequent flood event in 
Pocahontas Creek.  Figures 4.2-10 and 4.2-11 illustrate the delta as viewed from the large 
deposit.  The mobilization of this material is not associated with a typical flow conditions (note 
the coarser sizes in the lower left corner of the Figure 4.2-10).  The delta extends to the edge of 
the river, or slightly beyond if the flood deposit just mentioned is considered.  The length of the 
delta is approximately 205 feet, and the topset slope was calculated as 2.7 percent.  The elevation 
of the top of the foreset slope (measured as 51 percent) was higher than at other deltas, 
approximately 1,990 feet NAVD 88 (1,984 feet NGVD 29).  The lateral extent of the delta is 
confined by the terrace along the mainstem.  Three primary depositional surfaces were mapped 
during the delta surveys. 
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Figure 4.2-10.  Pocahontas Creek delta as observed on September 9, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,981 feet NAVD 88 (1,977 feet NGVD 29). 
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Figure 4.2-11.  Upstream view of foreset slope (background) and large depositional feature (foreground). 

Note:  The shown reservoir water surface elevation is approximately 1,981 feet NAVD 88 (1,977 feet NGVD 29). 

A significant delta with the same large depositional feature is apparent on aerial photographs 
taken prior to construction of Boundary Dam.  Although the stream appears to be a relatively 
moderate producer of sediment, it is likely that the mainstem current mobilizes depositional 
material.  Given the consistent morphology of the delta, it is likely that the delta is in equilibrium 
with hydrologic conditions and Project operations. 

The data in Table 4.2-6 show that the bed of the channel was dominated by cobbles in the upper 
reaches (BM-1 and BM-2), then grades to gravels on the topset and foreset surfaces.  The 
riverbed material (BM-7) at the toe of the foreset is much coarser than the material on the delta. 

Pocahontas Creek was dry during the September 2007 reconnaissance.  An adjacent landowner 
indicated the creek was flowing further upstream, but the flow disappears when it encounters the 
coarse glacial material in the lower portions of the creek.  The landowner, the second generation 
in the family to live on the property, did not recall any major changes to the delta morphology 
over her lifetime. 
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Table 4.2-6.  Descriptors of depositional material collected at the Pocahontas Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Station 0+00 – 0+75 290 120 37
BM-2 Volumetric Both bedload sections 25 4.2 0.83
BM-3 Wolman Count Station 0+75 – 1+50 130 60 13
BM-4 Wolman Count Station 1+50 – 2+25 81 32 11
BM-5 Volumetric Station 2+25 – 2+53, foreset 17 6.2 1.2
BM-6 Wolman Count Station 2+53 – 2+75, mainstem bed 300 160 70
BM-7 Volumetric Station 1+75, bar subsurface, 16-ft right of channel 7.8 0.57 0.21
BM-8 Volumetric Finer surface material in upper delta 10.0 3.1 0.69
BM-9 Volumetric Coarser surface material in upper delta 33 17 6.50

4.2.4.6. Sweet Creek Delta 

The tributary delta at Sweet Creek was of significant size (approximately 140,000 square feet 
within the elevations influenced by Project operations) and was well developed (Figure 4.2-12).
The lateral extents were confined by terraces and the riverward extent was limited by mainstem 
flows.  Sweet Creek enters the west side of the Pend Oreille River in a narrow section, with 
bedrock observed in the opposite (east) bank.  A comparison of current delta extents to historic 
extents as shown on aerial photography reveals consistent length and width (delta area of 
approximately 147,400 square feet).  Thus, it is likely that the delta has encroached as far as 
possible under current conditions.  The length of the delta is approximately 890 feet.  The 
average topset slope is approximately 1.6 percent.  The delta has a clearly defined foreset; the top 
of the foreset slope was at an elevation of 1,984 feet NAVD 88 (1,980 feet NGVD 29) and it has 
a slope of 40 percent. 
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Figure 4.2-12.  Sweet Creek as seen on September 11, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,985 feet NAVD 88 (1,981 feet NGVD 29).  
Note the orange, 5-gallon bucket at the right of the figure for scale. 

The Sweet Creek watersheds appeared to produce moderate to high sediment loads.  A log jam 
upstream of the delta with significant accumulation of sediment stored behind it had broken, 
releasing a pulse of sediment.  Some of the gravels deposited downstream on the delta may have 
been a result of this event.  Summary statistics of the sediment size distribution at the sample 
locations are presented in Table 4.2-7.  The bed of the channel on the delta was predominantly 
gravel- and cobble-sized material.  Excepting BM-7 (terrace material) the depositional bars 
tended to grade from cobbles at the upstream end to fine gravel at the mouth.  The foreset slope 
had gravel on the surface (BM-12), but was sandy beneath (BM-13) the surface pavement layer.    
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Table 4.2-7.  Descriptors of depositional material collected at the Sweet Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Station 0+00 – 0+50 120 62 20
BM-2 Wolman Count Station 0+00 – 0+60 250 110 51
BM-3 Wolman Count Station 0+60 – 1+40 110 60 18
BM-4 Volumetric Station 1+50, bar sample, 30-ft right of channel 110 35 3.3
BM-5 Wolman Count Station 1+40 – 2+20 110 60 25
BM-6 Wolman Count Station 2+20 – 4+00 81 34 12
BM-7 Volumetric Station 3+50, bank sample, 60-ft left of channel 0.15 0.063 0.0057
BM-8 Wolman Count Station 4+00 – 7+25 70 30 12
BM-9 Volumetric Station 5+50, bar sample, 20-ft right of channel 22 4.6 0.60
BM-10 Volumetric Station 7+25 – 8+56 62 27 3.6
BM-11 Volumetric Station 7+25, bar sample, 20-ft right of channel 13 3.3 0.66
BM-12 Wolman Count Gravel-cobble material across foreset 74 34 18
BM-13 Volumetric Sand-gravel material across foreset 11 2.2 0.72

At the upper end of the delta, the elevation of the bar deposits appeared to be near the upper end 
of elevation influenced by Project operations.  This indicated that the bar materials were laid 
down above the influence of the reservoir, making the upper area more of an alluvial fan.  An 
example of these potential alluvial depositional features is presented in Figure 4.2-13.  
Consequently, Sweet Creek had one of the most complex delta areas, probably only matched by 
Sullivan Creek; however, like the Sullivan Creek delta, it does not appear to be undergoing 
progressive changes in delta morphology. 
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Figure 4.2-13.  Downstream view of Sweet Creek in the upper delta area. 

4.2.4.7. Sand Creek Delta 

The tributary delta at Sand Creek was the most upstream of seven surveyed deltas.  The Sand 
Creek watershed appeared to produce a relatively moderate supply of sediment.  The area of the 
delta within the elevations influenced by Project operations was approximately 186,500 square 
feet.  A large deposit extended into the mainstem channel on the downstream side of the delta 
(Figure 4.2-14).  The deposit was assumed to be representative of sediment transported in Sand 
Creek during infrequent, large flood events; not typical flows.  This feature was similar in nature 
to the large depositional feature noted at the Pocahontas Creek delta.
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Figure 4.2-14.  Downstream view of large delta deposit likely associated with large flood event on Sand 
Creek.

The lateral extent of the delta was confined by terraces and the riverward extent was limited by 
mainstem flows.  The leading edge of the delta aligns well with the mainstem bank (Figure 
4.2-15).  The top elevation of this foreset slope was approximately 1,986 feet NAVD 88 (1,982 
feet NGVD 29) and the foreset slope was measured as 23 percent.  Given the similarity of 
existing delta morphology including the large depositional feature with pre-dam morphology, the 
sediment supplied to the delta appears to be in equilibrium with the sediment removed by the 
mainstem.  The length of the delta is approximately 920 feet.  The average calculated topset slope 
is approximately 1.9 percent. 
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Figure 4.2-15.  Sand Creek as seen on September 10, 2007. 

Note:  The shown reservoir water surface elevation is approximately 1,982 feet NAVD 88 (1,978 feet NGVD 29).  
Note the figure with a stadia rod on the right side of the figure for scale. 

The channel bed, which was dry during the delta survey, was dominated by coarse gravels, 
although the gradation became finer in the downstream direction (Table 4.2-8).  The bar samples 
tended to be finer than the channel bed as the bars comprised mainly fine gravels.  One exception 
was the medium to coarse sands in BM-10.  It is likely that these finer size fractions are not 
represented farther down the delta because they can be washed away by the current in the 
mainstem. 
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Table 4.2-8.  Descriptors of depositional material collected at the Sand Creek delta. 

Sample 
Name Sample Type Notes d85 (mm) d50 (mm)

d15
(mm)

BM-1 Wolman Count Station 0+00 – 0+50 89 34 14
BM-2 Volumetric Station 0+45, bar sample, left side of channel 23 5.4 0.77
BM-3 Wolman Count Station 0+50 – 1+50 65 30 12
BM-4 Volumetric Station 1+10, bar sample, left side of channel 29 11 0.77
BM-5 Wolman Count Station 1+50 – 3+00 43 21 12
BM-6 Volumetric Station 3+00 – 4+00 27.0 10 1.2
BM-7 Volumetric Station 4+00 – 5+75 0.31 0.13 0.036
BM-8 Volumetric Station 4+00 – 5+75, subsurface  21 6.5 0.64
BM-9 Volumetric Station 5+75 – 7+00 20 3.3 0.23
BM-10 Volumetric Station 3+50, bar sample, 30-ft right of channel 0.96 0.35 0.19

4.3. Stability of Existing Delta Morphology 

The evaluation of existing delta morphology described in Section 4.2, and the comparison to 
historic (pre-dam) morphology described in Section 4.1 provides a basis for understanding the 
potential morphologic stability of the deltas.  The assessments were built on with evaluations of 
the stability of the location of the delta foreset slopes and an evaluation of the influence of 
Project operations on morphology.  These evaluations are described in the following sections. 

The significance of these evaluations is the dependence of the HQR calculations on the area of 
lacustrine (i.e., inundated) and riverine (i.e., flowing stream channel) habitats.  Over the 50-year 
term of a new license, if the morphology of a delta is predicted to change, the change in habitat 
areas needs to be represented for inclusion in HQR calculations.  As described in the RSP (SCL 
2007), the 50-year term of a new license was divided into thirds, and the morphology of the 
seven deltas within each third was evaluated.  For tributary deltas where morphology 
progressively changes over the 50-year term of a new license, future predictions of morphology 
were made for the midpoint of each third of the 50-year post-licensing term (i.e., years 8, 25, and 
42) and the habitat areas were accordingly updated.   

4.3.1. Foreset Stability 

Sediment transported to the downstream extent of a tributary delta may be mobilized by 
mainstem channel hydraulics if the delta extends far enough into mainstem channel.  Under these 
conditions, the constriction of the mainstem channel by the delta will allow high flows in the 
mainstem to periodically mobilize the depositional materials, preventing any further progressive 
riverward growth of the delta.  The HRM developed in Study 7 for the mainstem channel was 
used to determine hydraulic conditions at the foreset slope of the seven tributary deltas.
Hydraulic conditions necessary to mobilize sediment deposited on the foreset slope were 
compared to output from the HRM to determine whether further progressive riverward growth of 
representative deltas is possible.  This analysis is dependent both upon mainstem hydraulics and 
delta characteristics (i.e., foreset slope and the diameter of substrate size fractions of interest). 
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4.3.1.1. Mainstem Hydraulic Conditions 

For a single pair of relationship between habitat areas and elevation to appropriately be applied 
over the 50-year term of a new license, a flow capable of mobilizing coarse sediment on the 
foreset of a delta needs to occur frequently enough that progressive changes in the location of the 
foreset slope do not occur.  For example, during drier years when peak flows in the mainstem are 
lower than average, if additional sediment is delivered to the delta foreset, but mainstem 
hydraulics are insufficient to mobilize this material, over the short term the location of the foreset 
slope may advance slightly riverward.  Similarly, during a very wet year, the amount of material 
eroded from the foreset slope may result in a slight retreat of the foreset from the mainstem.  
These cases represent changes that are not progressive in nature; rather, they are fluctuations 
about a generally stable foreset location.  Changes that are minor fluctuations cannot be 
reasonably predicted, and do not need to be represented in the tributary delta physical habitat 
modeling.

To determine whether progressive changes are likely, a binomial probability distribution was 
applied to various recurrence interval flows to determine the probability that the specified flow 
will occur within each third of the 50-year term of a new license.  For flows with sufficient 
capacity to mobilize sediment from the foreset of a delta, the greater the probability of 
occurrence in each third of the post-licensing term (approximately 17 years each), the less 
influential are minor changes in delta morphology for the purposes of tributary delta habitat 
modeling.  The application of the binomial probability distribution to the sequence of flows in a 
17-year period is presented in Table 4.3-1. 

Table 4.3-1.  Probabilities calculated using a binomial probability distribution that shown exceedance 
probability flows occur during each of the 17-year periods (one-third of the 50-year term of a new 
license).

 Probability of Occurrence within 17-year Period 
Exceedance
Probability1

1 or More 
Occurrences

Only 1 
Occurrence

1-2   
Occurrences  

1-3   
Occurrences

1-4   
Occurrences

0.01 0.15706 0.14475 0.15644 0.15704 0.15706 
0.02 0.29068 0.24609 0.28627 0.29037 0.29066 
0.04 0.50041 0.35387 0.47183 0.49641 0.49999 
0.10 0.83323 0.31501 0.59503 0.75059 0.81108 
0.20 0.97748 0.09570 0.28710 0.52636 0.73571 
0.50 0.99999 0.00013 0.00117 0.00636 0.02451 
0.90 1.0 0.0 0.0 0.0 0.0 

Note:
1 The exceedance probability is the probability that a given flow rate will occur in any one year.  This is not the 

magnitude of the flow, just the probability associated with a particular flow. 

The values in Table 4.3-1 show that the lower the exceedance probability of a particular flow, the 
less likely the flow will occur within the 17-year period of interest.  While the higher exceedance 
probability flows are almost certain to occur, the magnitude of the peak flow rate during these 
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common flows may not be sufficient enough to mobilize coarse sediments from the delta foreset 
slopes.  An iterative process was planned for identifying the minimum flow with capacity to 
mobilize sediment on delta foreset slopes and the greatest probability of occurrence in each third 
of the 50-year term of a new license. 

To make use of the binomial probability distribution and identify the flow rate capable of 
mobilizing foreset sediments, the magnitude of the various exceedance probability flows was 
needed.  Flows in the Pend Oreille River through the study area are regulated, so the Probable 
Maximum Flood (PMF) Report for Boundary Dam (SCL 1997) was used to identify the 
magnitude of different exceedance probability floods.  The PMF study considered various 
combinations of regulation projects – the one of interest in this study included the regulation at 
Hungry Horse Dam Prior to regulation at Boundary Dam.  Table 4.3-2 presents the calculated 
probability of exceedance estimated for peak flow rates as provided in the PMF Report. 

Table 4.3-2.  Results of flood frequency analysis at international boundary after regulation at Hungry 
Horse Dam, prior to regulation at Boundary Dam (SCL 1997). 

Confidence Limits, Flow (cfs) 
Probability of Exceedance Computed Flow (cfs) 0.05 0.95 

0.01 139,000 173,000 121,000 
0.02 135,000 167,000 118,000 
0.04 129,000 156,000 114,000 
0.10 124,000 146,000 109,000 
0.20 114,000 133,000 102,000 
0.50 95,500 107,000 85,800 
0.90 66,100 74,800 54,400 

Combining the information in Table 4.3-1 and Table 4.3-2 shows, for example, that the flow 
magnitude of 124,000 cfs has a 0.10 probability of exceedance in any one year, and a 0.83 
probability of occurring at least one time in the 17-year period of interest.  Similarly, the flow of 
95,500 cfs has a 0.50 probability of exceedance in any one year, and a nearly 1.0 probability of 
occurring at least one time in the 17-year period of interest. 

4.3.1.2. Tributary Delta Foreset Conditions 

The capacity of mainstem flows to mobilize sediment from the foreset of tributary deltas is 
affected by physical conditions such as the foreset slope, the size of the substrate to be 
mobilized, and the angle of repose of the sediment.  Incipient motion calculations (determination 
of the hydraulic conditions needed to mobilize specified size sediment) were used to estimate the 
point at which hydraulic conditions on the mainstem limit further delta growth.  Because of the 
size of the mainstem Pend Oreille River compared to its tributaries, it is expected that incipient 
motion was a simpler and more accurate indicator of the delta reaching an equilibrium condition 
than attempting to isolate actual sediment transport rates at the delta toe.  This conclusion is 
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based on the several orders of magnitude larger flow in the Pend Oreille River having much 
higher sediment transport capacity than the tributaries. 

The basis of incipient motion is that bed material particles will be mobilized when the 
hydrodynamic lift force applied on the particle exceeds the submerged particle weight.  The 
Shields (1936) parameter is defined as the dimensionless number calculated as the ratio of the 
applied shear stress (i.e., the lift force) to the submerged weight (the resisting force).  The 
Shields parameter is calculated using the following equation: 
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Where:
τ*  =  Shields parameter (dimensionless) 
γw  =  unit weight of water (pounds force/cubic foot [lbf/ft3])
Rh  =  hydraulic radius (square foot/foot [ft2/ft]) 
Sf   =  friction slope (ft/ft) 
γs   =  unit weight of sediment (lbf/ft3)
ds   =  median dimension representing particle size s (feet [ft]) 

The critical value of this parameter, corresponding to the beginning of particle motion, depends 
primarily on flow conditions.  Therefore the threshold state is not as straightforward as balancing 
forces.  On hydraulically rough surfaces (such as the bottom of a stream or river), the critical 
values typical range from 0.03 to 0.06, with 0.047 commonly used as a good approximation.  
However, for unconsolidated, mixed size particles (such as sediment deposited along the foreset 
of a delta), the critical value of the Shield's parameter is lower (typically 0.02 – 0.03) than values 
used to represent a streambed.  Carter (1953) developed a simplified relationship between foreset 
slope and angle of repose that reduces the critical Shields parameter to account for the decrease 
in the forces holding a particle in place on a slope.  This relationship is shown in the following 
equation:
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Where:
τθ* =  Shields parameter on an embankment slope (dimensionless) 
τ*  =  Shields parameter (dimensionless) 
θ   =  embankment (i.e., foreset) slope (degrees) 
φ   =  angle of repose (degrees) 

The foreset slopes were measured from the bathymetric survey data collected in 2006.  The angle 
of repose of the sediment was determined based upon the gradation of substrate deposited in a 
specific delta.  As the depositional material typically ranges in size from sand to small cobbles, 
the angle of repose was 33 to 38 degrees.  During the September 2007 delta surveys, sediment 
samples were collected at representative tributary deltas to characterize the gradation of 
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depositional material.  The coarser size fractions were selected to represent the most stable 
material on the foreset slopes, the material that will resist the erosive forces of the mainstem 
hydraulics.  The size fraction for which 85 percent of the depositional material is finer (d85) was 
used to represent the coarse material.  The sediment samples selected as representative of the 
depositional material at the seven deltas are shown in Table 4.3-3, along with the foreset angles 
and angles of repose. 

Table 4.3-3.  Tributary delta foreset depositional material properties. 

Delta Sample d85 (mm) τ* θ (degrees)1 φ  (degrees)2

Slate BM-8 78 0.02 31 37 
Flume BM-4 90 0.02 13 38 

Sullivan BM-7 94 0.02 16 35 
Linton BM-3 47 0.02 23 36 

Pocahontas BM-4 81 0.02 27 37 
Sweet BM-12 74 0.02 22 37 
Sand BM-9 21 0.02 13 33 

Notes:
1 Foreset slope 
2 Angle of repose of depositional material on tributary foreset 
3 There was no defined foreset slope at this delta, rather, the angle of the riverbed/bank at this delta was used. 

4.3.1.3. Stability Calculations 

Hydraulic output from the HRM was used in conjunction with the physical conditions at 
representative deltas to evaluate the potential for future riverward growth of the deltas.  The 
diameter of the d84 particle, the angle of repose of the depositional material, the foreset slope, and a 
constant value of the Shield parameter were used with the equations in the previous section to 
calculate the shear stress needed to satisfy incipient motion conditions.  This calculated value of 
shear stress was compared to the computed value output from the HRM for a cross section through 
each tributary foreset.  The HRM was run for a reservoir pool elevation of 1,991 feet NAVD 88 
(1,987 feet NGVD 29) with an inflow of 124,000 cfs (corresponding to a flow that has 
approximately 0.10 probability of occurring in any one year).  If the shear stress output from the 
HRM was equal to or greater than the shear stress calculated for incipient motion conditions, no 
progressive future riverward growth was considered at the delta; if the output from the HRM was 
less than the requirement for incipient motion conditions, progressive riverward growth of the 
delta was quantified.  If future growth of the delta is feasible, the final delta configuration was 
checked to see whether incipient motion conditions were met and whether any changes in the 
foreset location were needed.  The results of these comparisons are presented in Table 4.3-4. 
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Table 4.3-4.  Calculations of foreset stability at selected deltas. 

Delta 
Critical Shear 

Stress (lbf/sq. ft.)1
Applied Shear 

Stress (lbf/sq. ft.)2

Applied Shear 
Greater Than 
Critical Shear Foreset Condition 

Slate 0.27 0.12 No Dynamic growth 
Flume 0.57 0.53 No Dynamic growth 

Sullivan 0.56 0.56 Equal Dynamically stable 
Linton 0.32 0.41 Yes Dynamically stable 

Pocahontas 0.36 0.46 Yes Dynamically stable 
Sweet 0.39 0.41 Yes Dynamically stable 
Sand 0.13 0.17 Yes Dynamically stable 

Notes:
1 lbf/sq. ft. = pounds force per square foot  
2 Calculated for flow rate of 124,000 cfs (0.10 exceedance probably flow) and reservoir water surface elevation 

of 1,991 feet NAVD 88 (1,987 feet NGVD 29). 

For the hydraulic conditions evaluated, the five deltas upstream of Metaline Falls experience 
shear stresses during the 0.10 exceedance probability flow that are capable of mobilizing the 
coarser sediment deposited at the deltas.  Application of the binomial distribution predicts that 
the stresses have a probability of 0.81 of occurring 1 to 4 times per third of the 50-year term of a 
new license.  Under these conditions, it is likely that these hydraulic stresses will occur 
frequently enough that progressive riverward growth in the location of the delta foreset is 
unlikely.  Therefore, the existing morphology of the delta is likely to persist into the future given 
Project operations similar to past Project operations. 

For the two deltas downstream of Metaline Falls, the hydraulic stresses applied during the 0.10 
exceedance probability flow are too low to mobilize the coarser sized depositional material at 
these deltas.  Although further evaluations could have been conducted to identify the flow rate 
and exceedance probability under which the materials are mobilized, a simplified approach was 
justified.  At the Slate Creek delta, the delta foreset is set so far back from the mainstem flow, 
and is “shielded” by the southern side of the canyon wall, that a rough comparison of the 
deposition since 1967 versus the available volume of deposition until the foreset reaches the 
mainstem flows reveals that the required sediment loading will not occur within the 50-year term 
of a new license.  A similar comparison at Flume Creek shows the same result.  Further, the 
complex hydraulic effect of Deadman’s Eddy, both in terms of additional sediments delivered to 
the delta from the mainstem as well as scour of sediment from the delta, cannot be well 
represented within the one-dimensional HRM.  Therefore, over the 50-year term of a new 
license, both the Slate Creek and Flume Creek deltas will continue to grow in a riverward 
direction.  As future morphologies were modeled, the location and extent of the foreset slopes 
were checked to verify that the delta has not encroached into the mainstem currents. 

4.3.2. Influence of Project Operations on Delta Morphology 

As discussed in the previous section, the length of a delta is the results of a balance between the 
amount and size of sediments delivered to the foreset slope, as well as the hydraulic stresses 
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applied by the mainstem flow on the foreset slope.  The delta length only describes one 
dimension of the delta; the other dimension that can be affected by Project operations is the 
elevation of the top of the foreset slope and the elevation and angle of the topset.  A time series 
of water surface elevations was compared to the existing elevation of these delta features to 
investigate whether existing Project operations affect the vertical dimension of selected deltas. 

Because two turbine units were installed at the Boundary Project in 1986, operations prior to 
1986 were not considered representative of existing operations. Measurements of inflows to 
Boundary Reservoir and water surface elevations at Boundary Dam were used to generate an 
hourly time series of data that were input to the Study 7 HRM.  The HRM was used to calculate 
the water surface elevation adjacent to the seven selected tributary deltas over this 19-year 
period.  The elevation of the top of the foreset was compared to the hourly water surface 
elevations to determine whether there is any clear effect of Project operations on this delta 
feature.  The results of this assessment are presented in Table 4.3-5. 

Table 4.3-5.  Comparison of elevation of top of foreset slope to 19 years of hourly water surface 
elevations (1986–2005). 

Delta 
Top of Foreset      
(ft, NAVD 88) 

Minimum WSE     
(ft NAVD 88) 

Maximum WSE   
(ft, NAVD 88) 

Percent of 19 years 
Top of Foreset 

Exposed
Slate 1,966 1,957.3 1,995.4 0.034 

Flume 1,966 1,961.5 1,998.7 0.021 
Sullivan 1,982 1,981.0 2,014.8 0.035 
Linton 1,9801 1,981.2 2,015.6 0 

Pocahontas 1,990 1,981.3 2,015.7 27 
Sweet 1,984 1,981.8 2,016.5 0.11 
Sand 1,986 1,981.9 2,016.9 0.55 

Notes:
1 The Linton Creek delta does not have a defined foreset slope, so the top of the foreset was assigned a value 
of 1980 feet NAVD88 (1976 feet NGVD29) based on bathymetric survey data and mapping of thermal plumes. 

The 19-year period 1986–2005 was evaluated because two turbine units were added to the Project in 1986.  To make 
the historic evaluation consistent with the existing turbine configuration, previous years were excluded from this 
analysis.
WSE – water surface elevation 

Table 4.3-5 illustrates that the elevation of the top of the foreset slope is directly related to the 
low reservoir water surface elevation at each delta.  At the ends of the spectrum, the elevation of 
the top of the foreset slope at the Pocahontas Creek delta is exposed, on average, for nearly 10 
days per year; the top of the foreset slope at Sullivan Creek is exposed, on average, for only 3 
hours per year.  Clearly, the reservoir water surface elevations at the low end of the operating 
range influence the elevation of the top of the foreset slope. 
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4.4. Models of Tributary Delta Evolution 

Sediment processes were applied to the seven tributary deltas to determine if the delta 
morphology was likely to change over the 50-year term of a new license.  The identification of 
these changes resulted in the categorization of the deltas using four potential models of delta 
evolution developed for Study 8: 

1. Type 1:  No significant delta present or delta is below minimum reservoir water 
surface elevation surface.  (Note: Type 1 tributary deltas will not be modeled.) 

2. Type 2:  Delta morphology is not expected to significantly change over the term of a 
new license.  (These are deltas that have reached an equilibrium condition that will 
not be significantly influenced by operations scenarios.) 

3. Type 3:  Delta morphology is expected to change, but changes are not significantly 
influenced by operations scenarios.  (These are most deltas that are still building into 
large sediment storage areas that are isolated from significant mainstem sediment 
transport conditions.) 

4. Type 4:  Delta morphology is expected to change and the changes will be 
significantly influenced by operations scenarios.  (These are most likely deltas that 
have an intermediate level of potential sediment storage off the mainstem that could 
be filled dependent on dominant reservoir levels and/or are exposed to mainstem 
hydraulics that could be influenced by operations scenarios.  An example is a delta 
where the majority of the potential delta sediment storage volume is in the reservoir 
fluctuation zone.) 

The application of these models was considered only in the context of continuing existing Project 
operations for the duration of the 50-year term of a new license.  Two tributaries in addition to 
these seven, Pewee Creek and Lime Creek, were candidates for the same level of study directed 
to the selected seven; however, qualitative descriptions of the sediment processes at their 
confluence with the reservoir and the rationale for excluding them from detailed study is 
presented in Section 5.1 of Appendix 1 (Study 8 [SCL 2009b]).  Once operations scenarios are 
developed, they will be evaluated to determine whether different models are appropriate 
(particularly for distinguishing between Type 3 and Type 4 deltas).  The methods described in 
the previous sections provided the context for assigning the seven tributary deltas to one of the 
four delta evolution models.  Section 4.1 and Section 4.2 document the historic and existing 
morphology of the tributary deltas as a way to identify morphologic changes that have occurred 
as a result of project construction and operation.  Section 4.3 presented an evaluation of the 
stability of the foreset and the sensitivity of the elevation of the top of the foreset to Project 
operations.  When considered together, the delta evolution models were identified as shown in 
Table 4.4-1. 
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Table 4.4-1.  Models of tributary delta evolution. 

Delta Evolution Model 
Slate Type 4 

Flume Type 4 
Sullivan Type 2 
Linton Type 2 

Pocahontas Type 2 
Sweet Type 2 
Sand Type 2 

The two deltas downstream of Metaline Falls have undergone significant morphologic changes 
since construction of Boundary Dam, their existing foreset locations have not yet encroached on 
the mainstem flow path, and the elevation of the top of the foreset slope is related to the lowest 
water surface elevations in the reservoir.  For these reasons, the future morphology of the deltas 
is predicted to change, and it is likely to be sensitive to the minimum water surface elevations of 
particular operations scenarios.  The five deltas upstream of Metaline Falls do not appear to have 
undergone significant morphologic changes since construction of Boundary Dam, the location of 
their existing foreset slopes appear dynamically stable, and the elevation of the top of their 
foreset slopes appears linked to the lowest water surface elevations in the reservoir.  Although 
the link to reservoir water surface elevations could make these deltas sensitive to operations 
scenarios, their location above Metaline Falls reduces the effect of Project operations due to the 
hydraulic control provided by the Falls.  Once reservoir water surface elevations drop below a 
certain threshold, the upstream reaches of the reservoir are no longer considerably affected by 
operations.  Further, during flood stages, the influence of Project operations is no more than 
approximately 1.5 feet (see Study 2, Analysis of Peak Flood Flow Conditions above Metaline 
Falls Final Report [SCL 2009c]).  Thus, the influence of operations scenarios on the morphology 
of the deltas upstream of Metaline Falls will be less than the annual variability between wet, dry, 
and average hydrologic years.  No changes in morphology are expected at these five deltas and 
the Type 2 evolution models are appropriate. 

4.5. Future Delta Morphology 

The categorization of the delta evolution models in Section 4.4 shows that the future delta 
morphology is expected to change from existing delta morphology for only two of the seven 
tributary deltas—Slate Creek and Flume Creek.  For the remaining five deltas, it is appropriate to 
use existing morphology to represent future morphology.  For the Slate Creek and Flume Creek 
deltas, the future morphology was estimated using the yield of bed material sediment from the 
contributing watershed, the available volume in which this material was deposited, and 
morphologic features of the existing deltas.  This process is described in more detail in the 
following sections. 
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4.5.1. Tributary Sediment Supply 

The supply of sediment from tributary watersheds is presented in detail in Appendix 2 to the 
Study 8 Final Report (SCL 2009b); in this section, only an overview of the methods is provided.  
The average annual bed material (cobble, gravel, and sand sized materials) yield was calculated 
on the basis historical deposition analyses at three tributary deltas where no deposition was 
observed at the time of dam construction (1967), but a delta currently exists.  Using topographic 
maps published in 1957 (pre-dam), the volume of delta deposition over the 39 year period 
between 1967 (reservoir topped out) and 2006 was estimated (reasonably assumes no deposition 
between 1957 and 1967).  The contributing tributary watershed area for each delta was 
calculated, but areas upstream of lakes, ponds, reservoirs, and other bed material traps within the 
watershed were excluded.  An average annual depositional weight per unit watershed area was 
calculated by converting the volume to a mass using a typical unit weight, then dividing this 
value by watershed area and the period of record.  These calculations provided bed material yield 
rates in units of tons per acre per year.  Independent calculations from the three watersheds gave 
similar average bed material yield rates; therefore the average of the three was adopted for the 
study area.  This empirical approach was considered more accurate than using sediment transport 
functions, as these watersheds are supply limited and typical capacity based sediment transport 
calculations provided yields that were orders of magnitude too great. 

Silt and clay size fractions were considered to pass though to the confluence into the Pend 
Oreille River, and not contribute to delta deposition.  For this reason, these components of the 
total sediment yield were excluded from predictions of future deposition at the deltas.  The areal 
based bed material sediment yield rates were multiplied by the watershed area and the period of 
interested (in years) to provide a total weight of sediment delivered to the delta.  Specifically, 
weights of depositional material were calculated for the mid point of each third of the 50-year 
term of a new license.  The weight of deposition was then converted back to a volume again 
using a typical unit weight.  These calculations are shown for the Slate Creek and Flume Creek 
watersheds in Table 4.5-1. 

Table 4.5-1.  Bed material volumes delivered to the Slate Creek and Flume Creek delta at the midpoint of 
each third of the 50-year term of a new license. 

 Slate Creek Flume Creek 
Yield Type Volume (cu. yds.) Volume (cu. ft.) Volume (cu. yds.) Volume (cu. ft.) 

Annual bed material yield 431.1 11,640 257.7 6,960 
Cumulative yield at midpoint 

of first 17 years 
3,590 96,990 2,147 57,980 

Cumulative yield at midpoint 
of second 17 years 

10,780 291,000 6,440 173,900 

Cumulative yield at midpoint 
of third 17 years 

17,960 485,000 10,740 289,900 
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4.5.2. Volume Available for Tributary Delta Development 

The volume available for the future development of the tributary deltas is confined by the 
bounding topography of the ground surface and the topset and foreset of the delta.  The bounding 
topography was represented by the 2005–2007 topographic and bathymetric survey data, so no 
further data collection was needed.  An example of the bounding topography and bathymetry at 
the Slate Creek delta is shown in Figure 4.5-1. 

Figure 4.5-1.  Existing ground surface of the Slate Creek delta, looking to the southeast (not to scale). 

The future topset slope was calculated as the minimum slope necessary to transport the coarser 
fractions of the bed material across the delta, given the typical cross section geometry.  A 
simplified version of the Meyer-Peter and Muller equation was used with d84 of the depositional 
material (Table 4.3-3) to calculate the channel slope at the threshold of motion.  Slopes generated 
using this method were similar to 50 percent the tributary channel slope upstream of the delta, 
which follows guidelines published by the U.S. Bureau of Reclamation (1987) to estimate topset 
slope.  The much steeper foreset slope was based on foreset slopes taken from existing delta 
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morphology, and the angle of repose for dominant particle size classes found in the bed (Table 
4.3-3).  The topset slope for the Slate Creek delta was calculated as 2.5 percent, the same value 
as the existing topset slope (Table 4.2-1).  Similarly, the topset slope of 1.8 percent calculated for 
the Flume Creek delta matches the existing topset slope.  The foreset slope for the Slate Creek 
delta was estimated to be 60 percent (based on angle of expected angle of repose for depositional 
materials of 30–35 degrees).  A similar sediment gradation is delivered to the Flume Creek delta; 
however, due to the influence of Deadman’s Eddy, the existing foreset slope is nearly half as 
steep as the foreset slope at Slate Creek.  Considering the continuation of existing Project 
operations, the effects of the eddy current were assumed to similarly affect the Flume Creek delta 
over the 50-year term of a new license, so the existing foreset slope of 23 degrees was carried 
into future morphologic predictions. 

The upper elevation bounding the sediment deposition at each delta was linked to the existing 
elevation.  The influence of Project operations on sediment transport at the upper end of the delta 
allows for mobilization of temporary deposition farther down the delta once the high reservoir 
water surface elevations associated with peak runoff have receded.  The elevation of the 
intersection of the topset and the foreset was maintained at its current elevation since no changes 
were expected in the operation of the Project.  Schematics illustrating the approach utilized to 
calculate delta development are provided in Figure 4.5-2 and Figure 4.5-3. 

A. EXISTING CONDITIONS
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Delta 
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Delta 
foreset

River bed

Delta

Intersection point

A. EXISTING CONDITIONS

Tributary bed

Delta 
topset

Delta 
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River bed
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Intersection point

Figure 4.5-2.  Schematic model of existing delta morphology (not to scale). 
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B. FUTURE CONDITIONS
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Delta
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Figure 4.5-3.  Schematic model of future delta morphology (not to scale). 

A surface representative of existing conditions surface was developed using ESRI software in a 
Geographic Information System (GIS) on the basis of point supplied survey data (Figure 4.5-1).
A best fit plane was fitted through the foreset to provide an existing conditions surface.  As the 
angles of the planes for the topset and foreset were static, as was the elevation of the intersection 
point, the “wedge” was moved in a downstream direction to accommodate the predicted volume 
of bed material.  The distance moved downstream was iterated until the increase in delta volume 
matched the predicted volume delivered at the mid point of each third of the 50-year term of a 
new license.  This technique accounted for the existing ground surface and changes in the 
confining area as the deltas grew in the riverward direction. 

The resulting surfaces were used as the basis for predicting the area of lacustrine habitat at the 
Slate Creek and Flume Creek deltas for the midpoint of each third of the 50-year term of a new 
license.  Similarly, the surfaces were also used to calculate the areas of riverine habitat.  The 
elevation component of the predicted deltas was then used to determine the relationship between 
habitat areas and the elevations at which it was inundated/dewatered.  ESRI software was used in 
a GIS to model these surfaces and to query the areas in one-foot increments over the ranges of 
elevations encountered during project operations. 

4.6. Future Areas of Riverine and Lacustrine Delta Habitats 

The calculation of tributary delta HQR values requires the lacustrine and riverine habitat areas be 
estimated for a specific water surface elevation at tributary deltas.  The areas within the range of 
elevations affected by Project operations at selected deltas were quantified (Table 4.2-1).  The 
upper elevation limit set at each of the selected tributary deltas was based on output from the 
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HRM developed for Study 7 with a flow rate in the Pend Oreille River of 80,000 cubic feet per 
second (cfs) and the reservoir water surface elevation set to 1,994 feet NAVD 88 (1,990 feet 
NGVD 29).  If this maximum water surface elevation at a delta exceeds the elevation of a known 
fish passage barrier, such as the base of a waterfall, the riverine area was limited only to 
elevations where viable riverine habitat is accessible.  The minimum elevation limits were set 
differently for the lacustrine and riverine relationships, and are described in the following 
sections.

For tributary deltas where delta morphology was not expected to change significantly over the 
50-year term of a new license (categorized as a Type 2 delta), the area to elevation relationships 
were based on 2006 bathymetric surveys of delta morphology.  This morphology was used 
directly to represent future conditions.  However, deltas where morphology was predicted to 
change significantly over the 50-year term of a new license (categorized as Type 4) require the 
development of area to elevation relationships representative of predicted morphologic changes.
Projections of future changes in delta morphology were modeled to generate deltas reflective of 
the incremental changes over the term of a new license. 

4.6.1. Riverine Habitat Area-to-Elevation Relationships 

Measurements of the extent of riverine habitat on selected tributary deltas were surveyed during 
conditions of low mainstem flow and low reservoir water surface elevation.  During these 
surveys, the length of the stream channel along the thalweg was surveyed across the tributary 
delta within the range of elevations affected by Project operations.  At 11 transects along this 
length of channel, the wetted width of the channel was measured.  The incremental channel 
lengths and associated wetted channel widths were used to generate a relationship between 
elevation and riverine habitat area.  The relationship was set up such that no riverine habitat is 
present at the maximum reservoir water surface elevation calculating using the HRM for 80,000 
cfs and a reservoir pool elevation of 1,994 feet NAVD 88 (1,990 ft NGVD 29).  The riverine 
area increases as reservoir water surface elevation drops through the normal range of elevations 
affected by Project operations.  Although the physical habitat mapping was performed under 
conditions of low mainstem flow and low reservoir water surface elevation, if these conditions 
did not expose the entire delta surface in the fluctuation zone for operations scenarios, the 2006 
bathymetric data were used to extend the relationship to the desired minimum.  In cases where 
the minimum water surface elevation within the range of Project operations at a tributary delta 
was less than the top of the foreset slope, the riverine area relationship was extended only to the 
elevation of the top of the foreset.  For water surface elevations less than this limit, the stream 
area was held constant because no additional riverine habitat was considered to occupy the steep 
slopes of a delta foreset. 

At the Slate Creek and Flume Creek deltas, the riverine habitat area to elevation relationships 
were predicted using the predicted delta morphology - specifically, the length of the predicted 
topset slope and the topset angle.  This length was used with the existing channel sinuosity 
across the topset to predict a stream length.  The slope of the topset surface was used to identify 
the elevations above which certain amounts of riverine habitat were dewatered. 
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4.6.2. Lacustrine Habitat Area Elevation Relationships 

The 2006 bathymetric data were used to generate surfaces that were analyzed with a GIS to 
calculate the lacustrine area inundated at a specified water surface elevation.  The extent of the 
delta areas were delineated using topographic and bathymetric survey data such that the 
depositional areas were included within the ranges of elevations encountered during Project 
operations.  The upper elevation limit was set at each delta by the water surface elevation in the 
reservoir calculated by the HRM for a flow rate of 80,000 cfs and a reservoir water surface 
elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 29).  For the five selected tributary deltas 
located upstream from Metaline Falls, the elevation at which no lacustrine habitat is present was 
set to the top of the foreset slope.  As the reservoir water surface elevation drops below this 
elevation, the flow of the Pend Oreille River along the foreset slope will be riverine in nature, so 
these areas were excluded from calculations of lacustrine habitat area.  For the two selected 
tributary deltas located downstream from Metaline Falls, the elevation below which no lacustrine 
tributary delta habitat is present was based on the morphology of the delta (i.e., the bottom 
elevation of the foreset slope).  This lower elevation was selected because the deltas are set back 
from the mainstem current, and even as water surface elevation drops along the foreset, 
lacustrine conditions are still likely to exist.  The lacustrine habitat area to elevation relationships 
were set up such that lacustrine area increases as reservoir water surface elevation increases and 
additional delta area is inundated. 

ESRI software in a GIS was utilized to calculate the area of the delta inundated at one-foot 
increments between the minimum and maximum elevations within the range of water surface 
elevations influenced by Project operations. 

4.7. Fish Passage/Tributary Access 

Although the evolution of the morphology of deltas influences the feasibility of upstream fish 
movement, the presentation of the methods used to evaluate fish passage and tributary access is 
more appropriately presented within the evaluation of tributary delta habitats in Section 4.3.3 of 
the Study 8 Final Report (SCL 2009b). 

5 RESULTS 

The goals of the Tributary Delta Evolution component of Study 8 were to 1) determine the 
effects of existing Project operations on the morphology of selected tributary deltas, 2) determine 
the effects of operations scenarios on the morphology of selected tributary deltas, and 3) develop 
relationships to describe the future areas of lacustrine and river delta habitats as a function of 
water surface elevation.  Although the second goal will not be addressed until the LA, the other 
two goals were met.  The results are discussed in three sections.  The first, Section 5.1, presents 
the predicted morphology of the seven selected deltas over the 50-year term of a new license.  
Section 5.2 presents the calculated relationships of future areas of lacustrine and riverine delta 
habitat as a function of elevation.  Fish passage and tributary access issues associated with the 
existing or future delta morphologies are discussed in Section 5.3. 
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5.1. Future Delta Morphology Under Existing Project Operations 

Of the seven tributary deltas selected for evaluation in Study 8, continuation of existing Project 
operations over the 50-year term of a new license was predicted to only change the morphology 
of the deltas at Slate Creek and Flume Creek.  The other five deltas were categorized as Type 2 
deltas, so no physical evolution of the deltas was predicted.  For these deltas, the existing 
morphology was directly used to represent future morphology. 

For the five Type 2 deltas, in order for the existing morphology to represent the future 
morphology, a volume of bed material sediments must be mobilized from the delta in proportion 
to the volume of delivered to the delta.  When the bed material delivered from the tributary to the 
delta is mobilized from the delta by the mainstem, this sediment enters the mainstem channel and 
has the potential to affect mainstem aquatic habitat.  However, for the two Type 4 deltas located 
downstream of Metaline Falls, bed material sediment will deposit on the delta over the 50-year 
term of a new license leading to the modeled delta evolution. Other than the local areas of 
deposition on the delta, these sediments do not have the potential to affect mainstem aquatic 
habitats.  The methods presented in Section 4.5 describe the approach followed to calculate the 
volume of sediment delivered to the Slate Creek and Flume Creek deltas for the mid point of 
each third of the 50-year term of a new license.  The model developed to distribute this sediment 
on the delta considering physical constraints and limitations imposed by Project operations is 
also described.  Applying these models resulted in the predicted evolution of delta morphology, 
as shown for Slate Creek in Figures 5.1-1 through 5.1-3 and for Flume Creek in Figures 5.1-4 
through 5.1-6.
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Figure 5.1-1.  Predicted Slate Creek delta morphology for the midpoint of post-licensing years 1–17 
(facing east, not to scale). 
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Figure 5.1-2.  Predicted Slate Creek delta morphology for the midpoint of post-licensing years 18–33 
(facing east, not to scale). 
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Figure 5.1-3.  Predicted Slate Creek delta morphology for the midpoint of post-licensing years 34–50 
(facing east, not to scale). 

Accumulated 
sediment 

Water surface 
elevation 1,990 feet 

NAVD 88 

Slate Creek 
flow direction 

Mainstem  
flow direction 

Topset

Foreset



FINAL REPORT  APPENDIX 3 – TRIBUTARY DELTA EVOLUTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 50 March 2009 

Figure 5.1-4.  Predicted Flume Creek delta morphology for the midpoint of post-licensing years 1–17 
(facing southwest, not to scale). 
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Figure 5.1-5.  Predicted Flume Creek delta morphology for the midpoint of post-licensing years 18–33 
(facing southwest, not to scale). 
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Figure 5.1-6 Predicted Flume Creek delta morphology for the midpoint of post-licensing years 34–50 
(facing southwest, not to scale). 
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Physical descriptors of the future delta morphologies are presented in Table 5.1-1. 

Table 5.1-1.  Physical descriptors of predicted Slate Creek and Flume Creek delta morphologies. 

Delta 
Top of Foreset     

(feet, NAVD 88) 
Foreset Slope   

Angle (percent) 
Topset Slope    

Angle (percent) 
Topset Slope 
Length (feet) 

Slate, midpoint post-
licensing years 1–17 

1,966 60 2.5 480 

Slate, midpoint post-
licensing years 18–33 

1,966 60 2.5 540 

Slate, midpoint post-
licensing years 34–50 

1,966 60 2.5 580 

Flume, midpoint post-
licensing years 1–17 

1,966 23 1.8 245 

Flume, midpoint post-
licensing years 18–33 

1,966 23 1.8 255 

Flume, midpoint post-
licensing years 34–50 

1,966 23 1.8 260 

5.2. Future Areas of Riverine and Lacustrine Delta Habitats 

Over the 50-year term of a new license, the areas of riverine and lacustrine delta habitats were 
calculated for the five deltas upstream of Metaline Falls using existing morphologic data; the 
areas of riverine and lacustrine delta habitats were predicted for the two deltas downstream of 
Metaline Falls using predictions of delta morphology for the mid point of each third of the 50-
year license term.  The areas were determined in relation to elevation at which they become 
inundated/dewatered, and the results are presented separately for each of the seven deltas, both in 
tabular and graphic form.  To facilitate comparisons across deltas, the maximum and minimum 
riverine and lacustrine areas under assumed high and low reservoir water surface elevations are 
presented in Tables 5.1-2 (riverine delta habitat areas) and 5.1-3 (lacustrine delta habitat areas).
The graphics for all seven deltas are shown in Figures 5.1-7 through 5.1-13; the tabular data are 
provided in Tables 5.1-4 through 5.1-14. 
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Table 5.1-2.  Comparison of maximum and minimum riverine delta habitat areas at selected deltas under 
assumed low and high reservoir water surface elevation (WSE). 

Delta 

Low Reservoir1

WSE               
(ft, NAVD 88) 

Maximum Area      
(sq. ft. x 10,000) 

High Reservoir2

WSE              
(ft, NAVD 88) 

Minimum Area      
(sq. ft. x 10,000) 

Slate, Years 1–17 1,966 0.420 1,995.02 0 
Slate, Years 18–33 1,966 0.420 1,995.02 0 
Slate, Years 34–50 1,966 0.420 1,995.02 0 
Flume, Years 1–17 1,966 1.200 1,991.64 0 
Flume, Years 18–33 1,966 1.200 1,991.64 0 
Flume, Years 34–50 1,966 1.200 1,991.64 0 
Sullivan 1,982 11.057 2,005.38 0 
Linton 1,980 0.698 1,995.32 0 
Pocahontas 1,990 0.192 2,005.94 0 
Sweet 1,984 1.297 2,006.79 0 
Sand 1,986 0.758 2,007.16 0 

Notes:
1 Low reservoir WSE determined by the elevation of the top of the foreset slope; below this elevation no 

additional riverine area was assumed to occur on the foreset slope. 
2 High reservoir WSE calculated at 80,000 cfs inflow and forebay WSE of 1,994 feet NAVD 88 (1,990 feet 

NGVD 29).

Table 5.1-3.  Comparison of maximum and minimum lacustrine delta habitat areas at selected deltas 
under assumed low and high reservoir water surface elevation (WSE). 

Delta 

Low Reservoir1

WSE               
(ft, NAVD 88) 

Minimum Area      
(sq. ft. x 10,000) 

High Reservoir2

WSE              
(ft, NAVD 88) 

MaximumArea      
(sq. ft. x 10,000) 

Slate, Years 1–17 1,960 0 1,995.02 8.904 
Slate, Years 18–33 1,960 0 1,995.02 9.512 
Slate, Years 34–50 1,960 0 1,995.02 10.097 
Flume, Years 1–17 1,960 0 1,996.80 11.239 
Flume, Years 18–33 1,960 0 1,996.80 11.416 
Flume, Years 34–50 1,960 0 1,996.80 11.695 
Sullivan 1,982 0 2,005.38 77.319 
Linton 1,980 0 2,006.12 11.505 
Pocahontas 1,990 0 2,005.94 1.807 
Sweet 1,984 0 2,006.79 14.736 
Sand 1,986 0 2,007.16 18.647 

Notes:
1 Low reservoir WSE determined by the elevation of the top of the foreset slope; below this elevation no 

additional riverine area was assumed to occur on the foreset slope. 
2 High reservoir WSE calculated at 80,000 cfs inflow and forebay WSE of 1,994 feet NAVD 88 (1,990 feet 

NGVD 29). 
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Figure 5.1-7.  Future Slate Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-4.  Slate Creek delta habitat areas available by water surface elevation (WSE) for the midpoint 
of post-licensing years 1–17. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,995.02 0.000 1,995.02 8.904 
1,993.24 0.006 1,995.00 8.900 
1,990.15 0.027 1,994.00 8.698 
1,986.87 0.048 1,993.00 8.492 
1,986.00 0.053 1,992.00 8.291 
1,985.00 0.071 1,991.00 8.084 
1,984.00 0.090 1,990.00 7.847 
1,983.00 0.108 1,989.00 7.672 
1,982.00 0.126 1,988.00 7.512 
1,981.00 0.144 1,987.00 7.229 
1,980.00 0.162 1,986.00 6.792 
1,979.00 0.181 1,985.00 6.363 
1,978.00 0.199 1,984.00 6.007 
1,977.00 0.217 1,983.00 5.663 
1,976.00 0.235 1,982.00 5.271 
1,975.00 0.253 1,981.00 4.901 
1,974.00 0.272 1,980.00 4.571 
1,973.00 0.290 1,979.00 4.253 
1,972.00 0.308 1,978.00 3.948 
1,971.00 0.326 1,977.00 3.632 
1,970.00 0.344 1,976.00 3.314 
1,969.00 0.363 1,975.00 2.987 
1,968.00 0.381 1,974.00 2.676 
1,967.00 0.399 1,973.00 2.322 
1,966.00 0.417 1,972.00 2.021 
1,960.00 0.417 1,971.00 1.785 

  1,970.00 1.515 
  1,969.00 1.239 
  1,968.00 0.984 
  1,967.00 0.745 
  1,966.00 0.508 
  1,965.00 0.413 
  1,964.00 0.327 
  1,963.00 0.242 
  1,962.00 0.157 
  1,961.00 0.076 
  1,960.00 0.000 
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Table 5.1-5.  Slate Creek delta habitat areas available by water surface elevation (WSE) for the midpoint 
of post-licensing years 18–33. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,995.02 0.000 1,995.02 9.512 
1,993.24 0.006 1,995.00 9.507 
1,990.15 0.027 1,994.00 9.306 
1,986.87 0.048 1,993.00 9.100 
1,986.00 0.053 1,992.00 8.899 
1,985.00 0.071 1,991.00 8.692 
1,984.00 0.090 1,990.00 8.454 
1,983.00 0.108 1,989.00 8.279 
1,982.00 0.126 1,988.00 8.119 
1,981.00 0.144 1,987.00 7.835 
1,980.00 0.162 1,986.00 7.386 
1,979.00 0.181 1,985.00 6.957 
1,978.00 0.199 1,984.00 6.589 
1,977.00 0.217 1,983.00 6.196 
1,976.00 0.235 1,982.00 5.778 
1,975.00 0.253 1,981.00 5.372 
1,974.00 0.272 1,980.00 5.016 
1,973.00 0.290 1,979.00 4.685 
1,972.00 0.308 1,978.00 4.333 
1,971.00 0.326 1,977.00 3.957 
1,970.00 0.344 1,976.00 3.623 
1,969.00 0.363 1,975.00 3.300 
1,968.00 0.381 1,974.00 2.942 
1,967.00 0.399 1,973.00 2.611 
1,966.00 0.417 1,972.00 2.230 
1,960.00 0.417 1,971.00 1.840 

  1,970.00 1.498 
  1,969.00 1.268 
  1,968.00 1.094 
  1,967.00 0.870 
  1,966.00 0.620 
  1,965.00 0.474 
  1,964.00 0.357 
  1,963.00 0.253 
  1,962.00 0.160 
  1,961.00 0.079 
  1,960.00 0.000 
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Table 5.1-6.  Slate Creek delta habitat areas available by water surface elevation (WSE) for the midpoint 
of post-licensing years 34–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,995.02 0.000 1,995.02 10.097 
1,993.24 0.006 1,995.00 10.093 
1,990.15 0.027 1,994.00 9.891 
1,986.87 0.048 1,993.00 9.686 
1,986.00 0.053 1,992.00 9.484 
1,985.00 0.071 1,991.00 9.277 
1,984.00 0.090 1,990.00 9.040 
1,983.00 0.108 1,989.00 8.865 
1,982.00 0.126 1,988.00 8.705 
1,981.00 0.144 1,987.00 8.422 
1,980.00 0.162 1,986.00 7.985 
1,979.00 0.181 1,985.00 7.545 
1,978.00 0.199 1,984.00 7.158 
1,977.00 0.217 1,983.00 6.764 
1,976.00 0.235 1,982.00 6.320 
1,975.00 0.253 1,981.00 5.906 
1,974.00 0.272 1,980.00 5.535 
1,973.00 0.290 1,979.00 5.172 
1,972.00 0.308 1,978.00 4.799 
1,971.00 0.326 1,977.00 4.417 
1,970.00 0.344 1,976.00 4.060 
1,969.00 0.363 1,975.00 3.687 
1,968.00 0.381 1,974.00 3.336 
1,967.00 0.399 1,973.00 2.979 
1,966.00 0.417 1,972.00 2.640 
1,960.00 0.417 1,971.00 2.329 

  1,970.00 2.024 
  1,969.00 1.709 
  1,968.00 1.327 
  1,967.00 0.802 
  1,966.00 0.258 
  1,965.00 0.195 
  1,964.00 0.154 
  1,963.00 0.115 
  1,962.00 0.076 
  1,961.00 0.038 
  1,960.00 0.000 
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Figure 5.1-8.  Future Flume Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-7.  Flume Creek delta habitat areas available by water surface elevation (WSE) for the 
midpoint of post-licensing years 1–17. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,996.80 0.000 1,996.80 11.239 
1,995.00 0.000 1,996.00 11.010 
1,994.00 0.000 1,995.00 10.682 
1,993.00 0.000 1,994.00 10.358 
1,992.00 0.000 1,993.00 10.088 
1,991.64 0.000 1,992.00 9.845 
1,986.62 0.076 1,991.00 9.627 
1,986.00 0.076 1,990.00 9.394 
1,985.00 0.148 1,989.00 9.154 
1,984.00 0.203 1,988.00 8.907 
1,983.00 0.259 1,987.00 8.662 
1,982.00 0.314 1,986.00 8.329 
1,981.00 0.369 1,985.00 7.102 
1,980.00 0.425 1,984.00 6.828 
1,979.00 0.480 1,983.00 6.555 
1,978.00 0.535 1,982.00 6.252 
1,977.00 0.591 1,981.00 5.962 
1,976.00 0.646 1,980.00 5.643 
1,975.00 0.701 1,979.00 5.295 
1,974.00 0.756 1,978.00 4.952 
1,973.00 0.812 1,977.00 4.348 
1,972.00 0.867 1,976.00 4.079 
1,971.00 0.922 1,975.00 3.833 
1,970.00 0.978 1,974.00 3.611 
1,969.00 1.033 1,973.00 3.383 
1,968.00 1.088 1,972.00 3.123 
1,967.00 1.144 1,971.00 2.877 
1,966.00 1.199 1,970.00 2.633 
1,960.00 1.199 1,969.00 2.383 

1,968.00 2.117 
1,967.00 1.811 
1,966.00 1.538 

  1,965.00 1.235 
  1,964.00 0.979 
  1,963.00 0.749 
  1,962.00 0.518 
  1,961.00 0.224 
  1,960.00 0.000 
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Table 5.1-8.  Flume Creek delta habitat areas available by water surface elevation (WSE) for the 
midpoint of post-licensing years 18–33. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,996.80 0.000 1,996.80 11.416 
1,995.00 0.000 1,996.00 11.296 
1,994.00 0.000 1,995.00 11.066 
1,993.00 0.000 1,994.00 10.739 
1,992.00 0.000 1,993.00 10.415 
1,991.64 0.000 1,992.00 10.145 
1,986.62 0.076 1991.00 9.902 
1,986.00 0.076 1,990.00 9.683 
1,985.00 0.148 1,989.00 9.450 
1,984.00 0.203 1,988.00 9.211 
1,983.00 0.259 1,987.00 8.964 
1,982.00 0.314 1,986.00 8.718 
1,981.00 0.369 1,985.00 8.379 
1,980.00 0.425 1,984.00 7.054 
1,979.00 0.480 1,983.00 6.692 
1,978.00 0.535 1,982.00 6.335 
1,977.00 0.591 1,981.00 5.955 
1,976.00 0.646 1,980.00 5.610 
1,975.00 0.701 1,979.00 5.290 
1,974.00 0.756 1,978.00 4.980 
1,973.00 0.812 1,977.00 4.644 
1,972.00 0.867 1,976.00 4.117 
1,971.00 0.922 1,975.00 3.832 
1,970.00 0.978 1,974.00 3.572 
1,969.00 1.033 1,973.00 3.340 
1,968.00 1.088 1,972.00 3.112 
1,967.00 1.144 1,971.00 2.870 
1,966.00 1.199 1,970.00 2.622 
1,960.00 1.199 1,969.00 2.384 

  1,968.00 2.159 
  1,967.00 1.900 
  1,966.00 1.618 
  1,965.00 1.329 
  1,964.00 1.041 
  1,963.00 0.768 
  1,962.00 0.386 
  1,961.00 0.179 
  1,960.00 0.000 
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Table 5.1-9.  Flume Creek delta habitat areas available by water surface elevation (WSE) for the 
midpoint of post-licensing years 34–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

1,996.80 0.000 1,996.80 11.695 
1,995.00 0.000 1,996.00 11.465 
1,994.00 0.000 1,995.00 11.138 
1,993.00 0.000 1,994.00 10.813 
1,992.00 0.000 1,993.00 10.544 
1,991.64 0.000 1,992.00 10.300 
1,986.62 0.076 1,991.00 10.082 
1,986.00 0.076 1,990.00 9.849 
1,985.00 0.148 1,989.00 9.610 
1,984.00 0.203 1,988.00 9.362 
1,983.00 0.259 1,987.00 9.117 
1,982.00 0.314 1,986.00 8.768 
1,981.00 0.369 1,985.00 7.058 
1,980.00 0.425 1,984.00 6.550 
1,979.00 0.480 1,983.00 6.089 
1,978.00 0.535 1,982.00 5.664 
1,977.00 0.591 1,981.00 5.285 
1,976.00 0.646 1,980.00 4.964 
1,975.00 0.701 1,979.00 4.717 
1,974.00 0.756 1,978.00 4.483 
1,973.00 0.812 1,977.00 4.251 
1,972.00 0.867 1,976.00 4.003 
1,971.00 0.922 1,975.00 3.741 
1,970.00 0.978 1,974.00 3.494 
1,969.00 1.033 1,973.00 3.244 
1,968.00 1.088 1,972.00 2.978 
1,967.00 1.144 1,971.00 2.709 
1,966.00 1.199 1,970.00 2.446 
1,960.00 1.199 1,969.00 2.174 

  1,968.00 1.854 
  1,967.00 1.467 
  1,966.00 1.059 
  1,965.00 0.805 
  1,964.00 0.590 
  1,963.00 0.429 
  1,962.00 0.280 
  1,961.00 0.137 
  1,960.00 0.000 
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Figure 5.1-9.  Future Sullivan Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 



FINAL REPORT  APPENDIX 3 – TRIBUTARY DELTA EVOLUTION

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 64 March 2009 

Table 5.1-10.  Sullivan Creek delta habitat areas available by water surface elevation (WSE) for post-
licensing years 1–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

2,005.38 0.000 2,005.38 77.319 
2,005.00 0.070 2,005.00 77.300 
2,004.00 0.252 2,004.00 76.924 
2,003.00 0.433 2,003.00 72.335 
2,002.00 0.618 2,002.00 66.500 
2,001.00 0.799 2,001.00 62.587 
2,000.00 0.984 2,000.00 58.903 
1,999.00 1.166 1,999.00 54.010 
1,998.00 1.351 1,998.00 50.612 
1,997.00 1.829 1,997.00 47.889 
1,996.00 2.308 1,996.00 44.509 
1,995.00 2.787 1,995.00 41.431 
1,994.00 3.266 1,994.00 39.068 
1,993.90 3.313 1,993.00 35.917 
1,992.66 3.948 1,992.00 32.648 
1,992.00 4.478 1,991.00 28.074 
1,991.99 4.485 1,990.00 24.084 
1,991.2,0 5.176 1,989.00 19.458 
1,991.00 5.224 1,988.00 16.207 
1,990.00 5.453 1,987.00 12.219 
1,989.70 5.523 1,986.00 9.012 
1,989.50 5.765 1,985.00 5.867 
1,989.00 6.228 1,984.00 2.439 
1,988.00 6.702 1,983.00 0.870 
1,987.32 7.157 1,982.00 0.000 
1,987.00 7.423   
1,986.00 8.265   
1,985.53 8.560   
1,985.00 9.032   
1,984.00 9.819   
1,983.00 10.389   
1,982.00 11.057   
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Figure 5.1-10.  Future Linton Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-11.  Linton Creek delta habitat areas available by water surface elevation (WSE) for post-
licensing years 1–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

2,006.12 0.000 2,006.12 11.505 
2,000.76 0.000 2,006.00 11.420 
1,998.00 0.000 2,005.00 10.775 
1,995.32 0.000 2,004.00 10.224 
1,994.48 0.023 2,003.00 9.615 
1,993.91 0.054 2,002.00 8.860 
1,992.96 0.094 2,001.00 8.424 
1,991.63 0.122 2,000.00 8.064 
1,990.97 0.162 1,999.00 7.606 
1,989.58 0.226 1,998.00 7.241 
1,988.63 0.284 1,997.00 6.913 
1,986.91 0.341 1,996.00 6.568 
1,985.44 0.399 1,995.00 6.243 
1,984.27 0.430 1,994.00 5.845 
1,983.23 0.463 1,993.00 5.470 
1,982.40 0.547 1,992.00 4.839 
1,982.00 0.572 1,991.00 3.907 
1,981.00 0.635 1,990.00 3.452 
1,980.00 0.698 1,989.00 3.107 

1,988.00 2.772 
1,987.00 2.495 
1,986.00 2.300 
1,985.00 2.117 
1,984.00 1.777 
1,983.00 1.258 
1,982.00 0.761 

  1,981.00 0.361 
  1,980.00 0.000 
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Figure 5.1-11.  Future Pocahontas Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-12.  Pocahontas Creek delta habitat areas available by water surface elevation (WSE) for post-
licensing years 1–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

2,005.94 0.000 2,005.94 1.807 
2,004.00 0.022 2,005.00 1.745 
2,002.00 0.046 2,004.00 1.677 
2,000.00 0.069 2,003.00 1.610 
1,996.63 0.096 2,002.00 1.542 
1,995.09 0.108 2,001.00 1.463 
1,994.49 0.120 2,000.00 1.379 
1,993.69 0.131 1,999.00 1.199 
1,993.48 0.146 1,998.00 1.046 
1,993.30 0.155 1,997.00 0.916 
1,992.71 0.169 1,996.00 0.772 
1,991.96 0.178 1,995.00 0.643 
1,991.36 0.187 1,994.00 0.410 
1,990.63 0.192 1,993.00 0.250 
1,990.00 0.192 1,992.00 0.147 

  1,991.00 0.045 
  1,990.00 0.000 
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Figure 5.1-12.  Future Sweet Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-13.  Sweet Creek delta habitat areas available by water surface elevation (WSE) for post-
licensing years 1–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

2,006.79 0.000 2,006.79 14.736 
2,006.00 0.145 2,006.00 14.331 
2,004.00 0.264 2,005.00 13.802 
2,000.79 0.406 2,004.00 13.352 
2,000.43 0.476 2,003.00 12.847 
1,999.84 0.554 2,002.00 12.258 
1,998.01 0.616 2,001.00 11.717 
1,997.48 0.686 2,000.00 11.098 
1,996.57 0.779 1,999.00 10.472 
1,996.23 0.856 1,998.00 9.527 
1,995.53 0.901 1,997.00 8.795 
1,994.00 0.923 1,996.00 8.080 
1,993.94 0.976 1,995.00 7.203 
1,993.03 1.025 1,994.00 6.395 
1,992.35 1.070 1,993.00 5.457 
1,991.89 1.126 1,992.00 4.415 
1,990.62 1.170 1,991.00 3.489 
1,989.22 1.194 1,990.00 2.885 
1,988.50 1.217 1,989.00 2.346 
1,987.34 1.246 1,988.00 1.626 
1,986.51 1.272 1,987.00 1.130 
1,986.00 1.276 1,986.00 0.739 
1,985.00 1.286 1,985.00 0.324 
1,984.00 1.297 1,984.00 0.000 
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Figure 5.1-13.  Future Sand Creek riverine and lacustrine delta habitat areas by elevation 
inundated/dewatered. 
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Table 5.1-14.  Sand Creek delta habitat areas available by water surface elevation (WSE) for post-
licensing years 1–50. 

Riverine Lacustrine 
WSE (feet) Area (ft2 x 10,000) WSE (feet) Area (ft2 x 10,000) 

2,007.16 0.000 2,007.16 18.647 
2,006.00 0.042 2,007.00 18.527 
2,004.00 0.115 2,006.00 17.856 
2,002.00 0.187 2,005.00 17.165 
2,000.00 0.260 2,004.00 16.372 
1,998.00 0.332 2,003.00 15.541 
1,996.00 0.405 2,002.00 14.462 
1,993.34 0.510 2,001.00 13.352 
1,992.05 0.549 2,000.00 12.182 
1,991.56 0.590 1,999.00 11.141 
1,991.31 0.648 1,998.00 10.018 
1,990.39 0.693 1,997.00 8.466 
1,989.43 0.717 1,996.00 7.258 
1,988.24 0.732 1,995.00 6.333 
1,987.88 0.741 1,994.00 5.560 
1,986.67 0.753 1,993.00 4.691 
1,986.00 0.758 1,992.00 3.693 

  1,991.00 3.136 
  1,990.00 2.619 
  1,989.00 1.888 
  1,988.00 0.831 
  1,987.00 0.245 
  1,986.00 0.000 

5.3. Fish Passage/Tributary Access 

As noted in Section 4.3.7, the results of the fish passage and tributary access evaluation, although 
influenced by tributary delta evolution, are more appropriately presented within the assessment 
of tributary delta habitats.  Therefore, these results are presented in Section 5.3.3 of the Study 8 
Final Report (SCL 2009b).
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Study 8 Appendix 4a 
Tributary Delta Habitat Evaluation –

Habitat Quality Rating (HQR) Final Report 
Boundary Hydroelectric Project (FERC No. 2144) 

 
 

1 INTRODUCTION 

The tributary delta habitat evaluation effort was conducted to estimate the effects of historic 
Project operations on aquatic habitats in the deltas of major tributary streams within the 
Boundary Reservoir drawdown zone.  The tributary delta habitat evaluation effort was divided 
into two modeling components.  The first component was the habitat quality rating (HQR) 
modeling effort and included determination of separate HQRs for the lacustrine and the riverine 
habitats on the tributary deltas.  The second component, an evaluation of tributary delta water 
temperature conditions, concentrated on characterizing potential thermal refugia at selected 
tributary deltas.  The potential for thermal refugia was important when the mainstem temperature 
exceeded 18°C, the temperature at which suitability of habitat for salmonids starts rapidly 
dropping, and was most important above 22°C when water temperatures become unsuitable for 
salmonids and the lacustrine HQR goes to zero.  This report addresses only the first modeling 
component; Appendix 4b of the Study 8, Sediment Transport and Boundary Reservoir Tributary 
Habitats Final Report (SCL 2009a) addresses the monitoring and analysis of tributary delta water 
temperature and thermal plume modeling. 
 
The tributary delta habitat HQR model utilized the product of habitat area and habitat suitability 
to calculate the HQR.  Two types of delta habitat were modeled.  The inundated portion of the 
delta experienced reservoir-like or lacustrine conditions.  Above the area inundated by the 
reservoir, the free-flowing stream channel across the delta experienced riverine conditions.  The 
HQR model utilized the hourly reservoir water surface elevation calculated from the Hydraulic 
Routing Model (HRM) (conducted in Study 7) for the wet (1997), dry (2001), and average 
(2002) years to calculate the area of inundated delta and free-flowing stream as a function of 
delta morphology.  The hourly changes in reservoir water surface elevation at selected deltas 
affect habitat areas and change the HQR.  The habitat suitability was quantified using the Habitat 
Suitability Indices (HSIs) for general salmonid fish species developed by Raleigh and Hickman 
(1982).  The development of the HSI values involved the collection of data to represent the 
physical habitat characteristics of selected deltas. 
 
The methods used to develop the HQR model are summarized in Section 4.  The model output 
for selected tributary deltas is presented in Section 5.  Attachment A contains figures of the HQR 
model output.  Attachment B includes HQR-duration curves that illustrate the percent of time 
within the evaluated years that various HQR values are met or exceeded. 
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2 STUDY OBJECTIVES 

The goals of the tributary delta habitat evaluation were to 1) determine the effects of existing 
Project operations on the potential salmonid habitat at selected tributary deltas, and 2) determine 
the effects of operations scenarios on potential salmonid habitat at selected tributary deltas.  The 
objectives of the study were to: 

1. Collect data to describe potential salmonid habitat at selected tributary deltas. 
2. Calculate lacustrine and riverine HSI values using data collected in objective 1. 
3. Calculate hourly HQR values for selected tributary deltas for the wet (1997), dry 

(2001), and average (2002) years. 
4. Evaluate the effects of existing Project operations and operations scenarios on 

potential salmonid habitats at selected tributary deltas. 
 
This report addresses existing Project effects and establishes a Baseline Condition for the 
Preliminary License Proposal and License Application (LA).  A component of the fourth 
objective, evaluating the effects of operations scenarios, is not addressed in the report because 
operations scenarios have not yet been selected.  The evaluation of operations scenarios will be 
provided in the LA. 
 

3 STUDY AREA 

The overall study area for the tributary delta habitat evaluation encompassed the tributary deltas 
within Pend Oreille River from Box Canyon Dam to Boundary Dam (Figure 3.0-1).  A total of 
28 tributaries were identified for potential study.  Based on characteristics of these tributaries, 7 
tributary deltas were selected for development and application of tributary delta HQR models 
(Table 3.0-1).  Table 3.0-1 provides a listing of the drainage area and adfluvial habitat for the 
seven selected tributaries, as well as where these values rank among the 28 tributaries 
considered.  Figure 3.0-1 shows the location of these selected tributary deltas within the 
Boundary Reservoir.  The selection of these 7 tributaries was presented and agreed upon at the 
June 7, 2007, meeting with the relicensing participants. 
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Table 3.0-1.  List of Boundary Reservoir tributary deltas selected for habitat evaluation. 

Tributary 
Project River 

Mile Study Reach 
Watershed

Area (sq-mi) 
Relative 
Rank1

Adfluvial 
Habitat 

Length (ft) 
Relative 
Rank1

Slate Creek 22.2 Canyon 32.33 2 3,474 5 
Flume Creek 25.8 Canyon 19.33 3 1,0562 8 
Sullivan Creek 26.9 Upper 142.46 1 21,729 1 
Linton Creek 28.1  Upper 2.11 11 19,159 2 
Pocahontas 
Creek 

29.4 Upper 3.92 8 16,480 3 

Sweet Creek 30.9 Upper 11.12 4 2,6592 6 
Sand Creek 31.7 Upper 8.22 6 1,3202 7 
Notes: 
1 Relative rank of the watershed area shown in the preceding column in relation to the areas for all 28 tributaries.  

For example, the drainage area of Sullivan Creek is 142.46 square miles, and this is the greatest area of all 28 
tributaries, so the relative rank is 1. 

2 The length of adfluvial habitat is based on the distance from the mouth of the stream to the lowermost migration 
barrier reported in McLellan and O’Connor (2001) and/or Andonaegui (2003). 
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4 METHODS 

The Boundary Reservoir contains several tributaries that have the potential to provide important 
habitat for native salmonids.  These tributaries have deltas created by deposition of sediments 
and these deltas are alternately exposed and inundated as the Project is operated for power 
production.  Depending on the area, substrate character, gradient/slope, available cover, flow 
rate, and tributary and mainstem water temperatures, the value of potential aquatic habitat for 
various species and life stages of resident fish changes in response to reservoir water surface 
elevations and inflow.  These changing aquatic habitat values were evaluated with semi-
quantitative HQRs that were integrated into habitat modeling conducted as part of the evaluation 
of the effects of Project operations on tributary delta aquatic habitats. 
 
4.1. General Tributary Delta Physical Habitat Modeling Approach 

The HQRs were calculated as the product of two components: habitat area and an HSI value.  
Separate HQR values were calculated for lacustrine and riverine habitat areas at representative 
tributary deltas for native salmonids (i.e., bull trout [Salvelinus confluentus], westslope cutthroat 
trout [Oncorhynchus clarki lewisi], and mountain whitefish [Prosopium williamsoni]).  
Additional distinctions were made through HSI values for various life stages of these salmonids.  
The HSI model selected for application to the Boundary Reservoir tributary deltas was 
developed by Hickman and Raleigh (1982).  The model includes HSI values for both lacustrine 
and riverine conditions for cutthroat trout.  The application of Hickman and Raleigh (1982) to 
develop the HQR and the use of cutthroat trout as the “generic” native salmonid was presented to 
and agreed upon by the relicensing participants at the June 7, 2007, Fish and Aquatics 
Workgroup meeting in Spokane, Washington. 
 
The first component of the HQR is the area of lacustrine and riverine habitat at specific reservoir 
water surface elevations during the period of Project operations being evaluated.  Riverine 
habitat is delineated by the portion of the tributary channel within the fluctuation zone that is not 
inundated at a specific reservoir water surface elevation.  This portion of the stream is not 
submerged by the reservoir; it is flowing.  The lacustrine habitat is delineated by the portion of 
the delta area within the maximum fluctuation zone that is inundated at a specific reservoir water 
surface elevation.  At the maximum water surface elevation within the fluctuation zone, no 
riverine habitat is present on the tributary delta within the fluctuation zone and 100 percent of the 
potential lacustrine habitat is achieved.  An illustration of this condition and the associated area 
definitions is provided in Figure 4.1-1.  The opposite relationship holds when the water surface 
elevation is at the minimum elevation within the pool fluctuation zone.  At this water surface 
elevation, no lacustrine habitat is present on the delta within the pool fluctuation zone; it is 
entirely riverine.  Figure 4.1-2 illustrates the definition of the areas under the low pool elevation.  
At intermediate reservoir water surface elevations within the pool fluctuation zone, the area of 
the lacustrine and riverine habitats will depend on the physical conditions at representative 
tributary deltas (e.g., slopes, lengths, and lateral confinement).  Figure 4.1-3 is a schematic 
representing conditions under an intermediate reservoir water surface elevation.  This conceptual 
representation of the tributary delta lacustrine and riverine habitat areas was presented at the June 
7, 2007, meeting with the relicensing participants. 
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The riverine area exposed at a specific hourly water surface elevation Z at selected deltas is 
calculated using relationships between elevation and riverine area derived from existing and 
updated bathymetry information for the reservoir.  Similar relationships were developed to 
calculate the lacustrine area inundated at a specific hourly water surface elevation Z.  Both the 
riverine and lacustrine relationships were tabulated at 1-foot intervals of elevation across the 
entire range of elevations within the reservoir pool fluctuation zone, with linear interpolation 
used to determine specific values for any actual hourly reservoir water surface elevation.  The 
hourly reservoir elevations were output from the HRM for the wet (1997), dry (2001), and 
average (2002) years.  The methods used to generate these area-elevation relationships are 
briefly summarized in Section 4.2; more detailed methods are provided in Appendix 3 of the 
Study 8 final report. 
 
The second component required to calculate the HQR is the value of the riverine and lacustrine 
HSIs.  The habitat characteristics and parameters that make up the lacustrine and riverine HSIs 
were evaluated at selected tributary deltas using information from the September 2007 habitat 
surveys.  For the riverine habitats, the characteristics and parameters vary with salmonid life 
stage, so different indices were calculated for the various life stages.  These characteristics and 
parameters were evaluated during tributary delta habitat surveys as described in Section 4.3.  The 
methodology followed to calculate the HSI values is presented in Section 4.4. 
 
The HQR values provide a semiquantitative metric reflecting the relative changes in potential 
habitat for native salmonids at selected tributary delta habitat for operations scenarios.  The HQR 
values calculated for the tributary deltas are not comparable to the mainstem habitat indicators of 
environmental effects.  Therefore, the tributary delta HQR results were evaluated separately from 
the mainstem and will not be added to mainstem values. 
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Figure 4.1-1.  Plan and profile illustration of lacustrine and riverine habitat areas at a high pool elevation. 
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Figure 4.1-2.  Plan and profile illustration of lacustrine and riverine habitat areas at a low pool elevation. 
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Figure 4.1-3.  Plan and profile illustration of lacustrine and riverine habitat areas at an intermediate pool 
elevation. 
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4.2. Calculation of Tributary Delta Habitat Area-to-Elevation Relationships 

The information in this section is summarized from information presented in Appendix 3 of the 
Study 8 Final Report (SCL 2009a).  The information in this section is included to provide 
context for the methods used to evaluate tributary delta habitat; Appendix 3 should be referred to 
for specific information about the development of these relationships for selected tributary 
deltas. 
 
To apply the HQR models, it is necessary to determine the area of lacustrine habitat and the area 
of riverine habitat associated with the water surface elevation of the Pend Oreille River at each 
hourly interval.  To accomplish this, GIS and the 2006 bathymetric mapping were used to 
delineate the area of each tributary delta and develop delta area-to-elevation curves.  The areas 
within the range of elevations potentially affected by Project operations at selected deltas needed 
to be incorporated in the area-to-elevation curves.  To ensure sufficient elevation range in the 
modeling, the upper limit of the area-to-elevation curves was set to the water surface at each 
delta produced by applying the HRM with a flow rate of 80,000 cfs and a Boundary forebay 
water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 291).  The results of the 2007 
surveys of stream habitat were used to develop the area of riverine habitat versus elevation.  If 
this maximum water surface elevation at a delta exceeded the elevation of a known fish passage 
barrier, such as the base of a waterfall, the riverine area was limited only to elevations where 
viable riverine habitat was accessible.  The minimum elevation limits were set differently for the 
lacustrine and riverine relationships, and are described in the following sections. 
 
There is a complicating factor to application of the area-to-elevation curves for two tributary 
deltas; their morphology is expected to change over the 50-year term of a new license.  In these 
cases, a set of three area-to-elevation curves were determined based on the predicted future 
evolution of the tributary deltas. Details of the calculations of future delta morphologies and 
area-to-elevation curves are presented in Appendix 3; a summary of these methods is provided 
and summarized in Section 4.3 of the Study 8 Final Report (SCL 2009a). 
 
4.2.1. Riverine Area-to-Elevation Relationships 

Measurements of the extent of riverine habitat on selected tributary deltas were surveyed during 
conditions of low mainstem flow and low reservoir water surface elevation.  During these 
surveys, the length of the stream channel along the thalweg was surveyed across the tributary 
delta within the range of elevations affected by Project operations.  At 8 to 14 transects along this 
length of channel, the wetted width of the channel was measured.  The incremental channel 
lengths and associated wetted channel widths were used to generate a relationship between 
elevation and riverine habitat area.  The relationship was set up such that no riverine habitat is 
present at the maximum reservoir water surface elevation and riverine area increases as reservoir 
water surface elevation drops through the normal range of elevations affected by Project 
operations.  Although the physical habitat mapping was performed under conditions of low 
                                                 
1 SCL is in the process of converting all Project information from an older elevation datum (National Geodetic 
Vertical Datum of 1929 [NGVD 29]) to a more recent elevation datum (North American Vertical Datum of 1988 
[NAVD 88]).  As such, elevations are provided relative to both data but NAVD 88 is generally used throughout this 
document.  The conversion factor between the old and new data is approximately 4 feet (e.g., the crest of the dam is 
2,000 feet NGVD 29 and 2,004 feet NAVD 88). 
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mainstem flow and low reservoir water surface elevation, if these conditions did not expose the 
entire delta surface in the fluctuation zone for operations scenarios, the 2006 bathymetric data 
were used to extend the relationship to the desired minimum.  In cases where the minimum water 
surface elevation within the range of Project operations at a tributary delta was less than the top 
of the foreset slope, the riverine area relationship was extended only to the elevation of the top of 
the foreset.  For water surface elevations less than this limit, the stream area was held constant 
because no additional riverine habitat was considered to exist on the steep slopes of a delta 
foreset. 
 
4.2.2. Lacustrine Area-to-Elevation Relationships 

The 2006 bathymetric data were used to generate surfaces that were analyzed with a Geographic 
Information System (GIS) to calculate the lacustrine habitat area inundated at a specified water 
surface elevation.  The extent of the delta areas were delineated using topographic and 
bathymetric survey data such that the depositional areas were included within the ranges of 
elevations encountered during Project operations.  For the five selected tributary deltas located 
upriver from Metaline Falls, the elevation at which no lacustrine habitat is available was set to 
the top of the foreset slope.  Over time as the reservoir water surface elevation drops below this 
elevation, the flow of the Pend Oreille River along the foreset slope becomes riverine in nature; 
these areas were therefore excluded from calculations of lacustrine habitat area.  For the two 
selected tributary deltas located downriver from Metaline Falls, the elevation below which no 
lacustrine tributary delta habitat is available was based on the morphology of the delta (i.e., the 
bottom elevation of the foreset slope).  This lower elevation was selected because the deltas are 
set back from the mainstem current, and even as water surface elevation drops along the foreset, 
lacustrine conditions are still likely to exist.  The lacustrine area-to-elevation relationships were 
set up such that lacustrine area increases as reservoir water surface elevation increases and 
additional delta area is inundated. 
 
4.3. Tributary Delta Habitat Surveys 

The habitat evaluations were conducted within the flowing tributary channels on the deltas at low 
reservoir water surface elevations during the late-summer, low-tributary-flow period of 2007.  
The habitat surveys were conducted to support determination of riverine and lacustrine HSI 
values using the Hickman and Raleigh (1982) models.  All seven tributary deltas were surveyed 
in September 2007, although the Sullivan Creek delta was again sampled in November 2007.  
The timing of the peak flow from the tributaries typically occurs concurrently with peak flows 
and high water surface elevations in the Pend Oreille River.  The hydraulic forces associated 
with the peak flows in the tributaries on the delta morphologies are moderated by the inundation 
of the delta by the mainstem.  The Sullivan Creek delta is an exception because flows in Sullivan 
Creek are regulated by the Pend Oreille County Public Utility District (PUD) No. 1.  Pend 
Oreille County PUD No. 1 releases stored volumes in Sullivan Lake (typically between the 
beginning of October and the end of December) creating high flows during a time of year when 
the mainstem water surface at the low point in the daily fluctuation cycle associated with Project 
operations does not extensively inundate the delta.  The tributary channels and associated 
riverine habitat on the Sullivan Creek delta can be quite dynamic as these high flows mobilize 
and rework depositional sediments on the delta.  The variability in flow conditions in Sullivan 
Creek due to the regulated flows is substantial enough that a single HSI value will not accurately 
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reflect riverine conditions.  The second delta habitat survey of Sullivan Creek in November 2007 
was conducted to incorporate the influence of these regulated flows in the calculated HSI values. 
 
The habitat surveys were conducted within the pool inundation zone, that is, within the tributary 
delta between high and low reservoir water surface elevations.  The location of the high reservoir 
pool elevation for each of the tributaries was visually estimated from physical indicators such as 
changes in vegetation, substrate particle sizes, and/or deposition of debris.  The following 
characteristics of tributary delta habitat were evaluated during the surveys: 

� Macrohabitat (riverine model) 
� Substrate (riverine model) 
� Fish cover and fry habitat (riverine model) 
� Pools (riverine model) 
� Fine sediment (riverine model) 
� Large woody debris (riverine model) 
� Channel geometry (riverine model) 
� Flow (general information purposes) 
� Water quality (lacustrine) 

 
All of the physical data collected during the habitat surveys were used to quantify the amount 
and the location of riverine habitat available to fish in the tributary deltas during periods of low 
reservoir water surface elevations.  Quantification of these data provided the necessary 
information to calculate the riverine and lacustrine HSI values for the tributary delta habitats. 
 
4.3.1. Macrohabitat 

The habitat surveys included physically walking the entire tributary stream channel between the 
low and high reservoir water surface elevations and describing the sequence of macrohabitat 
types within the flowing tributary.  The macrohabitat types used in the Boundary Reservoir 
tributary delta surveys were adapted from the California Salmonid Stream Habitat Restoration 
Manual (Flosi et al. 1998) and included: 

� Low gradient riffle 
� High gradient riffle 
� Cascade 
� Run 
� Pocket water 
� Step run 
� Pool 

 
The length of each of the macrohabitat types was measured to the nearest foot using a hip chain 
and recorded on a data sheet.  For Sullivan Creek, where channel braiding resulted in multiple 
tributary channels within the delta (Figure 4.3-1), habitat mapping was conducted within each of 
the secondary channels. 
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Figure 4.3-1.  Sullivan Creek delta showing channel braiding at the time of the September 8, 2007, 
habitat evaluation (note:  discharge was measured at 50.6 cfs). 

 
 
4.3.2. Substrate 

Visual estimates of the dominant substrate characteristics were made using the Washington 
Department of Fish and Wildlife substrate code (Table 4.3-1).  This three-digit code identifies 
the dominant substrate particle size (first digit), followed by the subdominant substrate size 
(second digit), and then the percent of the dominant substrate within the stream channel (third 
digit).  The codes for the substrate sizes are presented in Table 4.3-1.  For example, a code of 
27.8 represents an area where sand is the dominant substrate and large cobble is the subdominant 
bed element, with sand comprising 80 percent of the stream bed.  A substrate code of 11.5 
denotes a channel composed entirely of mud. 
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Table 4.3-1.  Washington Department of Fish and Wildlife substrate coding. 

Substrate Category Particle Size (inches) Code 
Organics/Silt/Clay/Mud N/A 1 
Sand <0.125 (1/8”) 2 
Small gravel 0.125 – 0.5 3 
Medium gravel 0.5 – 1.5 4 
Large gravel 1.5 – 3.0 5 
Small cobble 3.0 – 6.0 6 
Large cobble 6.0 – 12.0 7 
Boulder > 12.0 8 
Bedrock N/A 9 

Note: 
N/A – not applicable 
 
 
4.3.3. Fish Cover and Fish Fry 

An evaluation of fish cover was included in the surveys.  Fish cover elements included surface 
turbulence, instream object cover (e.g., cobbles and boulders), undercut banks, overhanging 
vegetation within three feet of the stream surface, aquatic vegetation, and large woody debris 
(LWD).  The percentage of fish cover (estimated as the percentage of the total macrohabitat area) 
provided by each of the cover categories within each macrohabitat unit was visually estimated 
and recorded. 
 
The percentage of fry (small juvenile fish <4 inches in length) escape and winter cover, which 
Hickman and Raleigh (1982) defined as cobble/boulder substrates (and their interstitial spaces) 
in the 4- to 16-inch range, was visually estimated for each of the macrohabitat units. 
 
4.3.4. Pools 

Another important habitat variable used in the HSI model was the amount and quality of pool 
habitat.  Each pool identified was classified using the criteria described in Hickman and Raleigh 
(1982): 

� First Class Pools are large and deep resting/holding pools defined as having greater 
than 30 percent of pool bottom obscured due to depth, surface turbulence, or cover 
(boulders/woody debris/overhead vegetation/aquatic vegetation) OR maximum depth 
greater than 5 feet. 

� Second Class Pools are moderate resting/holding pools defined as having 5 to 30 
percent of pool bottom obscured due to depth, surface turbulence, or cover 
(boulders/woody debris/overhead vegetation/aquatic vegetation). 

� Third Class Pools are small and shallow resting/holding pools defined as having less 
than 5 percent of pool bottom obscured due to depth, surface turbulence, or cover 
(boulders/woody debris/overhead vegetation/aquatic vegetation). 
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Maximum pool depths and pool tail depths were also measured in each pool (to the nearest 
0.05 foot) using a stadia rod.  The difference between these two depth measurements provided an 
estimate of the residual pool depth. 
 
4.3.5. Fine Sediment 

The percentage of fine sediments present in each riffle and run habitat was visually estimated.  
Fine sediment was defined as any bed elements less than 0.125 inch, which included sand, mud, 
silt, clay, and organics (as defined in Table 4.3-1). 
 
Substrate embeddedness was evaluated at select locations along the tributary channel using an 
embeddedness index.  The index used is based on the visual methods described in the Flosi et al. 
(1998), where several large gravel/cobble elements are evaluated to determine the average 
amount of the gravel/cobble elements that are buried in fine sediment.  The index values are 
presented in Table 4.3-2.  Sand and mud substrates were given an index score of 4, or completely 
embedded. 
 
Table 4.3-2.  Embeddedness index (from Flosi et al. [1998]). 

Percent Embedded Embeddedness Index 
0 – 25 percent 1 
26 – 50 percent 2 
51 – 75 percent 3 

76 – 100 percent 4 
 
 
4.3.6. Large Woody Debris 

All LWD accumulations on depositional surfaces of the deltas and in the tributary channels 
within the normal reservoir fluctuation zone were identified and photographed during the habitat 
mapping survey.  The number of pieces of wood and the size (in cubic feet) of each LWD 
accumulation were estimated and recorded along with the location (as a waypoint) using a small 
handheld Garmin® eTrex Venture global positioning system.  Potential fish migration barriers 
were noted, located by Geographic Positioning System (GPS), and photographed. 
 
4.3.7. Channel Geometry 

Once habitat mapping of the tributary stream channels was completed, markers were placed at 
equidistant locations along the stream banks defining the upstream limit, downstream limit, and 
10 percent increments of the total channel distance measured during habitat mapping.  These 
markers denoted 11 locations where transects were established along the longitudinal length of 
the stream channel within the tributary delta.  For Sullivan Creek, where multiple channels were 
present, additional transects were placed in each of the secondary channels. 
 
At each of the transect locations, measurements were made of wetted channel width and toe of 
bank width.  Wetted channel widths were measured to the nearest 0.1 foot using a surveyors 
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tape.  Toe of bank widths were measured to the nearest foot using either a surveyors tape or a 
handheld Advantage® laser range finder (Laser Atlanta, Inc.) with a range of 5 to 2,500 feet and 
an accuracy of ±0.5 foot.  Depth measurements (to the nearest 0.05 foot) and mean column water 
velocities were made at ¼, ½, and ¾ distance across each transect.  The maximum thalweg depth 
across each transect was recorded.  Water velocities were measured at six-tenths of the water 
depth using a Marsh-McBirney® Flo-Mate Model 2000 portable electronic flow meter mounted 
on a wading rod.  All velocity measurements were made over 10-second intervals.   
 
A GPS waypoint location and a water surface elevation were recorded at the center point of each 
transect.  The GPS data can be used in conjunction with GIS software to provide a trace of the 
tributary channel on an overlay of the delta area.  The water surface data can be used to back 
calculate thalweg depths and to provide the gradient of the tributary channels.  All water surface 
elevations were shot in reference to temporary survey control monuments.  All elevations were 
shot from one or two instrument locations (that were also located using GPS waypoints).  In 
addition to the GPS location for each water surface transect location, the distance (to the nearest 
foot) and compass bearing from the survey instrument were noted for each water surface 
elevation shot location.  Distances were measured using the laser range finder. 
 
4.3.8. Flow 

Following the habitat mapping and physical channel surveys a stream flow measurement was 
conducted in the tributary channel immediately upstream of the delta area.  Water velocities were 
measured at six-tenths of the water depth using a Marsh-McBirney® Flo-Mate Model 2000 
portable electronic flow meter mounted on a wading rod.  All velocities were recorded at 
20-second intervals and the techniques for measuring discharge generally followed the 
guidelines outlined by Rantz et al. (1982).  These guidelines include a goal of a measuring 
velocity at a minimum of 20 stations for each flow measurement transect.  In the case of Linton 
Creek, the narrow channel width (6.3 feet) combined with the survey crew’s use of a minimum 
cell width of 0.5 foot, resulted in fewer velocity measurements for this flow measurement. 
 
4.3.9. Water Quality 

Several water quality parameters were measured both in the tributary stream and in the reservoir 
just offshore of the tributary mouth.  Water quality measurements included water temperature, 
pH, conductivity (microsiemens per centimeter [�S/cm]), specific conductivity (temperature 
standardized conductivity), salinity (parts per thousand), and dissolved oxygen concentrations 
(milligrams per liter [mg/L]), and percent saturation.  The pH measurements were made using a 
Tetratest® pH freshwater kit available at most aquarium stores.  The remaining water quality 
parameters were measured using Yellow Spring Instruments® handheld electronic meters 
(Models 30 and 550). 
 
Additional Boundary Reservoir water quality data used in the lacustrine portion of the HSI 
model (water temperature, dissolved oxygen, and pH) were derived from continuous water 
quality monitoring buoys anchored in the upper reservoir about 1.5 miles downstream of Box 
Canyon Dam.  The monitoring buoys were deployed as part of Study 6, Evaluation of the 
Relationship of pH and Dissolved Oxygen to Macrophytes in Boundary Reservoir (see SCL 
2009b). 
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4.4. Calculation of Tributary Delta Habitat Suitability Indices 

To assess the habitat quality of the riverine portions of the representative tributary deltas some of 
the physical data were applied to a HSI models.  HSI values were calculated individually for 
selected tributary deltas for three life stages (i.e., fry, juvenile, and adult) of “generic” native 
salmonids using the species-habitat relationships developed for cutthroat trout by Hickman and 
Raleigh (1982).  The spawning and incubating life stages were not included in the analyses since 
the lower portions of the tributaries flowing through the delta areas (i.e., the varial zones) were 
not considered to be important spawning or incubation areas.  The Hickman and Raleigh (1982) 
model for lacustrine habitats is based on water quality data only (temperature, DO and pH).   
 
These habitat-based models evaluate a variety of habitat conditions or features (e.g., water 
quality, dominant substrate size, pool quality) important to salmonid species in both riverine and 
lacustrine habitats.  Suitability scores were synthesized into the HSI models, which are scaled to 
produce an index between zero (unsuitable habitat) and one (optimal habitat).  The following 
sections describe the development of the riverine and lacustrine HSI models. 
 
4.4.1. Riverine Model 

Two forms of the riverine model were developed and applied.  The first was for the five tributary 
deltas where, based on available information, surface flow is maintained year-round: Slate, 
Flume, Sullivan, Linton, and Sweet creeks.  The second form of the riverine model was applied 
to the two tributaries, Sand and Pocahontas Creek, where tributary flow has been documented as 
subsurface for a portion of the year. 
 
The habitat parameters required to calculate riverine HSI values were evaluated during the late-
summer, low-flow conditions in the tributaries during September 2007.  The conditions were 
most representative of the extreme, rather than average, values of parameters that most often 
limit the carrying capacity of a habitat (Hickman and Raleigh 1982).  However, for some 
tributaries, conditions during September 2007 were unlikely to represent the carrying capacity of 
a tributary due to connectivity to the reservoir and the presence of late-summer tributary flows 
upstream of the deltas.  The Sand Creek and Pocahontas Creek deltas are examples of these types 
of tributaries.  No surface flow was observed in Sand and Pocahontas creeks during the 
September 2007 habitat surveys.  Technically, the riverine HSI value for various salmonid life 
stages in these tributaries would be zero because the limiting factor, average thalweg depth, was 
zero.  Keeping these HSI values set to zero would mean that the HQR would show no differences 
in the effects of operations scenarios on potential native salmonid riverine habitat at these 
tributary deltas.  Due to the connectivity of these creeks to the Pend Oreille River, and noted 
flow in the creeks upstream of the tributary deltas, it is not expected that the lack of surface flow 
during the late summer in these tributaries would preclude the use of the tributaries across the 
deltas by salmonid species at other times of year.  Therefore, a modification to the procedure that 
accounts for zero habitat suitability during the period when flow in the tributaries is conveyed 
subsurface, but determines habitat suitability for the remainder of the year, was developed and is 
presented in Section 4.4.1.2. 
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4.4.1.1. Riverine Model for Tributaries with Year-Round Surface Flow 

This subsection presents the procedures to determine the HSI values for the tributaries with year-
round flow.  The information to determine HSI values for adult, juvenile, and fry life stages are 
included.  
 
The variables used in the generalized “salmonid” life stage-based HSI for the tributaries at low 
reservoir water surface elevation (i.e., Hickman and Raleigh’s [1982] riverine model) include 
channel depth, amount of fish cover, the amount and quality of pool habitat, amount of fry 
escape cover, and amount of fine sediment in the riffle and run areas (Figure 4.4-1 and Table 
4.4-1). 
 

 

 
Figure 4.4-1.  Relationships among Hickman and Raleigh’s (1982) riverine model variables, components, 
and Habitat Suitability Index. 

 
Table 4.4-1.  Variables, descriptions, and applicable life stages for the riverine component of the 
Hickman and Raleigh (1982) cutthroat trout HSI model. 

Variable Description Life Stage 
V4 Average thalweg depth Adult 
V6 Percentage cover during late season low water growing period Juvenile and Adult 
V8 Percentage of substrate in the 4–16-inch size class (winter escape 

cover) 
Fry 

V10 Percentage pool habitat during late season low water growing period Fry, Juvenile, and Adult 
V15 Pool class rating Juvenile and Adult 
V16 Percentage of fines (substrates <1/8”) in riffle run areas during low 

summer flow  
Fry 
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The HSI suitability curves for each of the riverine variables are shown in Figures 4.4-2 through 
4.4-6 and in Table 4.4-2. 
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Figure 4.4-2.  HSI suitability curve for average 
thalweg depth (V4). 
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Figure 4.4-4.  HSI suitability curve for 
percentage of substrate in the 4 to 16-inch size 
class (winter and escape cover) (V8). 
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Figure 4.4-3.  HSI suitability curve for 
percentage cover during late season low water 
growing period (V6). 
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Figure 4.4-5.  HSI suitability curve for 
percentage pool habitat during late season low 
water growing period (V10). 
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Figure 4.4-6.  HSI suitability curve for 
percentage of fines (substrates <1/8 inch) in riffle 
run areas during low summer flow (V16). 
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Table 4.4-2.  HSI suitability metrics for pool class rating (V15). 

Pool Class Suitability Description 
A 1.00 At least 30 percent of pools are 1st class 
B 0.60 10 – 29 percent of pools are 1st class OR at least 50 percent are 2nd class 
C 0.30 Less than 10 percent of pools are 1st class AND less than 50 percent are 2nd class 

 
 
Computation of the overall riverine HSI scores for each of the three “salmonid” life stages was 
based upon various mathematical formulas that combined the suitability scores for the habitat 
variables of interest for each life stage.  The formulas used for each of three life stages are 
provided below. 
  
Adult Salmonid HSI: 

If 15106 VVV �� , then adult HSI = 	 
 3
1

151064 VVVV ���  
 

If 15106 VVV �� , then adult HSI = 	 
 2
1

15104 VVV ��  

OR if either V4 or 1510 VV � is less than or equal to 0.40, then adult HSI equals lowest 
factor score. 

 
Juvenile Salmonid HSI: 

Juvenile HSI = 
3

15106 VVV ��
 

OR if any of the three variables is less than or equal to 0.40, then juvenile HSI equals the 
lowest factor score. 

 
Salmonid Fry HSI: 

Salmonid Fry HSI = 	 
 2
1

16810 VVV ��  

OR if either V10 or 168 VV � is less than or equal to 0.40, then salmonid fry HSI equals 
the lowest factor score. 

 
4.4.1.2. Alternative Riverine HSI Values – Pocahontas and Sand Creeks 

As previously mentioned in the introduction to the riverine HSI, tributary flow is conveyed 
subsurface at both the Pocahontas and Sand Creek deltas for a portion of the year and no surface 
flow was observed at the time of the habitat surveys in September 2007.  However, rather than 
set the habitat value to zero for the entire year, an alternative procedure that only sets the habitat 
value to zero during estimated periods of subsurface flow was developed. 
 
Due to the connectivity of these creeks to the Pend Oreille River, and noted flow in the creeks 
upstream of the tributary deltas, it is not expected that the lack of surface flow during the late 
summer in these tributaries would preclude the use of the tributaries across the deltas by 
salmonid species at other times of year.  Rather than setting the habitat suitability to zero, the 
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suitability score for flow depth was set to the minimum suitability calculated at other selected 
tributary deltas (i.e., the suitability value of 0.100 determined for Sweet Creek) and other HSI 
variables were estimated during the late-summer, low-flow period.  This approach resulted in 
HSI values of zero being applied during the period of the year when tributary flow is conveyed 
subsurface, and HSI values greater than zero for the remainder of the year. 
 
Application of this alternative procedure requires that periods distinguishing surface and 
subsurface flow be estimated for Pocahontas and Sand creeks.  Based on field observations, 
monitoring data, and comparison of the synthesized tributary flows, the periods of the wet, dry, 
and average years with subsurface flow were established as shown in Table 4.4-3. 
 
Table 4.4-3.  Selected dates bounding tributary flow for Sand and Pocahontas Creeks.

Tributary Year Period of No Surface Flow Period with Surface Flow
Sand Creek Wet December 1–March 15 March 16–November 30 
Sand Creek Dry July 16–April 30 May 1–July 15 
Sand Creek Average August–April 15 April 16–July 31 
Pocahontas Creek Wet December 1–March 15 March 16–November 30 
Pocahontas Creek Dry July 16–April 30 May 1–July 15 
Pocahontas Creek Average August 1–April 15 April 16–July 31 
 
 
4.4.2. Riverine Model HSI Values 

Values for six separate habitat variables were calculated from the habitat survey data at each of 
the tributary delta areas (Table 4.4-4).  The resulting habitat variables were used to calculate life 
stage specific suitability indices from the suitability index curves (Figures 4.4-2 to 4.4-6 and 
Table 4.4-2).  The resulting suitability values for these variables were then used in the Hickman 
and Raleigh (1982) riverine model to generate a separate HSI for the adult, juvenile and fry life 
stages of generic resident “salmonids” within each of the tributary delta areas surveyed (Table 
4.4-5). 
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Table 4.4-4.  List of tributaries, values of habitat variables calculated from the survey data, and their respective suitability indices as derived from 
Hickman and Raleigh (1982), 2007 Boundary Reservoir tributary delta studies.  

V4 V6 V8 V10 V15 V16

Suitability 
Tributary Value Suitability Value Adult Juv. Value Suitability Value Suitability Value Suitability Value Suitability

Slate Cr. 0.83 0.90 78.44 1.00 1.00 50.18 1.00 17.37 0.77 A 1.00 4.62 1.00 
Flume Cr. 0.60 0.66 49.77 1.00 1.00 20.36 1.00 15.38 0.70 A 1.00 34.29 0.61 
Sullivan Cr. 
(low flow) 

0.79 0.85 10.85 0.70 0.92 0.2 1.00 2.23 0.34 A 1.00 26.53 0.78 

Sullivan Cr. 
(regulated flow) 

0.94 0.97 16.62 0.89 1.00 9.55 0.96 7.41 0.47 A 1.00 15.44 0.97 

Linton Cr. 0.42 0.33 3.92 0.39 0.53 0.00 0.00 0.00 0.30 C 0.30 9.68 1.00 
Pocahontas Cr.   
(dry) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 --- 0.00 0.00 0.00 

Pocahontas Cr.    
(low flow) 

-- 0.10 28.40 1.00 1.00 18.08 1.00 8.10 0.49 C 0.30 40.37 0.50 

Sweet Cr. 0.29 0.10 5.20 0.46 0.61 4.76 0.48 9.01 0.52 C 0.60 7.02 1.00 
Sand Cr.             
(dry) 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 --- 0.00 0.00 0.00 

Sand Cr.              
(low flow) 

-- 0.10 6.55 0.52 0.70 1.55 0.16 5.40 0.41 A 1.00 71.43 0.20 

Notes: 
V4 – average thalweg depth. 
V6 – percentage cover during late season low water growing period. 
V8 – percentage of substrate in the 4 to 16-inch size class (winter and escape cover). 
V10 – percentage pool habitat during late season low water growing period. 
V15 – pool Class Rating. 
V16 – percentage of fine sediment (substrates <1/8-inch) in riffle and run areas during low summer flow. 
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Table 4.4-5.  List of tributaries, their calculated Habitat Suitability Indices, and their relative ranking for 
generic “salmonid” adult, juvenile, and fry life stages in the tributary delta areas of Boundary Reservoir 
derived from the Hickman and Raleigh (1982) riverine model. 

Adult “Salmonid” Juvenile “Salmonid” “Salmonid” Fry Tributary 
Name HSI Rank HSI Rank HSI Rank 

Slate Cr. 0.924 1 0.923 1 0.877 1 
Flume Cr. 0.820 3 0.900 2 0.739 2 
Sullivan Cr. 
(low flow) 

0.703 4 0.340 6 0.340 6 

Sullivan Cr. 
(regulated 
flow) 

0.840 2 0.823 3 0.673 3 

Linton Cr. 0.300 5 0.300 7 0.000 8 
Pocahontas Cr. 
(dry) 

0.000 9 0.000 9 0.000 8 

Pocahontas Cr. 
(low flow) 

0.100 6 0.300 7 0.589 5 

Sweet Cr. 0.100 6 0.577 5 0.600 4 
Sand Cr. (dry) 0.000 9 0.000 9 0.000 8 
Sand Cr. (low 
flow) 

0.100 6 0.703 4 0.160 7 

Note: 
HSI – Habitat Suitability Index, 0 indicates unsuitable habitat whereas 1 indicates optimal habitat 
 
 
Results of the Hickman and Raleigh (1982) riverine model for cutthroat trout suggest that the 
Slate Creek delta had the highest HSI scores for each of the different life stages of trout (Table 
4.4-5).  Flume Creek and Sullivan Creek (during periods of regulated flow) deltas had the next 
highest HSI values for the three different life stages of trout.  The Pocahontas and Sand creek 
deltas were rated as unsuitable by virtue of their dry channel beds (and associated zero depth of 
thalweg) at the time of the late summer surveys. For low flow periods, the suitability is still low 
on both these creeks for adult salmonids at an HSI of 0.1 
 
After conducting the habitat surveys in each of the tributary deltas and having walked and 
inspected the stream channels at each site, the overall impression of the lead field biologist was 
that the riverine habitat model output is accurate in its ranking of the late summer habitat 
available to resident fish during periods of low reservoir pool.  For example, of the seven deltas 
evaluated, Slate Creek certainly appeared to provide the best combination of stream habitat 
(adequate stream flow and stream depth, nice pool habitats, instream cover, large woody debris) 
and good water quality suitable for all three stages of resident trout—the HSI values reflected 
these observations.  The Flume Creek delta was judged as a close second in capacity to support 
limited populations of resident trout during late summer periods of low reservoir water surface 
elevations—again, the calculated HSI values supported this impression.  The dry channels (and 
associated lack of available fish habitat) in the Pocahontas and Sand creek deltas obviously 
resulted in the lowest ranking for these two streams.  Based on the agreement between the 
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calculated HSI values and the observations and impressions of the lead field biologist, the 
Hickman and Raleigh (1982) riverine habitat model as applied to the Boundary Reservoir 
tributary deltas provides a realistic representation of available late summer rearing habitat for 
resident trout during periods of low reservoir water surface elevations.  These HSI values are 
therefore expected to provide a sound basis comparing the effects of operations scenarios on 
habitat available to resident salmonids. 
 
Although the Revised Study Plan (SCL 2007) did not specify development of riverine HSI 
values in the tributary channels upstream of the deltas, the lead field biologist observed the 
habitat in these reaches at some deltas during delta surveys.  No observations were made in the 
upstream reaches of Pocahontas and Sand creeks due to the absence of surface flow during the 
time of the surveys.  In the remaining five tributaries, the quality of the riverine habitats on the 
delta did not appear as high as the quality in the upstream reaches.  This comparison was 
subjectively based only on limited field observations, so no reliable quantification of the 
comparison can be made.  The factors that influenced the lower quality of the riverine habitats on 
the deltas included: 

� The lack of stable bedforms and coarse substrate on the deltas due to the abundance 
of sand and fine gravel deposition 

� Sparse cover (e.g., pool depth, turbulence, objects such as cobbles, boulders, and 
LWD) 

� Few pools present in the channels on the deltas 
� Shallow channel depths 

 
Without surveys of the upstream reaches, the influence of these factors on the riverine delta 
habitats was not quantified in the riverine HSI values.  However, when reservoir water surface 
elevations are low enough to expose riverine habitats on the tributary deltas, the field 
observations were the basis for the appearance of lower quality riverine delta habitats as 
compared to the habitat in the tributary channel upstream of the deltas. 
 
4.4.3. Lacustrine Model 

Hickman and Raleigh’s (1982) lacustrine model was used to compute a HSI for the tributary 
delta areas at high reservoir pool (or at full delta inundation).  The lacustrine model relies on 
three water quality parameters as shown in Table 4.4-6 and the resulting HSI score applies 
equally to all three salmonid life stages. 
 
Table 4.4-6.  Variables, descriptions, and applicable life stages for the lacustrine component of the 
Hickman and Raleigh (1982) cutthroat trout HSI model. 

Variable Description Life Stage 
V1 Average maximum water temperature during the warmest part of the year All 
V3 Average minimum dissolved oxygen during the late growing season All 
V13 Annual maximum or minimum pH All 
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The HSI suitability curves for each of the lacustrine model variables are shown in Figure 4.4-7 
through Figure 4.4-9.
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Figure 4.4-7.  HSI suitability curve for average 
maximum water temperature (°C) during the 
warmest part of the year (V1) – two different 
“regional” suitability curves. 
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Figure 4.4-9.  HSI suitability curve for annual 
maximum or pH (use the extreme with the 
lowest suitability index) (V13). 
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Figure 4.4-8.  HSI suitability curve for average 
minimum dissolved oxygen (mg/L) during the 
late growing season – two different suitability 
curves depending on ambient water temperatures 
during late season period (V3). 
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Computation of the overall lacustrine HSI scores for all salmonid life stages was based upon the 
following mathematical formula:  
 
 HSI = 	 
 3

1
1331 VVV ��  

 OR if either V1 or V3 is less than or equal to 0.40, then the HSI equals the lowest factor 
score for V1 or V3. 

 
Applying this equation to the variables measured during the late summer low flow period, the 
lacustrine HSI value will go to zero when the reservoir temperature exceeds 22°C.  If this HSI 
value was applied in the HQR model, the lacustrine HQR would always be zero and no 
differences in the effect of operations scenarios would be discernible.  Moreover, observations 
during the late summer low flow periods revealed fish crowding at the tributary deltas (Study 9, 
Fish Distribution, Timing, and Abundance Final Report [SCL 2009c]), indicating that the 
lacustrine habitat at the deltas is suitable for salmonids.  To address this apparent disconnect 
between the HSI model and observations, lacustrine HSI values were calculated throughout the 
year rather than only during the late-summer low-flow period. 
 
The water quality variables that are rated to calculate the lacustrine HSI were evaluated within 
and across years to determine how changes would affect the calculated HSI values.  As reported 
in Study 5, Water Quality Constituent and Productivity Monitoring Final Report (SCL 2009d), 
dissolved oxygen and pH were monitored at stations throughout the reservoir at intervals through 
the year.  These monitoring data show that the dissolved oxygen is fairly stable both spatially 
and temporarily, particularly at depths corresponding to the tributary deltas, rarely dropping 
below 8.0 mg/L.  Given the suitability curve shown in Figure 4.4-8, changes in dissolved oxygen 
above 8.0 mg/L do not significantly affect habitat suitability for salmonids.  The monitoring data 
show that pH is also relatively stable both with depth and longitudinally along the reservoir.  
Typical pH values range between 8.0 and 9.0.  Comparing the monitoring data for pH to the 
suitability curve in Figure 4.4-9 shows that the late summer low flow period is the most 
unsuitable time of year (highest pH), and that corresponding decreases in pH during other times 
of the year result in increases in suitability that do not considerably affect the HSI value.  
Therefore, like dissolved oxygen, the pH values were not varied over time in the calculations of 
lacustrine HSI values. 
 
Water temperatures in the Boundary Reservoir have been measured by the U.S. Geological 
Survey (USGS) (gage station 12398550) in the forebay and by Tetra Tech at the tributary deltas 
and along the Pend Oreille River.  The Tetra Tech monitoring data are limited to partial years in 
2007 and 2008 whereas the USGS data have been collected daily since October 2000.  Reservoir 
measurements collected by Tetra Tech at the riverward extent of the tributary deltas were 
compared to the forebay measurements, and minimal differences were noted.  Annual variability 
in the USGS data was visually compared as shown in Figure 4.4-10 by plotting daily average 
temperature by day of year between October 2000 and October 2008.  Annual variation closely 
followed the day of year, and showed little correlation with flow through the reservoir. 
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Figure 4.4-10.  Annual comparison of mean daily water temperature as recorded in the Boundary 
Reservoir forebay (USGS gage station 12398550). 

 
 
The average monthly temperatures for the dry (2001) and average (2002) years were compared 
to the average monthly temperatures calculated across all years (2000–2008) as shown in Table 
4.4-7.  The wet year (1997) was excluded from this comparison because no monitoring data were 
collected until October 2000. 
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Table 4.4-7.  Average monthly temperatures as measured at USGS gage station 12398550. 

Month
2001 Mean Monthly 

Water Temperature (oC)
2002 Mean Monthly 

Water Temperature (oC)
2000–2008 Mean Monthly 
Water Temperature (oC)

January 1.2 1.2 1.2 
February 0.8 2.1 1.9 
March 3.6 2.3 3.9 
April 7.3 7.0 7.5 
May 12.1 10.2 11.7 
June 15.8 13.7 15.3 
July 21.1 20.0 21.3 
August 22.2 21.1 22.6 
September 19.6 18.9 18.9 
October 12.9 12.5 13.0 
November 7.8 5.9 6.7 
December 2.7 4.0 2.4 
January 1.2 1.2 1.2 
 
 
As shown in Table 4.4-7, the variability in average monthly temperature from 2001 to 2002 to 
the average from 2000 to 2008 is minimal.  Due to the similarity between the years and the lack 
of data for the wet year (1997), the 2000–2008 average monthly temperature was used to 
calculate monthly lacustrine HSI values that were applied consistently in the wet (1997), dry 
(2001), and average (2002) years. 
 
4.4.4. Lacustrine Model HSI Values 

The Hickman and Raleigh (1982) lacustrine model for salmonid habitat in the shallow water 
areas of the deltas during periods of inundation suggest a range of habitat quality throughout the 
year (Table 4.4-8).  The model output is driven by the variability in water temperature as 
represented by the average monthly water temperature variable (V1).  During the month with the 
greatest average water temperature (August), the water temperature value (22.6°C) exceeds the 
maximum suitable value (22.0°C) and the resulting HSI is calculated as zero (unsuitable habitat).  
Conversely, in May and October when the average monthly water temperature is within the 
optimal range of 11.5 and 15°C, the pH becomes the limiting factor and the HSI values approach 
0.90.  As temperature fluctuates between the unsuitable values in August and the near optimal 
values in May, June and October, the HSI values change accordingly. 
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Table 4.4-8.  Boundary Reservoir water quality variables, their associated suitability, and final reservoir 
Habitat Suitability Index using Hickman and Raleigh’s (1982) lacustrine model. 

V1
1 V3

2 V13
3

Month Value Suitability Value Suitability Value Suitability HSI 
January 1.2 0.15 8.54 0.98 8.79 0.65 0.15 
February 1.9 0.24 8.54 0.98 8.79 0.65 0.24 
March 3.9 0.48 8.54 0.98 8.79 0.65 0.67 
April 7.5 0.83 8.54 0.98 8.79 0.65 0.81 
May 11.7 1.00 8.54 0.98 8.79 0.65 0.86 
June 15.3 0.99 8.54 0.98 8.79 0.65 0.86 
July 21.3 0.16 8.54 0.98 8.79 0.65 0.16 
August 22.6 0.00 8.54 0.98 8.79 0.65 0.00 
September 18.9 0.66 8.54 0.98 8.79 0.65 0.75 
October 13.0 1.00 8.54 0.98 8.79 0.65 0.86 
November 6.7 0.77 8.54 0.98 8.79 0.65 0.79 
December 2.4 0.30 8.54 0.98 8.79 0.65 0.30 

Notes: 
1 V1 - average monthly water temperature (°C). 
2 V3 - average minimum dissolved oxygen (mg/L) during the late growing season (30-day period: August 17–

September 15, 2007). 
3 V13 - annual maximum or minimum pH (88-day period of record: June 22–September 17, 2007). 
 
 
Because of the influence of the potential presence of thermal plumes at the tributary mouths, the 
suitability for a reduced portion of the lacustrine area may be greater than 0.00 during times 
when water temperatures are unsuitable for salmonids.  Appendix 4b to the Study 8 final report 
provides a more thorough discussion of the influence of water temperature and thermal refugia at 
selected tributary deltas. 
 
4.5. Application of Tributary Delta Physical Habitat Models 

The tributary delta lacustrine and riverine HQR models were run for the seven selected deltas.  
The model was run for the historic wet (1997), dry (2001), and average (2002) year hydrologic 
conditions to establish the effects of existing Project operations on potential salmonid habitat. 
Depending on the potential for the morphology of a delta to change over the term of a new 
license, the number of model runs varied.  Deltas where no morphological changes were expected 
over the 50-year term of a new license (Type 2 deltas) required only three model runs, one for 
each of the wet (1997), dry (2001), and average (2002) years.  The type 2 deltas were all located 
upstream of Metaline Falls and include Sullivan, Linton, Pocahontas, Sweet and Sand creeks.  
Deltas where morphological changes were anticipated over the 50-year term of a new license 
(Type 3 and Type 4 deltas) required nine model runs, three for each of the wet (1997), dry (2001), 
and average (2002) years.  Slate and Flume creeks, both located downstream of Metaline Falls, 
are considered Type 4 deltas.  Three runs within each hydrologic condition (wet, dry and average) 
were needed to account for changes in the tributary delta morphology occurring over the term of 
a new license, and the associated changes in the lacustrine and riverine habitat area-to-elevation 
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relationships.  The three runs within each hydrologic condition represented delta morphology at 
the midpoint of each third of the 50-year term of a new license. 
 
The HRM was used to determine the hourly water surface elevations of the mainstem Pend 
Oreille River adjacent to each tributary delta.  The water surface elevation was used with the 
area-to-elevation relationships to determine the areas of each delta experiencing lacustrine and 
riverine conditions for each hour of the year.  For the case of Slate and Flume creeks, the Type 4 
deltas, the area-to-elevation relationships were updated to reflect conditions at the midpoint of 
each third of a 50-year term of a new license. 
 
Once the HQR models were run for selected tributary deltas, the output was post-processed to 
allow for more meaningful interpretation of the effects of existing Project operations on potential 
tributary delta habitat for salmonids.  Specifically, the hourly HQR values for lacustrine habitat 
and for riverine habitat for various salmonid life stages were plotted over the course of the wet 
(1997), dry (2001), and average (2002) years.  These figures were created on an hourly as well as 
cumulative basis Examples of the resulting hourly and cumulative graphs of the tributary delta 
HQR results are provided in Figures 4.4-3 and 4.4-4, respectively.  The complete set of these 
figures is provided in Attachment A.  Discussion and interpretation of the results are provided in 
Section 5.4.1.1 of the main report body and in Section 5.1.3 of this report. 
 

5 RESULTS 

The detailed discussion of the results is presented in the main body Section 5.4.1.1 of the Study 8 
Final Report (SCL 2009a).  This section of the report provides the figures that display the results 
of the tributary delta HQR modeling effort.  The following paragraphs describe the HQR output 
presented graphically on plots included in Attachments A and B. 
 
The HQR values were calculated at the seven selected tributary deltas: Slate, Flume, Sullivan, 
Linton, Pocahontas, Sweet, and Sand creeks for the wet, dry and average years.  The hourly 
HQR values are presented graphically in the figures in Attachment A.  These figures are 
organized by delta, with output grouped for the wet (1997), dry (2001), and average (2002) 
years, respectively.  Four figures are presented for each tributary for each year, as follows: 

1. Lacustrine HQR and Riverine Fry HQR 
2. Lacustrine HQR and Riverine Juvenile HQR 
3. Lacustrine HQR and Riverine Adult HQR 
4. Cumulative (i.e., running summation) Lacustrine and Riverine (all life stages) HQR 

 
For the two deltas downriver from Metaline Falls, the HQR calculations are repeated for the 
midpoint of each third of the 50-year term of a new license.  Slate Creek and Flume Creek each 
have 36 figures (12 for each third of the license period, four for each year [wet, dry, average]).  
The remaining five deltas upriver from Metaline Falls have only 12 figures each because the 
morphology of the delta is not predicted to change over the license term.  Figures 5.0-1 through 
5.0-4 provide examples of the output at the Slate Creek delta for the wet year in the first third of 
the 50-year license term. 
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Figure 5.0-1.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet year, 
post-licensing years 1–17.
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Figure 5.0-2.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative wet 
year, post-licensing years 1–17. 
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Figure 5.0-3.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
post-licensing years 1–17. 
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Figure 5.0-4.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the representative wet 
year, post-licensing years 1–17 [note:  riverine adult line nearly overlays riverine juvenile line]. 
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As illustrated in these example figures, the x-axis for each plot covers the calendar year from 
January 1 through December 31.  The left y-axis is for the lacustrine HQR; the right y-axis is for 
the riverine HQR.  To facilitate comparisons, the scales for the y-axes are independently constant 
within a tributary delta, but vary between deltas.  For example, the riverine scale and the 
lacustrine scale will differ from each other at a delta, but they are each constant for all figures at 
that delta.  The separate y-axes were used because the lacustrine HQR values are typically a few 
orders of magnitude greater than the riverine HQR values.  In some cases the greater lacustrine 
values are due to greater relative lacustrine habitat area, some cases are due to greater lacustrine 
HSI values, and some cases both area and HSI contribute. 
 
A second set of figures based on HQR output is presented in Attachment B.  For each HQR 
modeling scenario, the HQR values over the modeled year were ranked from greatest to lowest 
and plotted in relation to the amount of time (over the year) that each value was exceeded.  These 
figures are referred to as HQR-duration curves.  As with the figures in Attachment A, these 
figures are organized by delta, with output grouped for the life stage of interest (i.e., fry, juvenile, 
or adult) showing both riverine and lacustrine HQR values.  Slate Creek and Flume Creek each 
have nine figures (three for each third of the post-license period, three for each salmonid life 
stage [fry, juvenile, and adult]).  The remaining five deltas upstream from Metaline Falls have 
only three figures each because the morphology of the delta is not predicted to change over the 
license term.  Figures 5.0-5 through 5.0-7 illustrate the HQR-duration curves for the Slate Creek 
delta during post-licensing years 1–17. 
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Figure 5.0-5.  HQR-duration curve for salmonid fry on the Slate Creek delta, post-licensing years 1–17. 
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Figure 5.0-6.  HQR-duration curve for salmonid juvenile on the Slate Creek delta, post-licensing years 
1-17. 
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Figure 5.0-7.  HQR-duration curve for adult juvenile on the Slate Creek delta, post-licensing years 1–17. 
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These example figures illustrate in an aggregate sense how HQR values vary over each year 
whereas the figures in Attachment A illustrate a temporal aspect of the HQR variability.  The x-
axis in Figures 5.0-5 through 5.0-7 indicates the percent of the hours within a year that the HQR 
values shown on the y-axis are exceeded.  The y-axis scales for plots at the various deltas closely 
match the scales of the corresponding delta figures in Attachment A.   
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This attachment contains the following figures: 
 
Figure A-1.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet 

year, post-licensing years 1-17. 
Figure A-2.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative 

wet year, post-licensing years 1-17. 
Figure A-3.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 

wet year, post-licensing years 1-17. 
Figure A-4.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 

representative wet year, post-licensing years 1-17. 
Figure A-5.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry 

year, post-licensing years 1-17. 
Figure A-6.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative 

dry year, post-licensing years 1-17. 
Figure A-7.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 

dry year, post-licensing years 1-17. 
Figure A-8.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 

representative dry year, post-licensing years 1-17. 
Figure A-9.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative 

average year, post-licensing years 1-17. 
Figure A-10.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 

representative average year, post-licensing years 1-17. 
Figure A-11.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 

average year, post-licensing years 1-17. 
Figure A-12.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 

representative average year, post-licensing years 1-17. 
Figure A-13.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative 

wet year, post-licensing years 18-33. 
Figure A-14.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 

representative wet year, post-licensing years 18-33. 
Figure A-15.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 

wet year, post-licensing years 18-33. 
Figure A-16.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 

representative wet year, post-licensing years 18-33. 
Figure A-17.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry 

year, post-licensing years 18-33. 
Figure A-18.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 

representative dry year, post-licensing years 18-33. 
Figure A-19.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 

dry year, post-licensing years 18-33. 
Figure A-20.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 

representative dry year, post-licensing years 18-33. 
Figure A-21.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative 

average year, post-licensing years 18-33. 
Figure A-22.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 

representative average year, post-licensing years 18-33. 
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Figure A-23.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 
average year, post-licensing years 18-33. 

Figure A-24.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 
representative average year, post-licensing years 18-33. 

Figure A-25.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative 
wet year, post-licensing years 34-50. 

Figure A-26.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 
representative wet year, post-licensing years 34-50. 

Figure A-27.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 
wet year, post-licensing years 34-50. 

Figure A-28.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 
representative wet year, post-licensing years 34-50. 

Figure A-29.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry 
year, post-licensing years 34-50. 

Figure A-30.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 
representative dry year, post-licensing years 34-50. 

Figure A-31.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 
dry year, post-licensing years 34-50. 

Figure A-32.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 
representative dry year, post-licensing years 34-50. 

Figure A-33.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative 
average year, post-licensing years 34-50. 

Figure A-34.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the 
representative average year, post-licensing years 34-50. 

Figure A-35.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative 
average year, post-licensing years 34-50. 

Figure A-36.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the 
representative average year, post-licensing years 34-50. 

Figure A-37.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
wet year, post-licensing years 1-17. 

Figure A-38.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative wet year, post-licensing years 1-17. 

Figure A-39.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
wet year, post-licensing years 1-17. 

Figure A-40.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative wet year, post-licensing years 1-17. 

Figure A-41.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
dry year, post-licensing years 1-17. 

Figure A-42.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative dry year, post-licensing years 1-17. 

Figure A-43.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
dry year, post-licensing years 1-17. 

Figure A-44.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative dry year, post-licensing years 1-17. 

Figure A-45.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
average year, post-licensing years 1-17. 
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Figure A-46.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative average year, post-licensing years 1-17. 

Figure A-47.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
average year, post-licensing years 1-17. 

Figure A-48.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative average year, post-licensing years 1-17. 

Figure A-49.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
wet year, post-licensing years 18-33. 

Figure A-50.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative wet year, post-licensing years 18-33. 

Figure A-51.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
wet year, post-licensing years 18-33. 

Figure A-52.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative wet year, post-licensing years 18-33. 

Figure A-53.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
dry year, post-licensing years 18-33. 

Figure A-54.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative dry year, post-licensing years 18-33. 

Figure A-55.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
dry year, post-licensing years 18-33. 

Figure A-56.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative dry year, post-licensing years 18-33. 

Figure A-57.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
average year, post-licensing years 18-33. 

Figure A-58.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative average year, post-licensing years 18-33. 

Figure A-59.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
average year, post-licensing years 18-33. 

Figure A-60.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative average year, post-licensing years 18-33. 

Figure A-61.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
wet year, post-licensing years 34-50. 

Figure A-62.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative wet year, post-licensing years 34-50. 

Figure A-63.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
wet year, post-licensing years 34-50. 

Figure A-64.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative wet year, post-licensing years 34-50. 

Figure A-65.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
dry year, post-licensing years 34-50. 

Figure A-66.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative dry year, post-licensing years 34-50. 

Figure A-67.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
dry year, post-licensing years 34-50. 

Figure A-68.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative dry year, post-licensing years 34-50. 
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Figure A-69.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative 
average year, post-licensing years 34-50. 

Figure A-70.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the 
representative average year, post-licensing years 34-50. 

Figure A-71.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative 
average year, post-licensing years 34-50. 

Figure A-72.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the 
representative average year, post-licensing years 34-50. 

Figure A-73.  Lacustrine and riverine fry HQR for Sullivan Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-74.  Lacustrine and riverine juvenile HQR for Sullivan Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-75.  Lacustrine and riverine adult HQR for Sullivan Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-76.  Cumulative lacustrine and riverine HQR for Sullivan Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-77.  Lacustrine and riverine fry HQR for Sullivan Creek delta during the representative 
dry year, post-licensing years 1-50. 

Figure A-78.  Lacustrine and riverine juvenile HQR for Sullivan Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-79.  Lacustrine and riverine adult HQR for Sullivan Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-80.  Cumulative lacustrine and riverine HQR for Sullivan Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-81.  Lacustrine and riverine fry HQR for Sullivan Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-82.  Lacustrine and riverine juvenile HQR for Sullivan Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-83.  Lacustrine and riverine adult HQR for Sullivan Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-84.  Cumulative lacustrine and riverine HQR for Sullivan Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-85.  Lacustrine and riverine fry HQR for Linton Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-86.  Lacustrine and riverine juvenile HQR for Linton Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-87.  Lacustrine and riverine adult HQR for Linton Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-88.  Cumulative lacustrine and riverine HQR for Linton Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-89.  Lacustrine and riverine fry HQR for Linton Creek delta during the representative 
dry year, post-licensing years 1-50. 

Figure A-90.  Lacustrine and riverine juvenile HQR for Linton Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-91.  Lacustrine and riverine adult HQR for Linton Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-92.  Cumulative lacustrine and riverine HQR for Linton Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-93.  Lacustrine and riverine fry HQR for Linton Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-94.  Lacustrine and riverine juvenile HQR for Linton Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-95.  Lacustrine and riverine adult HQR for Linton Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-96.  Cumulative lacustrine and riverine HQR for Linton Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-97.  Lacustrine and riverine fry HQR for Pocahontas Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-98.  Lacustrine and riverine juvenile HQR for Pocahontas Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-99.  Lacustrine and riverine adult HQR for Pocahontas Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-100.  Cumulative lacustrine and riverine HQR for Pocahontas Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-101.  Lacustrine and riverine fry HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-102.  Lacustrine and riverine juvenile HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-103.  Lacustrine and riverine adult HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-104.  Cumulative lacustrine and riverine HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-105.  Lacustrine and riverine fry HQR for Pocahontas Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-106.  Lacustrine and riverine juvenile HQR for Pocahontas Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-107.  Lacustrine and riverine adult HQR for Pocahontas Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-108.  Cumulative lacustrine and riverine HQR for Pocahontas Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-109.  Lacustrine and riverine fry HQR for Sweet Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-110.  Lacustrine and riverine juvenile HQR for Sweet Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-111.  Lacustrine and riverine adult HQR for Sweet Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-112.  Cumulative lacustrine and riverine HQR for Sweet Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-113.  Lacustrine and riverine fry HQR for Sweet Creek delta during the representative 
dry year, post-licensing years 1-50. 

Figure A-114.  Lacustrine and riverine juvenile HQR for Sweet Creek delta during the 
representative dry year, post-licensing years 1-50. 
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Figure A-115.  Lacustrine and riverine adult HQR for Sweet Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-116.  Cumulative lacustrine and riverine HQR for Sweet Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-117.  Lacustrine and riverine fry HQR for Sweet Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-118.  Lacustrine and riverine juvenile HQR for Sweet Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-119.  Lacustrine and riverine adult HQR for Sweet Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-120.  Cumulative lacustrine and riverine HQR for Sweet Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-121.  Lacustrine and riverine fry HQR for Sand Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-122.  Lacustrine and riverine juvenile HQR for Sand Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-123.  Lacustrine and riverine adult HQR for Sand Creek delta during the representative 
wet year, post-licensing years 1-50. 

Figure A-124.  Cumulative lacustrine and riverine HQR for Sand Creek delta during the 
representative wet year, post-licensing years 1-50. 

Figure A-125.  Lacustrine and riverine fry HQR for Sand Creek delta during the representative 
dry year, post-licensing years 1-50. 

Figure A-126.  Lacustrine and riverine juvenile HQR for Sand Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-127.  Lacustrine and riverine adult HQR for Sand Creek delta during the representative 
dry year, post-licensing years 1-50. 

Figure A-128.  Cumulative lacustrine and riverine HQR for Sand Creek delta during the 
representative dry year, post-licensing years 1-50. 

Figure A-129.  Lacustrine and riverine fry HQR for Sand Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-130.  Lacustrine and riverine juvenile HQR for Sand Creek delta during the 
representative average year, post-licensing years 1-50. 

Figure A-131.  Lacustrine and riverine adult HQR for Sand Creek delta during the representative 
average year, post-licensing years 1-50. 

Figure A-132.  Cumulative lacustrine and riverine HQR for Sand Creek delta during the 
representative average year, post-licensing years 1-50. 
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Figure A-1.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet year, 
post-licensing years 1-17. 
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Figure A-2.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative wet 
year, post-licensing years 1-17. 
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Figure A-3.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
post-licensing years 1-17. 
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Figure A-4.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the representative wet 
year, post-licensing years 1-17. 
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Figure A-5.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry year, 
post-licensing years 1-17. 
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Figure A-6.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative dry 
year, post-licensing years 1-17. 
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Figure A-7.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative dry year, 
post-licensing years 1-17. 
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Figure A-8.  Cumulative lacustrine and riverine HQR for Slate Creek delta during the representative dry 
year, post-licensing years 1-17. 
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Figure A-9.  Lacustrine and riverine fry HQR for Slate Creek Delta during the representative average 
year, post-licensing years 1-17. 
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Figure A-10.  Lacustrine and riverine juvenile HQR for Slate Creek Delta during the representative 
average year, post-licensing years 1-17. 
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Figure A-11.  Lacustrine and riverine adult HQR for Slate Creek Delta during the representative average 
year, post-licensing years 1-17. 
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Figure A-12.  Cumulative lacustrine and riverine HQR for Slate Creek Delta during the representative 
average year, post-licensing years 1-17. 
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Figure A-13.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet year, 
post-licensing years 18-33. 
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Figure A-14.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative wet 
year, post-licensing years 18-33. 
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Figure A-15.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
post-licensing years 18-33. 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

200

400

600

800

1,000

1,200

1,400

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Fry
Riverine Juv
Riverine Adult

 
Figure A-16.  Cumulative Lacustrine and HQR for Slate Creek delta during the representative wet year, 
post-licensing years 18-33. 
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Figure A-17.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry year, 
post-licensing years 18-33. 
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Figure A-18.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative dry 
year, post-licensing years 18-33. 
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Figure A-19.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative dry year, 
post-licensing years 18-33. 
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Figure A-20.  Cumulative Lacustrine and HQR for Slate Creek delta during the representative dry year, 
post-licensing years 18-33. 
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Figure A-21.  Lacustrine and riverine fry HQR for Slate Creek Delta during the representative average 
year, post-licensing years 18-33. 
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Figure A-22.  Lacustrine and riverine juvenile HQR for Slate Creek Delta during the representative 
average year, post-licensing years 18-33. 
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Figure A-23.  Lacustrine and riverine adult HQR for Slate Creek Delta during the representative average 
year, post-licensing years 18-33. 
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Figure A-24.  Cumulative Lacustrine and HQR for Slate Creek Delta during the representative average 
year, post-licensing years 18-33. 
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Figure A-25.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative wet year, 
post-licensing years 34-50. 
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Figure A-26.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative wet 
year, post-licensing years 34-50. 
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Figure A-27.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative wet year, 
post-licensing years 34-50. 
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Figure A-28.  Cumulative Lacustrine and HQR for Slate Creek delta during the representative wet year, 
post-licensing years 34-50. 
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Figure A-29.  Lacustrine and riverine fry HQR for Slate Creek delta during the representative dry year, 
post-licensing years 34-50. 

0

1

2

3

4

5

6

7

8

9

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Juv

 
Figure A-30.  Lacustrine and riverine juvenile HQR for Slate Creek delta during the representative dry 
year, post-licensing years 34-50. 
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Figure A-31.  Lacustrine and riverine adult HQR for Slate Creek delta during the representative dry year, 
post-licensing years 34-50. 
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Figure A-32.  Cumulative Lacustrine and HQR for Slate Creek delta during the representative dry year, 
post-licensing years 34-50. 
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Figure A-33.  Lacustrine and riverine fry HQR for Slate Creek Delta during the representative average 
year, post-licensing years 34-50. 
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Figure A-34.  Lacustrine and riverine juvenile HQR for Slate Creek Delta during the representative 
average year, post-licensing years 34-50. 



FINAL REPORT APPENDIX 4A – TRIBUTARY DELTA HABITAT MODELING – HQR 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment A Page 18 March 2009 

0

1

2

3

4

5

6

7

8

9

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Adult

 
Figure A-35.  Lacustrine and riverine adult HQR for Slate Creek Delta during the representative average 
year, post-licensing years 34-50. 
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Figure A-36.  Cumulative Lacustrine and HQR for Slate Creek Delta during the representative average 
year, post-licensing years 34-50. 
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Figure A-37.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative wet year, 
post-licensing years 1-17. 
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Figure A-38.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the representative wet 
year, post-licensing years 1-17. 
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Figure A-39.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative wet 
year, post-licensing years 1-17. 
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Figure A-40.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the representative 
wet year, post-licensing years 1-17. 
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Figure A-41.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative dry year, 
post-licensing years 1-17. 
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Figure A-42.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the representative dry 
year, post-licensing years 1-17. 
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Figure A-43.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative dry 
year, post-licensing years 1-17. 
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Figure A-44.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the representative 
dry year, post-licensing years 1-17. 
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Figure A-45.  Lacustrine and riverine fry HQR for Flume Creek Delta during the representative average 
year, post-licensing years 1-17. 
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Figure A-46.  Lacustrine and riverine juvenile HQR for Flume Creek Delta during the representative 
average year, post-licensing years 1-17. 
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Figure A-47.  Lacustrine and riverine adult HQR for Flume Creek Delta during the representative 
average year, post-licensing years 1-17. 
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Figure A-48.  Cumulative lacustrine and riverine HQR for Flume Creek Delta during the representative 
average year, post-licensing years 1-17. 



FINAL REPORT APPENDIX 4A – TRIBUTARY DELTA HABITAT MODELING – HQR 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment A Page 25 March 2009 

0

1

2

3

4

5

6

7

8

9

10

11

12

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Fry

 
Figure A-49.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative wet year, 
post-licensing years 18-33. 
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Figure A-50.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the representative wet 
year, post-licensing years 18-33. 
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Figure A-51.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative wet 
year, post-licensing years 18-33. 
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Figure A-52.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the representative 
wet year, post-licensing years 18-33. 
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Figure A-53.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative dry year, 
post-licensing years 18-33. 
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Figure A-54.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the representative dry 
year, post-licensing years 18-33. 
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Figure A-55.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative dry 
year, post-licensing years 18-33. 
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Figure A-56.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the representative 
dry year, post-licensing years 18-33. 
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Figure A-57.  Lacustrine and riverine fry HQR for Flume Creek Delta during the representative average 
year, post-licensing years 18-33. 
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Figure A-58.  Lacustrine and riverine juvenile HQR for Flume Creek Delta during the representative 
average year, post-licensing years 18-33. 
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Figure A-59.  Lacustrine and riverine adult HQR for Flume Creek Delta during the representative 
average year, post-licensing years 18-33. 
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Figure A-60.  Cumulative lacustrine and riverine HQR for Flume Creek Delta during the representative 
average year, post-licensing years 18-33. 
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Figure A-61.  Lacustrine and riverine fry HQR for Flume Creek delta during wet year, post-licensing 
years 34-50. 
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Figure A-62.  Lacustrine and riverine juvenile HQR for Flume Creek delta during wet year, post-
licensing years 34-50. 
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Figure A-63.  Lacustrine and riverine adult HQR for Flume Creek delta during wet year, post-licensing 
years 34-50. 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

50

100

150

200

250

300

350

400

450

500

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Fry
Riverine Juv
Riverine Adult

 
Figure A-64.  Cumulative lacustrine and riverine HQR for Flume Creek delta during wet year, post-
licensing years 34-50. 
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Figure A-65.  Lacustrine and riverine fry HQR for Flume Creek delta during the representative dry year, 
post-licensing years 34-50. 
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Figure A-66.  Lacustrine and riverine juvenile HQR for Flume Creek delta during the representative dry 
year, post-licensing years 34-50. 
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Figure A-67.  Lacustrine and riverine adult HQR for Flume Creek delta during the representative dry 
year, post-licensing years 34-50. 
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Figure A-68.  Cumulative lacustrine and riverine HQR for Flume Creek delta during the representative 
dry year, post-licensing years 34-50. 
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Figure A-69.  Lacustrine and riverine fry HQR for Flume Creek Delta during the representative average 
year, post-licensing years 34-50. 
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Figure A-70.  Lacustrine and riverine juvenile HQR for Flume Creek Delta during the representative 
average year, post-licensing years 34-50. 
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Figure A-71.  Lacustrine and riverine adult HQR for Flume Creek Delta during the representative 
average year, post-licensing years 34-50. 
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Figure A-72.  Cumulative lacustrine and riverine HQR for Flume Creek Delta during the representative 
average year, post-licensing years 34-50. 
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Figure A-73.  Lacustrine and riverine fry HQR for Sullivan Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-74.  Lacustrine and riverine juvenile HQR for Sullivan Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-75.  Lacustrine and riverine adult HQR for Sullivan Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-76.  Cumulative lacustrine and riverine HQR for Sullivan Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-77.  Lacustrine and riverine fry HQR for Sullivan Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-78.  Lacustrine and riverine juvenile HQR for Sullivan Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-79.  Lacustrine and riverine adult HQR for Sullivan Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-80.  Cumulative lacustrine and riverine HQR for Sullivan Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-81.  Lacustrine and riverine fry HQR for Sullivan Creek Delta during the representative average 
year, post-licensing years 1-50. 
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Figure A-82.  Lacustrine and riverine juvenile HQR for Sullivan Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-83.  Lacustrine and riverine adult HQR for Sullivan Creek Delta during the representative 
average year, post-licensing years 1-50. 

0

50,000

100,000

150,000

200,000

250,000

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

5000

10000

15000

20000

25000

30000

35000

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Fry
Riverine Juv
Riverine Adult

 
Figure A-84.  Cumulative lacustrine and riverine HQR for Sullivan Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-85.  Lacustrine and riverine fry HQR for Linton Creek delta during the representative wet year, 
post-licensing years 1-50. 
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Figure A-86.  Lacustrine and riverine juvenile HQR for Linton Creek delta during the representative wet 
year, post-licensing years 1-50. 



FINAL REPORT APPENDIX 4A – TRIBUTARY DELTA HABITAT MODELING – HQR 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment A Page 44 March 2009 

0

1

2

3

4

5

6

7

8

9

10

1-Jan

29-Jan

26-Feb

26-M
ar

23-A
pr

21-M
ay

18-Jun

16-Jul

13-A
ug

10-S
ep

8-O
ct

5-N
ov

3-D
ec

31-D
ec

La
cu

st
rin

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
-ft

)

Lacustrine
Riverine Adult

 
Figure A-87.  Lacustrine and adult riverine HQR for Linton Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-88.  Cumulative lacustrine and riverine HQR for Linton Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-89.  Lacustrine and riverine fry HQR for Linton Creek delta during the representative dry year, 
post-licensing years 1-50. 
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Figure A-90.  Lacustrine and riverine juvenile HQR for Linton Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-91.  Lacustrine and adult riverine HQR for Linton Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-92.  Cumulative lacustrine and riverine HQR for Linton Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-93.  Lacustrine and riverine fry HQR for Linton Creek Delta during the representative average 
year, post-licensing years 1-50. 
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Figure A-94.  Lacustrine and riverine juvenile HQR for Linton Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-95.  Lacustrine and adult riverine HQR for Linton Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-96.  Cumulative lacustrine and riverine HQR for Linton Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-97.  Lacustrine and riverine fry HQR for Pocahontas Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-98.  Lacustrine and riverine juvenile HQR for Pocahontas Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-99.  Lacustrine and adult riverine HQR for Pocahontas Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-100.  Cumulative lacustrine and riverine HQR for Pocahontas Creek delta during the 
representative wet year, post-licensing years 1-50. 
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Figure A-101.  Lacustrine and riverine fry HQR for Pocahontas Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-102.  Lacustrine and riverine juvenile HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 
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Figure A-103.  Lacustrine and adult riverine HQR for Pocahontas Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-104.  Cumulative lacustrine and riverine HQR for Pocahontas Creek delta during the 
representative dry year, post-licensing years 1-50. 
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Figure A-105.  Lacustrine and riverine fry HQR for Pocahontas Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-106.  Lacustrine and riverine juvenile HQR for Pocahontas Creek Delta during the 
representative average year, post-licensing years 1-50. 
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Figure A-107.  Lacustrine and adult riverine HQR for Pocahontas Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-108.  Cumulative lacustrine and riverine HQR for Pocahontas Creek Delta during the 
representative average year, post-licensing years 1-50. 
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Figure A-109.  Lacustrine and riverine fry HQR for Sweet Creek delta during the representative wet year, 
post-licensing years 1-50. 
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Figure A-110.  Lacustrine and riverine juvenile HQR for Sweet Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-111.  Lacustrine and adult riverine HQR for Sweet Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-112.  Cumulative lacustrine and riverine HQR for Sweet Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-113.  Lacustrine and riverine fry HQR for Sweet Creek delta during the representative dry year, 
post-licensing years 1-50. 
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Figure A-114.  Lacustrine and riverine juvenile HQR for Sweet Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-115.  Lacustrine and adult riverine HQR for Sweet Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-116.  Cumulative lacustrine and riverine HQR for Sweet Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-117.  Lacustrine and riverine fry HQR for Sweet Creek Delta during the representative average 
year, post-licensing years 1-50. 
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Figure A-118.  Lacustrine and riverine juvenile HQR for Sweet Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-119.  Lacustrine and adult riverine HQR for Sweet Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-120.  Cumulative lacustrine and riverine HQR for Sweet Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-121.  Lacustrine and riverine fry HQR for Sand Creek delta during the representative wet year, 
post-licensing years 1-50. 
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Figure A-122.  Lacustrine and riverine juvenile HQR for Sand Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-123.  Lacustrine and adult riverine HQR for Sand Creek delta during the representative wet 
year, post-licensing years 1-50. 
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Figure A-124.  Cumulative lacustrine and riverine HQR for Sand Creek delta during the representative 
wet year, post-licensing years 1-50. 
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Figure A-125.  Lacustrine and riverine fry HQR for Sand Creek delta during the representative dry year, 
post-licensing years 1-50. 
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Figure A-126.  Lacustrine and riverine juvenile HQR for Sand Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-127.  Lacustrine and adult riverine HQR for Sand Creek delta during the representative dry 
year, post-licensing years 1-50. 
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Figure A-128.  Cumulative lacustrine and riverine HQR for Sand Creek delta during the representative 
dry year, post-licensing years 1-50. 
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Figure A-129.  Lacustrine and riverine fry HQR for Sand Creek Delta during the representative average 
year, post-licensing years 1-50. 
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Figure A-130.  Lacustrine and riverine juvenile HQR for Sand Creek Delta during the representative 
average year, post-licensing years 1-50. 
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Figure A-131.  Lacustrine and adult riverine HQR for Sand Creek Delta during the representative average 
year, post-licensing years 1-50. 
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Figure A-132.  Cumulative lacustrine and riverine HQR for Sand Creek Delta during the representative 
average year, post-licensing years 1-50.
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This attachment contains the following figures: 
 
Figure B-1.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 

1-17. 
Figure B-2.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing 

years 1-17. 
Figure B-3.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing 

years 1-17. 
Figure B-4.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 

18-33. 
Figure B-5.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing 

years 18-33. 
Figure B-6.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing 

years 18-33. 
Figure B-7.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 

34-50. 
Figure B-8.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing 

years 34-50. 
Figure B-9.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing 

years 34-50. 
Figure B-10.  HQR duration curves for salmonid fry on the Flume Creek delta, post-licensing 

years 1-17. 
Figure B-11.  HQR duration curves for juvenile salmonids on the Flume Creek delta, post-

licensing years 1-17. 
Figure B-12.  HQR duration curves for adult salmonids on the Flume Creek delta, post-licensing 

years 1-17. 
Figure B-13.  HQR duration curves for salmonid fry on the Flume Creek delta, post-licensing 

years 18-33. 
Figure B-14.  HQR duration curves for juvenile salmonids on the Flume Creek delta, post-

licensing years 18-33. 
Figure B-15.  HQR duration curves for adult salmonids on the Flume Creek delta, post-licensing 

years 18-33. 
Figure B-16.  HQR duration curves for salmonid fry on the Flume Creek delta, post-licensing 

years 34-50. 
Figure B-17.  HQR duration curves for juvenile salmonids on the Flume Creek delta, post-

licensing years 34-50. 
Figure B-18.  HQR duration curves for adult salmonids on the Flume Creek delta, post-licensing 

years 34-50. 
Figure B-19.  HQR duration curves for salmonid fry on the Sullivan Creek delta, post-licensing 

years 1-50. 
Figure B-20.  HQR duration curves for juvenile salmonids on the Sullivan Creek delta, post-

licensing years 1-50. 
Figure B-21.  HQR duration curves for adult salmonids on the Sullivan Creek delta, post-

licensing years 1-50. 
Figure B-22.  HQR duration curves for salmonid fry on the Linton Creek delta, post-licensing 

years 1-50. 
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Figure B-23.  HQR duration curves for juvenile salmonids on the Linton Creek delta, post-
licensing years 1-50. 

Figure B-24.  HQR duration curves for adult salmonids on the Linton Creek delta, post-licensing 
years 1-50. 

Figure B-25.  HQR duration curves for salmonid fry on the Pocahontas Creek delta, post-
licensing years 1-50. 

Figure B-26.  HQR duration curves for juvenile salmonids on the Pocahontas Creek delta, post-
licensing years 1-50. 

Figure B-27.  HQR duration curves for adult salmonids on the Pocahontas Creek delta, post-
licensing years 1-50. 

Figure B-28.  HQR duration curves for salmonid fry on the Sweet Creek delta, post-licensing 
years 1-50. 

Figure B-29.  HQR duration curves for juvenile salmonids on the Sweet Creek delta, post-
licensing years 1-50. 

Figure B-30.  HQR duration curves for adult salmonids on the Sweet Creek delta, post-licensing 
years 1-50. 

Figure B-31.  HQR duration curves for salmonid fry on the Sand Creek delta, post-licensing 
years 1-50. 

Figure B-32.  HQR duration curves for juvenile salmonids on the Sand Creek delta, post-
licensing years 1-50. 

Figure B-33.  HQR duration curves for adult salmonids on the Sand Creek delta, post-licensing 
years 1-50. 
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Figure B-1.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 1-17. 
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Figure B-2.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing years 1-
17. 
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Figure B-3.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing years 1-17. 
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Figure B-4.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 18-33. 
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Figure B-5.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing years 
18-33. 
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Figure B-6.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing years 18-
33. 
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Figure B-7.  HQR duration curves for salmonid fry on the Slate Creek delta, post-licensing years 34-50. 
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Figure B-8.  HQR duration curves for juvenile salmonids on the Slate Creek delta, post-licensing years 
34-50. 
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Figure B-9.  HQR duration curves for adult salmonids on the Slate Creek delta, post-licensing years 34-
50. 

 

0

2

4

6

8

10

12

0 20 40 60 80 100

Percent Exceedance

La
cu

st
rin

e 
H

Q
R

(1
0,

00
0 

sq
.ft

.)

0

0.2

0.4

0.6

0.8

1

1.2

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
. f

t.)

Wet Lacustrine Dry Lacustrine Average Lacustrine
Wet Riverine Fry Dry Riverine Fry Average Riverine Fry

 
Figure B-10.  HQR duration curves for salmonid fry on the Flume Creek delta, post-licensing years 1-17. 
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Figure B-11.  HQR duration curves for juvenile salmonid on the Flume Creek delta, post-licensing years 
1-17. 
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Figure B-12.  HQR duration curves for adult salmonid on the Flume Creek delta, post-licensing years 1-
17. 
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Figure B-13.  HQR duration curves for salmonid fry on the Flume Creek delta, post-licensing years 18-
33. 
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Figure B-14.  HQR duration curves for juvenile salmonid on the Flume Creek delta, post-licensing years 
18-33. 
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Figure B-15.  HQRs duration curve for adult salmonid on the Flume Creek delta, post-licensing years 18-
33. 
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Figure B-16.  HQRs duration curve for salmonid fry on the Flume Creek delta, post-licensing years 34-
50. 
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Figure B-17.  HQR duration curves for juvenile salmonid on the Flume Creek delta, post-licensing years 
34-50. 
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Figure B-18.  HQR duration curves for adult salmonid on the Flume Creek delta, post-licensing years 34-
50. 
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Figure B-19.  HQR duration curves for salmonid fry on the Sullivan Creek delta, post-licensing years 1-
50. 
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Figure B-20.  HQR duration curves for juvenile salmonid on the Sullivan Creek delta, post-licensing 
years 1-50. 
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Figure B-21.  HQR duration curves for adult salmonid on the Sullivan Creek delta, post-licensing years 
1-50. 
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Figure B-22.  HQR duration curves for salmonid fry on the Linton Creek delta, post-licensing years 1-50. 



FINAL REPORT APPENDIX 4A – TRIBUTARY DELTA HABITAT MODELING – HQR 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 12 March 2009 

0

2

4

6

8

10

12

0 20 40 60 80 100

Percent Exceedance

La
cu

st
rin

e 
H

Q
R

(1
0,

00
0 

sq
.ft

.)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
. f

t.)

Wet Lacustrine Dry Lacustrine Average Lacustrine
Wet Riverine Juv Dry Riverine Juv Average Riverine Juv

 
Figure B-23.  HQR duration curves for juvenile salmonid on the Linton Creek delta, post-licensing years 
1-50. 

0

2

4

6

8

10

12

0 20 40 60 80 100

Percent Exceedance

La
cu

st
rin

e 
H

Q
R

(1
0,

00
0 

sq
.ft

.)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

R
iv

er
in

e 
H

Q
R

 (1
0,

00
0 

sq
. f

t.)

Wet Lacustrine Dry Lacustrine Average Lacustrine
Wet Riverine Adult Dry Riverine Adult Average Riverine Adult

 
Figure B-24.  HQR duration curves for adult salmonid on the Linton Creek delta, post-licensing years 1-
50. 
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Figure B-25.  HQR duration curves for salmonid fry on the Pocahontas Creek delta, post-licensing years 
1-50. 
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Figure B-26.  HQR duration curves for juvenile salmonid on the Pocahontas Creek delta, post-licensing 
years 1-50. 
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Figure B-27.  HQR duration curves for adult salmonid on the Pocahontas Creek delta, post-licensing 
years 1-50. 
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Figure B-28.  HQR duration curves for salmonid fry on the Sweet Creek delta, post-licensing years 1-50. 
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Figure B-29.  HQR duration curves for juvenile salmonid on the Sweet Creek delta, post-licensing years 
1-50. 
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Figure B-30.  HQR duration curves for adult salmonid on the Sweet Creek delta, post-licensing years 1-
50. 
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Figure B-31.  HQR duration curves for salmonid fry on the Sand Creek delta, post-licensing years 1-50. 
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Figure B-32.  HQR duration curves for juvenile salmonid on the Sand Creek delta, post-licensing years 
1-50. 
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Figure B-33.  HQR duration curves for adult salmonid on the Sand Creek delta, post-licensing years 1-
50. 



FINAL REPORT APPENDIX 4A – TRIBUTARY DELTA HABITAT MODELING – HQR 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 18 March 2009 

This page intentionally left blank. 



FINAL REPORT STUDY NO. 8 – SEDIMENT TRANSPORT AND TRIBUTARY DELTA HABITATS

 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144  March 2009 

 
 
 
 
 
 
 
 
 
 
Appendix 4b:  Tributary Delta Temperature Monitoring and Thermal Plumes Final 

Report



 



 

 
 
 
 

Boundary Hydroelectric Project (FERC No. 2144) 

 

Study No 8: Sediment Transport and  

Boundary Reservoir Tributary Delta Habitats 

 

Appendix 4b 

Tributary Delta Habitat Modeling –  

Water Temperature Monitoring and Thermal Plumes 

Final Report 
 

Prepared for 
Seattle City Light 

 
Prepared by 

Bill Fullerton, David Pizzi, and Justin Nodolf 
Tetra Tech 

and 
Thomas Payne and Tim Salamunovich 

Thomas R. Payne and Associates 
Fisheries Consultants  

(Under Contract to Tetra Tech) 
 

March 2009 



 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 i March 2009 

TABLE OF CONTENTS 

1 Introduction..............................................................................................................................1 

2 Objectives..................................................................................................................................4 

3 Study Area ................................................................................................................................4 

4 Methods.....................................................................................................................................7 
4.1. Continuous Tributary Delta Water Temperature Monitoring..............................................7 
4.2. Thermal Plume Mapping .....................................................................................................9 

4.2.1. Selection of Tributary Deltas for Thermal Plume Mapping .............................. 10 
4.2.2. 2007 Mapping Efforts ........................................................................................ 10 
4.2.3. 2008 Mapping Efforts ........................................................................................ 11 
4.2.4. Summary of 2007 and 2008 Monitoring Efforts Conducted ............................. 12 

4.3. Modeling of Thermal Plume Areas....................................................................................13 
4.3.1. Thermal Plume Model Development................................................................. 13 
4.3.2. Application of Thermal Plume Models.............................................................. 16 

5 Results .....................................................................................................................................17 
5.1. Continuous Tributary Delta Water Temperature Monitoring............................................17 

5.1.1. General Information During Monitoring Periods .............................................. 18 
5.1.2. Difficulties with Specific Monitoring Locations and Periods ........................... 19 
5.1.3. Results of 2007 and 2008 Continuous Temperature Monitoring....................... 21 

5.2. Tributary Delta Thermal Plume Mapping..........................................................................28 
5.2.1. Slate Creek ......................................................................................................... 28 
5.2.2. Flume Creek....................................................................................................... 33 
5.2.3. Sullivan Creek.................................................................................................... 36 
5.2.4. Linton Creek ...................................................................................................... 41 
5.2.5. Sweet Creek ....................................................................................................... 45 

5.3. Thermal Plume Modeling ..................................................................................................51 
5.3.1. Slate Creek Delta ............................................................................................... 52 
5.3.2. Flume Creek Delta ............................................................................................. 53 
5.3.3. Sullivan Creek Delta .......................................................................................... 55 
5.3.4. Linton Creek Delta............................................................................................. 57 
5.3.5. Sweet Creek Delta.............................................................................................. 59 

6 References...............................................................................................................................61 
 
 
Attachments 

Attachment A:  Continuous Temperature Data 
Attachment B:  Thermal Plume Model Output Figures 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 ii March 2009 

List of Tables 
 
Table 3.0-1.  Summary of types of temperature monitoring performed at the seven representative 

tributary deltas in 2007 and 2008.............................................................................................5 
Table 4.1-1.  Summary of number of thermographs deployed at tributary deltas during 2007 and 

2008..........................................................................................................................................9 
Table 4.2-1.  Summary of dates and forebay conditions during which a thermal plume was 

mapped at the five tributaries in 2007 and 2008....................................................................13 
Table 4.3-1.  Regression equation parameters for relationships between thermal plume area and 

reservoir water surface elevation. ..........................................................................................16 
Table 5.1-1.  Summary of continuous temperature data recorded in 2007 and 2008. ...................19 
Table 5.1-2.  Summary of continuous mainstem temperature data recorded at 3 and 6 foot depths 

near the mouths of Slate and Sullivan creeks, 2007 and 2008...............................................23 
Table 5.1-3.  Summary of continuous water temperature data recorded in the mainstem and five 

tributaries, 2007 and 2008......................................................................................................24 
Table 5.2-1a.  Summary of water temperature conditions at Slate Creek delta, 2007 and 2008...30 
Table 5.2-1b.  Summary of thermal plume physical conditions at Slate Creek delta, 2007 and 

2008........................................................................................................................................30 
Table 5.2-2a.  Summary of water temperature conditions at Flume Creek delta, 2007 and 2008.34 
Table 5.2-2b.  Summary of thermal plume physical conditions at Flume Creek delta, 2007 and 

2008........................................................................................................................................34 
Table 5.2-3a.  Summary of water temperature conditions at Sullivan Creek delta, 2007 and 2008.37 
Table 5.2-3b.  Summary of thermal plume physical conditions at Sullivan Creek delta, 2007 and 

2008........................................................................................................................................37 
Table 5.2-4a.  Summary of water temperature conditions at Linton Creek delta, 2007 and 2008 41 
Table 5.2-4b.  Summary of thermal plume physical conditions at Linton Creek delta, 2007 and 

2008........................................................................................................................................42 
Table 5.2-5a.  Summary of water temperature conditions at Sweet Creek delta, 2007 and 2008.46 
Table 5.2-5b.  Summary of thermal plume physical conditions at Sweet Creek delta, 2007 and 

2008........................................................................................................................................46 
Table 5.3-1.  Summary statistics of Flume Creek thermal plume areas (wet, dry, and average 

years)......................................................................................................................................54 
Table 5.3-2.  Summary statistics of Sullivan Creek thermal plume areas (wet, dry, and average).56 
Table 5.3-3.  Summary statistics of Linton Creek thermal plume areas (wet, dry, and average 

years)......................................................................................................................................58 
Table 5.3-4.  Summary statistics of Sweet Creek thermal plume areas (wet, dry, and average 

years)......................................................................................................................................60 
 
List of Figures 
 
Figure 1.0-1.  Comparison of mainstem water temperatures recorded at USGS gage station 

12398550 and Slate Creek. ......................................................................................................2 
Figure 3.0-1.  Location map of the seven representative tributary deltas with type of temperature 

monitoring performed. .............................................................................................................6 
Figure 4.3-1.  Conceptual plan and profile sketches of typical thermal plume on an inundated 

tributary delta. ........................................................................................................................14 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 iii March 2009 

Figure 4.3-2.  Example plot of Sweet Creek thermal plume area model results along with 
mainstem water surface elevations, August 9 through August 17 of the representative dry 
year (2001). ............................................................................................................................17 

Figure 5.1-1.  Water temperatures at recorded at select tributaries and the mainstem of the Pend 
Oreille River from July 12 through November 1, 2007.........................................................22 

Figure 5.1-2.  Water temperatures at recorded at representative tributaries and the mainstem of 
the Pend Oreille River from June 25 through October 1, 2008. ............................................22 

Figure 5.1-3.  Water temperatures at Sullivan Creek delta, July 21–28, 2007. .............................25 
Figure 5.1-4.  Water temperatures at Slate Creek delta, September 4–21, 2007. ..........................26 
Figure 5.1-5.  Water temperatures at Slate Creek delta, July 27 to August 3, 2008......................27 
Figure 5.2-1.  Outline of thermal plume areas measured at Slate Creek at high, medium, and low 

forebay elevations in 2007 and 2008. ....................................................................................31 
Figure 5.2-2.  Relationship of thermal plume area to mainstem Pend Oreille River water surface 

elevation for Slate and Flume creeks, 2007 and 2008 data....................................................32 
Figure 5.2-3.  Outline of thermal plume areas measured at Flume Creek at high, medium, and 

low forebay elevations in 2007 and 2008. .............................................................................35 
Figure 5.2-4.  Outline of thermal plume areas measured at Sullivan Creek at high, medium, and 

low forebay elevations in 2007 and 2008. .............................................................................39 
Figure 5.2-5.  Relationship of thermal plume area to mainstem Pend Oreille River water surface 

elevation for Sullivan Creek, 2007 and 2008 data. ................................................................40 
Figure 5.2-6.  Outline of thermal plume areas measured at Linton Creek at high, medium, and 

low forebay elevations in 2007 and 2008. .............................................................................44 
Figure 5.2-7.  Relationship of thermal plume area to mainstem Pend Oreille River water surface 

elevation for Linton and Sweet Creeks, 2007 and 2008 data.................................................45 
Figure 5.2-8.  Outline of thermal plume areas measured at Sweet Creek at high, medium, and low 

forebay elevations in 2007 and 2008. ....................................................................................48 
Figure 5.2-9.  Outline of thermal plume areas measured at Sweet Creek at grouped by water 

surface elevation (WSE) of the Pend Oreille River at Sweet Creek rather than by forebay 
elevation, 2007 and 2008. ......................................................................................................49 

Figure 5.3-1.  Example plot of Sweet Creek calculated hourly thermal plume area overlaid on 
mainstem water temperature for the representative dry year (2001). ....................................52 

Figure 5.3-2.  Flume Creek delta thermal plume area-duration curve for the representative wet, 
dry, and average years............................................................................................................54 

Figure 5.3-3.  Sullivan Creek delta thermal plume area-duration curve for the representative wet, 
dry, and average years............................................................................................................56 

Figure 5.3-4.  Linton Creek delta thermal plume area-duration curve for the representative wet, 
dry, and average years............................................................................................................58 

Figure 5.3-5.  Sweet Creek delta thermal plume area-duration curve for the representative wet, 
dry, and average years............................................................................................................60 

 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 iv March 2009 

This page intentionally left blank. 



Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 1 March 2009 

Study 8 Appendix 4b 
Tributary Delta Habitat Modeling –  

Water Temperature Monitoring and Thermal Plumes 
Final Report 

Boundary Hydroelectric Project (FERC No. 2144) 
 
 

1 INTRODUCTION 

The tributary delta habitat evaluation effort was conducted to estimate the effects of historic 
Project operations on aquatic habitats in the deltas of major tributary streams within the 
Boundary Reservoir drawdown zone.  The tributary delta habitat evaluation effort was divided 
into two modeling components.  The first component was the habitat quality rating (HQR) 
modeling effort and included determination of separate HQRs for the lacustrine and the riverine 
habitats on the tributary deltas.  The second component, an evaluation of tributary delta water 
temperature conditions, concentrated on characterizing potential thermal refugia at selected 
tributary deltas.  The potential for thermal refugia was important when the mainstem temperature 
exceeded 18°C, the temperature at which suitability of habitat for salmonids starts rapidly 
dropping, and was most important above 22°C when water temperatures become unsuitable for 
salmonids and the lacustrine HQR goes to zero.  This report addresses only the second modeling 
component; Appendix 4a of Study 8, Sediment Transport and Boundary Reservoir Tributary 
Delta Habitats Final Report (SCL 2009a), addresses the HQR modeling. 
 
This report presents the results of temperature monitoring and analysis of thermal plume 
conditions at representative Boundary Reservoir tributary deltas during the warm summer 
months.  Due to the inflow of cool water from the tributaries during periods of high water 
temperatures on the mainstem of the Pend Oreille River, the presence and characteristics of 
thermal plumes within the Boundary tributary deltas were investigated.  The warm water 
normally present in the mainstem of the Pend Oreille River during summer can cause cold-water 
species such as salmonids to seek out cool-water areas that would function as thermal refugia 
more consistent with their water temperature preferences.  The surface and subsurface water 
flowing through the tributary deltas may provide for the development of unmixed cool-water 
pockets, or “thermal plumes,” as the tributary inflow meets the warmer mainstem water 
inundating the delta.  Figure 1.0-1 provides an example showing the difference between the 
warm water temperatures in the mainstem Pend Oreille River and cooler water in Slate Creek 
during the July through September 2008 period.   
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Figure 1.0-1.  Comparison of mainstem water temperatures recorded at USGS gage station 12398550 and 
Slate Creek. 

 
 
The effects of elevated water temperature are quite complex for salmonids.  They can vary by 
species, life stage, acclimation, food supply, duration of exposure, and other factors.  The 
adverse effects of elevated water temperatures range from simple reduction of optimum growth 
to immediate mortality.  In natural systems where salmonids survive year-round, they may 
encounter conditions where temperatures do have some adverse effects on some life stages.  But 
generally where salmonids thrive, they would rarely encounter levels that would be considered 
lethal in the extreme short term (less than a day) to short term (about a week in duration).  In 
contrast, salmonids found in systems with adverse warm water conditions are known to detect 
and use areas of lower temperature (e.g., thermal refuges), when available, to reduce adverse 
temperature effects.   
 
Lethal water temperature levels for salmonids of interest in the Boundary Reservoir (westslope 
cutthroat trout [Oncorhynchus clarki lewisi], mountain whitefish [Prosopium williamsoni], non-
native rainbow trout [Oncorhynchus mykiss], and potentially bull trout [Salvelinus confluentus]) 
are generally similar.  The temperature at which mortality of salmonids would occur in minutes 
is 27 to 30°C (Jobling 1981 as cited in Sullivan et al. 2000).  Overall, temperatures in the range 
of about 23 to 25°C would be considered to cause very significant mortalities to these species if 
they remained continuously in these temperatures for about a week (Ecology 2002).  However, 
temperatures much less than these may also have adverse effects on growth.  For example, the 
optimum temperature for growth of native char (e.g., bull trout) is about 11 to 15°C, while for 
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salmon and trout (including rainbow and cutthroat trout) the optimum temperature range for 
growth is about 15 to 18°C (Ecology 2002), although it would be less than this if food 
availability is low (Sullivan et al. 2000).  Water temperatures in excess of these ranges would 
reduce growth, with overall effects dependent on duration and magnitude of exposure.  Similar 
information is not available for mountain whitefish.  However, because their distribution is 
similar to other native salmon and trout in Washington, it is expected that temperature 
requirements would be similar (Ecology 2002). 
 
Seeking cool-water refugia is a behavior mechanism that salmonids use, if available, to avoid 
adverse effects of warm-water temperatures in their environment.  The Oregon Department of 
Environmental Quality (DEQ) (2008) defines cold-water refugia as an area with at least 2°C 
cooler water than the surrounding water when temperatures are warm.   
 
The exact conditions when a thermal refuge may be used can result in behavioral changes.  For 
example, temperatures in excess of 21 to 22°C have been found to cause barriers for upstream 
migrating adult salmonids.  As another example, migrating spring Chinook salmon 
(Oncorhynchus tshawytscha) have been documented using thermal refuges in rivers during 
periods of high temperatures.  Numerous studies have reported marked changes in salmonid 
behavior at about 22°C, including cessation of feeding and seeking refuge or cover (for 
additional details, see summary by Sullivan et al. 2000).   
 
Based on results from Study 9 Boundary Reservoir tributary delta studies conducted in 2007, 
when water temperatures were in excess of about 22°C, there was use of Boundary Reservoir 
tributary mouth areas.  This was apparent from a radio tagged cutthroat trout at the mouth of 
Sweet Creek in August 2007 (see Study 9, Fish Distribution, Timing, and Abundance Study 
Final Report [SCL 2009b]).  Congregations of stocked triploid rainbow trout were also observed 
primarily at Flume and Sweet Creeks delta areas, apparently using the thermal plume, during 
July and August of 2007 when reservoir temperatures typically exceeded 22°C.  During August 
2008 some concentrations of triploid rainbow trout, although less numerous than in 2007, 
occurred at the mouths of Slate, Flume, Sullivan, and Linton creeks.  However, water 
temperatures were cooler in August 2008 than during 2007, mostly 21 to 22°C (SCL 2009b).  
Radio-tagging studies of wild rainbow trout, mountain whitefish, and cutthroat trout in 2008 did 
not confirm definitive use of thermal plume, although extended use of tributary mouth areas was 
documented, but it may not have been primarily for thermal refuge (e.g., it may have been 
possible attraction to delta areas for feeding). 
 
For the investigation of temperature conditions within the tributary deltas of the study area, the 
potential for thermal refugia to persist is defined as periods when the mainstem Pend Oreille 
River exceeds 18°C and there is a difference of at least 2°C between the mainstem and the cooler 
water on the tributary delta.  This is a conservatively broad definition based on observation from 
Study 9 that a congregation of fish utilizing the cool water on the tributary deltas was not 
observed until mainstem temperatures approached 22°C. 
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2 OBJECTIVES 

The goal of the temperature monitoring effort associated with the tributary deltas was to 
characterize thermal conditions at the tributary deltas and the potential influence of Project 
operations on the persistence and extent of thermal plumes within the reservoir.  The primary 
interest was assessing effects on thermal plumes that potentially serve as thermal refugia during 
the warm summer months of July, August, and September.  Specific objectives of the effort 
were: 

• Collect continuous temperature measurements during July through October on the 
seven representative tributaries streams upstream of the delta and in the mainstem of 
the Pend Oreille River to determine if thermal plumes are present. 

• Collect continuous temperature data in the varial zone along the thalwegs of the seven 
representative tributary deltas to assist in characterizing changes in water temperature 
associated with fluctuating water surface elevations.   

• For the tributary deltas with the greatest potential for thermal plumes, perform 
detailed temperature measurements to map the thermal plumes over a range of water 
surface elevations to assist in determining the characteristics of the plumes under 
various Project operating conditions.   

• Map the plumes in July, August, and September to provide multiple data sets and 
possible monthly variation. 

• Characterize, relative to water surface elevation changes, the extent and behavior of 
the thermal plumes on each of the mapped tributary deltas and identify the potential 
influence of Project operations on the presence and extent of thermal plumes on each 
of the mapped tributary deltas. 

 

3 STUDY AREA 

Fish may seek out thermal refugia in several types of areas.  Potential thermal refugia areas 
within and adjacent to the Pend Oreille River include the thermal plumes on the tributary deltas, 
the cool water in the tributaries above the tributary deltas, and in submerged groundwater 
outflow.  The effort conducted in this study focused on the thermal plumes at the tributary deltas.  
The seven representative tributary deltas identified for analysis in Study 8 (see Section 5.1 of the 
main report) all had continuous temperature recorders placed upstream of the deltas, within the 
tributary delta and on the mainstem of the Pend Oreille River to monitor temperatures throughout 
the July through September timeframe.  In August 2007, in response to relicensing participant 
requests, detailed mapping of thermal plumes was performed on three of the tributaries (Slate, 
Sullivan, and Sweet creeks).  As a result of continued interest from the relicensing participants 
on the details of thermal plume conditions in different months, on additional tributaries, and 
under varying Boundary Reservoir water surface elevations, Flume Creek and Linton Creek were 
added to the list of tributaries for thermal plume mapping in 2008.  Areas of thermal plumes 
were mapped at the five tributary deltas at high, medium and low forebay elevations in July, 
August and September of 2008.  Pocahontas and Sand creeks were not included in the detailed 
thermal plume mapping effort since during much of the July through September period there is 
little to no surface flow across either delta. 
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Table 3.0-1 lists the various types of temperature monitoring performed at the seven 
representative tributary deltas in 2007 and 2008.  Figure 3.0-1 shows the locations of the 
tributary deltas.   
 
Table 3.0-1.  Summary of types of temperature monitoring performed at the seven representative 
tributary deltas in 2007 and 2008. 

Continuous Temperature Thermal Plume Mapping 
Tributary Delta 2007 2008 2007 2008 

Slate Creek X X X X 
Flume Creek X X  X 

Sullivan Creek X X X X 
Linton Creek X X  X 

Pocahontas Creek X X   
Sweet Creek X X X X 
Sand Creek X X   
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4 METHODS 

This section presents the methods used to conduct the temperature monitoring at the 
representative tributary deltas and the methods used to model the influence of Project operations 
on thermal plume area at representative deltas.  The monitoring methods area separated based on 
the two types of monitoring conducted.  The first is the continuous temperature monitoring 
performed at all seven of the representative tributary deltas (Section 4.1).  The continuous 
monitoring was called out in the Revised Study Plan (RSP) (SCL 2007).  The second type of 
monitoring is the mapping of the thermal plumes (Section 4.2).  This monitoring resulted from 
requests and interaction with the with the relicense participants.  Both types of temperature 
monitoring were conducted in July through September, with continuous monitoring extending 
into October.  The temperature monitoring was performed during the period of the year with the 
warmest temperatures on mainstem Pend Oreille River since its primary purpose was to 
characterize temperature conditions during periods of potential thermal refugia on the tributary 
deltas.  The interaction with the relicensing participants to develop the details of the thermal 
plume mapping is presented in Section 4.2 along with the methods used to perform the thermal 
plume mapping.  The modeling of thermal plume areas was based on the 2007 and 2008 
monitoring of the thermal plumes and the associated reservoir water surface elevations.  Section 
4.3 describes the methods used to model the influence of Project operations on thermal plume 
areas.  The relationships used to estimate the change in thermal plume areas with changes in 
mainstem water surface elevation are developed in Section 5.2. 
 
4.1. Continuous Tributary Delta Water Temperature Monitoring 

During the summer and early fall of 2007 and 2008, anchored thermographs were deployed 
along the bed of the thalweg of the seven primary tributaries (Slate, Flume, Sullivan, Linton, 
Sweet, Pocahontas, and Sand) to assess the effects of fluctuating reservoir water surface 
elevations on temperatures of tributary water entering the reservoir.  Locations included one 
point in the tributary upstream of the reservoir varial zone, one in the mainstem Pend Oreille 
River, and one to three locations in the varial zone.   
 
Thermographs were installed on July 11–12, 2007, during a period of low forebay water surface 
elevations (approximately 1,986.68–1,974.26 feet NAVD 88 [1,982.68–1,970.26 feet NGVD 
29]1) to identify the extent of the varial zone and locate the thalweg of the tributary delta.  The 
thermographs upstream of the varial zone and within the varial zone were set within 0.5 foot of 
the bed.  The mainstem thermographs were suspended from buoys at 3 feet below the water 
surface.  The deployed locations were recorded using a Trimble® GPS Pathfinder Pro XH 
receiver.  The thermographs were removed from the reservoir on November 8–14, 2007. 
 

                                                 
1 SCL is in the process of converting all Project information from an older elevation datum (National Geodetic 
Vertical Datum of 1929 [NGVD 29]) to a more recent elevation datum (North American Vertical Datum of 1988 
[NAVD 88]).  As such, elevations are provided relative to both data but NAVD 88 is generally used throughout this 
document.  The conversion factor between the old and new data is approximately 4 feet (e.g., the crest of the dam is 
2,000 feet NGVD 29 and 2,004 feet NAVD 88). 
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Thermographs were redeployed on June 24–25, 2008, during a period of high flow 
(approximately 73,000 cubic feet per second [cfs]).  Forebay elevations during the deployment of 
the thermographs ranged from 1,984.5 to 1,990.4 feet NAVD 88 (1,980.5 to 1,986.4 feet NGVD 
29).  Relocation of several varial thermographs was necessary as high flows receded.  
Thermographs were relocated at Sullivan, Sweet, and Sand Creek.  The thermographs were 
removed from the reservoir on October 28-29, 2008.  
 
Refinements to the monitoring plan presented during the March 25, 2008, meeting to the 
relicensing participants were implemented during the thermographs in 2008.  The proposed 
changes were based on reviewing the results from 2007 and were intended to enhance the 
information collected in 2008.  The changes involved relocating several varial zone buoys to 
better represent the range of longitudinal conditions in the varial zone, relocating several of the 
mainstem buoys to ensure that they record mainstem temperatures and not thermal plume 
temperatures during low reservoir water surface elevations, including additional thermographs 
on the mainstem buoys to monitor localized warming of the surface water within the mainstem, 
and deploying the thermographs earlier to be more likely to collect some data on Pocahontas and 
Sand creeks prior to these streams drying up.  A list of the changes is provided below: 

• Deploy mainstem thermographs at 6 feet below the water surface.  
• Include an additional thermograph at 3 feet below the water surface at the mainstem 

buoy located at Slate Creek and Sullivan Creek. 
• Move the Varial Zone 2 thermograph on Slate Creek downstream approximately 

200 feet. 
• Move the Sullivan Creek mainstem thermograph buoy approximately 250 to 300 feet 

upstream to prevent it from picking up the thermal plume or being stranded on the 
delta deposits during low flows. 

• Add varial zone 1a thermograph approximately 200 feet upstream of varial zone 1 
thermograph on Sweet Creek. 

• Move the mainstem thermograph buoy on Sand Creek approximately 200 feet 
upstream. 

 
A total of 26 Onset Hobo® Water Temp ProV2 data loggers were deployed in 2007.  A total of 
29 data loggers were deployed in 2008.  Locations for the data loggers deployed at the seven 
representative tributary deltas are provided in Attachment A.  The data loggers recorded 
temperatures at a logging interval of 15 minutes with a resolution of 0.02°C ±0.2°C.  Based on 
discussions with SCL, no formal calibration was performed; however, the data loggers were 
verified that they were in agreement over a range of temperatures prior to deployment (Solonsky 
2007).  A summary table of the thermographs deployed in 2007 and 2008 is presented in 
Table 4.1-1.   
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Table 4.1-1.  Summary of number of thermographs deployed at tributary deltas during 2007 and 2008. 

Number of Thermographs Deployed per Zone 
Upstream Varial Mainstem 

Tributary Delta 2007 2008 2007 2008 2007 2008 
Slate Creek 1 1 2 2 1 2 
Flume Creek 1 1 2 2 1 1 
Sullivan Creek  1 1 3 3 1 2 
Linton Creek 1 1 1 1 1 1 
Pocahontas Creek 1 1 1 1 1 1 
Sweet Creek 1 1 2 3 1 1 
Sand Creek 1 1 1 1 1 1 

TOTAL 7 7 12 13 7 9 
 
 
4.2. Thermal Plume Mapping 

Monitoring of tributary delta temperature conditions as identified in the RSP consisted entirely 
of the continuous recording thermographs described in Section 4.1.  However, at the June 7, 
2007, Fish and Aquatics Workgroup meeting, relicensing participants introduced the potential 
need for delta temperature monitoring outside of the longitudinal thalweg profile and also in the 
vertical.  The impetus for additional monitoring was to better understand the lateral and vertical 
extent of the lower temperature plume that could develop in the summer and early fall when 
tributary inflows may be substantially cooler than the mainstem.  A July 17, 2007, conference 
call between SCL and the relicensing participants was held to further discuss additional 
temperature monitoring at the tributary deltas.  As a result of this call, SCL developed a proposed 
2007 monitoring plan for the tributary delta thermal plumes and presented the plan to the 
relicensing participants at the July 24, 2007, Fish and Aquatics Workgroup meeting.  The 2007 
data collection would be conducted mainly to gather general information about temperature 
patterns at the tributary deltas and based on the results more focused data collection could be 
undertaken in 2008 to address questions that arose as a result of the 2007 data.  The Fish and 
Aquatics Workgroup members agreed that the proposed approach for monitoring temperature in 
tributary deltas in 2007 was acceptable. 
 
Findings from the 2007 thermal plume monitoring effort and proposed 2008 thermal plume 
monitoring effort were presented to the relicensing participants at the February 28, 2008, Fish 
and Aquatics Workgroup meeting.  The proposed 2008 effort included adding Linton and Flume 
creeks to the tributary deltas with thermal plume mapping and to perform one additional round of 
thermal plume measurements for high, medium and low forebay elevations.  The relicensing 
participants agreed that the additional data collection for 2008 would be useful, but requested 
additional discussion on the subject before committing to any changes.   
 
During the Fish and Aquatics Workgroup Meeting on March 25, 2008, additional discussion was 
held on the details of the 2008 thermal plume mapping effort.  Several relicensing participants 
expressed opinions that more than one round of thermal plume measurements should be 
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performed in 2008 to more fully characterize the plumes over a wider range of temperature and 
hydrologic conditions.  During the March 26 Initial Study Report (ISR) meeting, SCL presented 
a 2008 thermal plume monitoring plan that included measurement at the five proposed tributary 
deltas being conducted in three rounds, one round each in July, August, and September.  During 
the July round, measurements would be taken at high, medium and low forebay elevations.  For 
the August and September efforts, thermal plume mapping would be performed at high and low 
forebay water surface elevations.  The relicensing participants agreed to the proposed effort 
which is described in the following presentation of the methods. 
 
4.2.1. Selection of Tributary Deltas for Thermal Plume Mapping 

Three tributary deltas were selected for the 2007 study based on either the observation of fish 
crowding at the delta or the relative area and configuration of the delta and its tributary making it 
most likely to develop a thermal plume.  The three tributaries selected were Slate, Sullivan, and 
Sweet creeks.  The first two creeks were selected because of their physical characteristics, 
whereas Sweet Creek was selected because fish crowding was observed at its mouth.  Each 
tributary was evaluated in August at two or three forebay pool conditions during a period of 
relatively low and stable inflow from Box Canyon.  In 2008, Flume Creek and Linton Creek 
were added to the list of tributary deltas to have thermal plume mapping performed.  Both Flume 
Creek and Linton Creek were identified to have thermal plumes from the 2007 continuous 
thermographs.  In addition, observations of possible use of the Flume Creek delta as thermal 
refugia were made in 2007.  Sand Creek and Pocahontas Creek were not included for thermal 
plume mapping since these deltas were observed to go dry or have minimal flow in 2007 for 
much of the period of interest for thermal refugia. 
 
4.2.2. 2007 Mapping Efforts 

The thermal plume profiles were measured in 2007 using an AquaCal® Clinefinder Model 411 
temperature and depth sounder deployed on a 50-foot-long cable and reel.  The probe displays 
temperatures to the nearest 0.1°C and it has an accuracy of ±0.3°C when recording temperatures 
in the range of 5 to 38°C (Catalina Technologies, Inc. 2000).  The probe has a quick response to 
changing temperature gradients, with response times in the range of 1 to 2 seconds.  Depths were 
recorded to an accuracy of ±0.05 foot using a 25-foot-long fiberglass stadia rod.  If the depth 
exceeded 25 feet, the temperature probe cable was brought on board the survey boat and its 
deployed length (depth) measured against the stadia rod. 
 
Reservoir surface water temperatures (i.e., depths of 0 to 10 feet) just offshore of the tributary 
delta area and the water temperature in the tributary just upstream of the confluence with the 
reservoir were recorded prior to measurements of the thermal plume profile.2  The thermal plume 
was defined for this effort as those portions of the water body when the water temperatures is at 
least 2°F (1.1°C) cooler than the recorded temperature of the adjacent well-mixed flow of the 
mainstem Pend Oreille River.  The temperature data within the thermal plume were interpolated 
to provide a boundary for the area within the plume in which the water temperature was at least 
                                                 
2 The original proposal called for measuring the temperature at the bottom, midpoint, and near surface to define the 
vertical component of the temperature plume.  However, after observing conditions on the site, it was determined 
that the three-point approach could miss the presence of the shallower portions of the plume.  
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2°C cooler than the mainstem.  The 2°C temperature difference is the criterion adopted for 
defining the potential area for thermal refugia conditions during periods when the mainstem 
water temperature exceeds 18°C.  
 
Water temperatures were monitored from the mouth of the tributary out into the reservoir.  The 
probe was lowered to the surface of the delta and the temperature display was allowed to 
equilibrate.  The water temperature was recorded along with the total depth.  The probe was 
slowly raised toward the surface to a depth where the mixing zone was encountered and this 
depth was recorded.  The depth of the mixing zone indicated the thickness of the thermal plume. 
 
The position of individual monitoring locations was recorded using a Trimble® GPS Pathfinder 
Pro XRS receiver with OmniSTAR differential correction.  This Differential Global Positioning 
System (DGPS) employed a boat-mounted antenna.  This unit measures positions with sub-meter 
accuracy.  All DGPS-determined positions were recorded as separate waypoints on a laptop that 
was used to display and record real-time positions.  Where poor satellite reception (i.e., Slate 
Creek delta) or shallow water conditions (i.e., Sweet Creek delta at high reservoir pool) 
precluded use of the boat-mounted DGPS, locations were measured using distances and compass 
headings to a reference point that was recorded with the DGPS.  Distances were measured using 
either a surveyors tape or a hand-held Advantage® laser range finder (Laser Atlanta, Inc.).  The 
instrument has a range of 5 to 2,500 feet and an accuracy of ±0.5 foot.  Water temperature 
monitoring locations were generally laid out along transects at intervals along the longitudinal 
direction of the tributary channel.  The extent of the thermal plume was recorded until the water 
temperature monitoring indicated the plume was no longer evident, or the depth exceeded the 
length of the thermal probe (i.e., greater than 50 feet).  The original proposal called for 
monitoring in a grid with the dimensions to be determined by the field crew.  However, due to 
the lack of DGPS coverage at two of the sites and the difficulty holding the boat still at grid 
points, the field crew decided to drop the grid pattern approach and survey along transects 
instead. 
 
4.2.3. 2008 Mapping Efforts 

Changes from the 2007 monitoring effort implemented in the 2008 effort were agreed upon by 
the relicensing participants at the March 25, 2008, Fish and Aquatics Workgroup meeting and 
the March 26, 2008, ISR meeting.  Monitoring of the thermal plumes at the tributary deltas in 
2008 included a continuation and expansion of the 2007 monitoring efforts.  Adjustments were 
made to procedures used in 2007 to map the thermal plume profiles.  A Clinefinder with a 100-
foot-long cable and reel was used at Slate and Flume Creek.  A Clinefinder with a 50-foot-long 
cable and reel was used for the remaining tributaries.  A fiberglass measuring tape was attached 
to the cable and reel to record depths to an accuracy of ±0.05 foot.  Weights were fixed to the 
bottom of the cable to limit drifting of the temperature sensor. 
 
Reservoir surface water temperatures were measured within the mainstem flow at a depth of 
3 feet and 6 feet below the water surface at the beginning and the end of each mapping event at 
the tributary.  Tributary water temperatures were recorded at approximately the same time.  Air 
temperatures, wind conditions, and general climatic observations at the start of the measurements 
were recorded.  Water surface elevations of the reservoir were recorded at the start and finish of 
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the mapping event at the tributary using a Topcon® AT-G2 automatic level and 25-foot fiberglass 
stadia rod marked in hundredths of foot increments.   
 
Similar to the 2007 procedure, water temperatures were monitored from the mouth of the 
tributary out onto the delta and into the mainstem, if the plume persisted that far.  The water 
temperatures were typically recorded on transects extending from the left edge of water to the 
right edge of water (facing downstream in the tributary).  The probe was slowly raised toward 
the surface to a depth where the extent of the thermal plume was encountered and this depth was 
recorded.  Additional temperatures were recorded as depth increased to define the thermal 
gradient of the water column.  In general, a minimum of 4 temperatures where a thermal plume 
persisted were recorded for depths greater than 2.5 feet.  For depths less than 2.5 feet, 
professional judgment was used in the number of temperatures readings recorded.   
 
The positions of the individual monitoring locations were recorded using a Trimble® GPS 
Pathfinder Pro XH and Geo XT receivers or by location on a tagline extending across the 
transect.  Unlike the boat-mounted unit used in 2007, these units were handheld and could be 
used while wading in shallow water.  Since poor satellite reception at both Slate and Flume 
Creek was anticipated, the establishment of reference points was performed to assist in defining 
transect for use of a tagline.  The reference points were established using a Topcon® GTS-230 
total station.  Horizontal and vertical control used to establish the location of the reference points 
were based on the temporary delta control points established for the 2007 delta mapping 
activities.   
 
When GPS coverage was available, horizontal positions were recorded using the GPS units.  
When coverage was unavailable, a 4-millimeter Kevlar tagline was strung from one reference 
point to another.  The tagline was marked at 10-foot increments.  Taglines were also used at 
times on Sullivan and Linton creeks to help in holding the position of the boat.  The use of the 
tagline minimized lateral drifting of the boat in open water.  The tagline was zeroed at one of the 
reference points and temperature profile measurements were recorded at equal intervals along the 
tag line.   
 
4.2.4. Summary of 2007 and 2008 Monitoring Efforts Conducted 

A summary of the dates and locations at which thermal plumes were mapped in 2007 and 2008 is 
provided in Table 4.2-1.  The Project forebay condition (low pool, medium pool, or high pool) 
during each event is included within this table.  Sections 5.1 and 5.2 present the actual results of 
the thermal plume monitoring effort.   
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Table 4.2-1.  Summary of dates and forebay conditions during which a thermal plume was mapped at the 
five tributaries in 2007 and 2008. 

Tributary Location 
Date Slate Creek Flume Creek Sullivan Creek Linton Creek Sweet Creek 

08-20-2007 High N/A High N/A High 
08-21-2007 Medium N/A Medium N/A Medium 
08-24-2007 Low N/A N/A N/A N/A 
07-20-2008 High N/A High High High 
07-21-2008 Medium Medium Medium Medium Medium 
07-22-2008 Low Low Low Low Low 
08-16-2008 High High High High High 
08-17-2008 Low Low Low Low Low 
09-05-2008 High High High High High 
09-06-2008 Low Low Low Low Low 

 
 
4.3. Modeling of Thermal Plume Areas 

The mapping of thermal plume areas at selected tributary deltas showed that the plume areas 
vary at different reservoir water surface elevations.  A model was developed to calculate thermal 
plume areas as a function of reservoir water surface elevation to evaluate the influence of Project 
operations on thermal plume areas at selected tributary deltas.  The methods used to develop and 
apply the thermal plume models are described in the following sections. 
 
4.3.1. Thermal Plume Model Development 

The models of the thermal plumes were developed to calculate plume area (e.g., footprint, as 
viewed from above) as a function of reservoir water surface elevation.  Figure 4.3-1 shows a 
conceptual sketch of a thermal plume on an inundated tributary delta.  The figure shows the 
concept of the cool water from the tributary spreading out across the delta and the influence of 
the mainstem current on limiting the downstream extents of the thermal plume. 
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Figure 4.3-1.  Conceptual plan and profile sketches of typical thermal plume on an inundated tributary 
delta. 
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Although monitoring of the plume area was conducted at five tributary deltas (Section 4.2), 
models were developed only for the following four deltas: Flume, Sullivan, Linton, and Sweet 
creeks.  No model was developed for the Slate Creek delta because plume areas were not 
correlated with reservoir water surface elevation.  When water temperatures in the mainstem 
Pend Oreille River exceed the preferences of native salmonid species, there is more incentive for 
these species to congregate and remain in the cooler waters of the thermal plumes.  When the 
mainstem water temperature exceeds 18°C, the water temperature in the thermal plumes remains 
near optimal habitat values while the habitat value of the water temperature on the rest of the 
delta and in the mainstem decreases rapidly with increasing temperature.  The thermal plume 
models were developed to calculate plume area when mainstem water temperatures exceeded 
18°C.  The representative wet (1997), dry (2001), and average (2002) hydrologic years were 
evaluated using the Hydraulic Routing Model (HRM) developed for Study 7, Mainstem Aquatic 
Habitat Modeling Study Final Report (SCL 2009c), to calculate hourly mainstem water surface 
elevation at each of the four selected deltas.  These elevations were input to the thermal plume 
models to calculate plume areas during the periods of the year when mainstem water temperature 
exceeded 18°C.  This period runs from June 30 through September 20 based on average daily 
water temperature data from the USGS gage in the Boundary Reservoir forebay (period of 
record: water year 2000 through 2008). 
 
To calculate the area of the thermal plumes as a function of reservoir water surface elevation, 
relationships between these two parameters were developed based on the monitoring data.  
Thermal plume area was plotted in relation to the reservoir water surface elevation at the time the 
plume area was mapped (see Figures 5.2-2, 5.2-5, and 5.2-7).  Regression trend lines were fit 
through the data collected at each delta to develop delta-specific equations that best related 
plume area to water surface elevation.  For all of the four selected deltas, a power relationship 
was selected for the regression equation.  The general form of these equations follows: 
 

b
foresetElevWSEaPlumeArea )( −∗=  

 
Where:  
 PlumeArea is the area of the thermal plume in units of 10,000 square feet 
 a and b are constants fit to the data measured at each delta 
 WSE is the hourly reservoir water surface elevation in units of feet (NAVD 88) 
 Elevforeset is the elevation at the top of the foreset slope in units of feet (NAVD 88) 
 
The plume area and reservoir water surface elevation were surveyed during the 2007 and 2008 
monitoring.  The elevation of the top of the foreset slope was determined from bathymetric 
survey data and field surveys as described in Appendix 3 to the Study 8 Final Report (SCL 
2009a).  When the reservoir water surface elevation drops below the elevation of the top of the 
foreset slope, the cooler tributary flow is conveyed to the foreset where flows in the mainstem 
sweep these waters downstream, rapidly mixing the cooler tributary inflow with the warmer 
mainstem currents, thereby limiting the development of a thermal plume.  For this reason, the 
plume area at each delta was calculated as zero whenever the reservoir water surface elevation 
fell below the top of the foreset slope.  Table 4.3-1 includes the values of the constants in each of 
the four regression equations. 
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Table 4.3-1.  Regression equation parameters for relationships between thermal plume area and reservoir 
water surface elevation. 

Delta Coefficient a Elevforeset (feet, NAVD 88) Exponent b 
Flume 0.1518 1,966 0.7680 

Sullivan 0.6617 1,982 1.1232 
Linton 0.01686 1,9801 1.3429 
Sweet 0.1308 1,984 0.6975 

Note: 
1 The Linton Creek delta does not have a defined foreset, so an elevation of 1,980 feet was selected based on the 

2006 bathymetric survey data and the mapped extents of the thermal plumes. 
 
 
4.3.2. Application of Thermal Plume Models 

The coefficients presented in Table 4.3-1 were applied to calculate the thermal plume area at 
hourly increments when the mainstem water temperature exceeded 18°C (June 30–September 
20).  In addition to setting the plume area to zero when the top of the foreset slope was exposed, 
an upper limit on plume area was set.  The reservoir water surface elevation at each delta was 
calculated using the HRM with a mainstem inflow rate of 55,000 cfs and a Boundary forebay 
water surface elevation of 1,994 feet NAVD 88 (1,990 feet NGVD 29).  The calculated area of 
the thermal plume at this elevation was held constant for any greater reservoir water elevations to 
focus the comparisons to the ranges of elevations substantially influenced by Project operations. 
 
The models were used to calculate hourly thermal plume areas.  Minimum, mean, and maximum 
statistics of plume area were calculated from the hourly output.  These statistics were calculated 
for the entire period the thermal plumes were evaluated (June 30–September 20), as well as for 
specific mainstem water temperature ranges during this period.  These ranges were set as 18–
20°C (June 30 though July 7 and September 3 through September 20), 20–22°C (July 8 though 
July 17 and August 27 through September 2), and greater than 22°C (July 18 through August 
26).  Figure 4.3-2 shows an example of the model output for Sweet Creek plotted over an 8-day 
period during the dry year.  This plot includes the mainstem water surface elevation at the Sweet 
Creek tributary mouth as determined from the HRM.  The plot shows the thermal plume area 
approaching 6,000 square feet as the mainstem water surface approaches elevation 1,994 feet 
NAVD 88 (1,990 feet NGVD 29).  The plume size reduces to approximately 2,200 square feet as 
the mainstem water surface elevation drops below 1,987 feet NAVD 88 (1,983 feet NGVD 29) 
and approaches the start of the foreset slope at elevation 1,984 feet NAVD 88 (1,980 feet NGVD 
29). 
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Figure 4.3-2.  Example plot of Sweet Creek thermal plume area model results along with mainstem water 
surface elevations, August 9 through August 17 of the representative dry year (2001). 

 
 

5 RESULTS 

This section presents the results of the continuous temperature monitoring effort (Section 5.1), 
the thermal plume mapping (Section 5.2), and modeling of the thermal plume area (Section 5.3). 
 
5.1. Continuous Tributary Delta Water Temperature Monitoring 

The influence of changing water surface elevations on water temperature within the varial zone 
at the seven representative tributaries was monitored from July 12 through October 31, 2007, and 
from June 25 through October 1, 2008.  Water temperatures in the mainstem of the Pend Oreille 
River and in the tributaries upstream of their delta were also monitored.  To accomplish this, 
thermographs were deployed along the thalweg of the longitudinal profile at each tributary delta 
in three distinct zones: upstream, varial, and mainstem.  The upstream zone was defined as the 
region of the tributary without backwater influence from Pend Oreille River.  The varial zone 
was defined as the region where fluctuations in water surface elevation from Project operations 
at Boundary Dam occur.  Thermographs located within the mainstem zone were placed to 
represent water temperature of the Pend Oreille River adjacent to the tributary deltas.  The 
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locations of the thermographs deployed at each of the seven representative tributaries are shown 
in figures presented in Attachment A. 
 
5.1.1. General Information During Monitoring Periods 

During the 2007 deployment period of the thermographs, the ambient air temperature recorded at 
Boundary Dam (National Weather Service [NWS] gage 450844) ranged from approximately –2 
to 40°C with a mean daily temperature of 17.1°C (WRCC 2008).  Water temperatures recorded 
at USGS gage station 12398550 located in the reservoir forebay at the upstream face of 
Boundary Dam ranged from approximately 9.1 to 25.4°C.  Conditions of the Pend Oreille River 
recorded at the Continuous Water Quality Buoy No. 1 (see the Study 6, Evaluation of the 
Relationship of pH and Dissolved Oxygen to Macrophytes in Boundary Reservoir Final Report 
[SCL 2009d]) ranged from 9.1 to 25.0°C.   
 
Conditions during the 2008 deployment period of the thermographs, the ambient air temperature 
recorded at Boundary Dam ranged from approximately –1 to 39°C with a mean daily 
temperature of 15.5°C.  Water temperatures recorded at USGS gage station 12398550 ranged 
from approximately 14.3 to 23.0°C.3  Conditions recorded at the Continuous Water Quality Buoy 
No. 1 from July 30 through October 1, 2008 ranged from 15.5 to 23.4°C. 
 
Raw data reported at each thermograph were reviewed to identify anomalous data points that 
occurred during periods of exposure to air.  Exposure to air could occur from several factors 
including the tributary going dry at the thermograph locations, the thalweg shifting from the 
thermograph location, or displacement of the thermograph from the thalweg.  Because 
continuous air temperature readings are not recorded at Boundary Dam, hourly temperature 
records at Sandpoint Airport (NWS gage 720322) were used to identify anomalous readings.  
Sandpoint Airport is located approximately 36 miles southeast of Boundary Dam and is at an 
elevation of 2,127 feet above mean sea level. 
 
Water surface elevation at each of the seven tributaries reported from the Study 7 Boundary 
Reservoir HRM was also used to identify periods of anomalous data.  Stage hydrographs were 
plotted against raw water temperatures to identify periods where air temperatures were recorded.  
A summary of conditions recorded during the 2007 and 2008 monitoring period is presented in 
Table 5.1-1.  Figures displaying the post processed data collected at each of the tributaries are 
shown in Attachment A.   
 

                                                 
3 Based on available provisional data from June 25 through October 1, 2008.  
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Table 5.1-1.  Summary of continuous temperature data recorded in 2007 and 2008. 

Maximum 
Recorded  

(°C) 

Minimum 
Recorded 

(°C) 

Mean 
Temperature 

(°C) 

Maximum 
Fluctuation within 
a 24-hour Period 

(°C) 
Tributary 

Thermograph 
Location 2007 2008 2007 2008 2007 2008 2007 2008 
Upstream 14.6 14.1 1.9 6.2 9.2 9.9 3.2 3.0 

Varial No. 1 18.3 17.1 2.0 6.9 9.9 11.0 5.7 5.1 
Varial No. 2 19.0 20.2 3.6 7.4 12.1 15.0 5.2 10.9 

Slate1 

Mainstem 25.7 23.6 9.1 14.3 18.8 19.6 1.3 1.6 
Upstream 16.0 15.7 2.5 6.4 9.5 10.2 5.3 6.3 

Varial No. 1 17.6 15.8 4.1 7.0 11.5 11.5 4.7 5.8 
Varial No. 2 20.2 18.6 3.9 7.7 12.7 13.2 10.4 6.2 

Flume 

Mainstem 25.3 23.8 8.9 15.5 18.6 19.6 7.6 1.2 
Upstream 20.3 17.9 7.9 9.3 13.9 12.7 4.3 4.0 

Varial No. 1 20.5 19.2 7.5 8.2 13.9 12.7 4.2 5.2 
Varial No. 2 21.8 20.3 8.1 11.0 14.1 14.9 5.4 5.2 
Varial No. 3 22.6 23.1 8.3 9.4 14.3 16.0 6.1 10.2 

Sullivan1 

Mainstem 25.4 23.9 9.1 15.5 18.3 19.6 7.7 1.2 
Upstream 14.2 11.0 4.2 6.7 9.6 8.6 3.6 2.2 

Varial No. 1 22.2 19.1 4.4 7.3 11.7 12.5 12.1 7.8 
Linton 

Mainstem 25.4 23.8 7.7 14.2 18.3 19.2 14.1 3.7 
Upstream --- 10.9 --- 5.6 --- 7.8 --- 3.5 

Varial No. 1 --- 23.5 --- 3.7 --- 14.8 --- 14.6 
Pocahontas2 

Mainstem 25.5 23.8 9.1 15.4 18.6 19.5 1.8 2.7 
Upstream 12.5 15.9 0.6 7.0 6.8 11.0 4.3 5.1 

Varial No. 1A --- 17.7 --- 7.0 --- 11.1 --- 6.8 
Varial No. 1 18.8 19.7 1.9 7.1 10.5 12.2 6.2 6.5 
Varial No. 2 19.8 21.9 2.4 7.0 10.8 13.6 7.6 13.3 

Sweet 

Mainstem 25.6 24.0 8.6 14.6 18.5 19.6 3.5 1.3 
Upstream --- 14.7 --- 5.9 --- 8.6 --- 3.8 

Varial No. 1 --- 23.2 --- 9.6 --- 15.1 --- 7.0 
Sand2 

Mainstem 25.5 23.8 9.1 15.4 18.5 19.6 5.8 1.8 
Notes: 
1 Temperatures reported in 2008 reflect conditions measured at 3 feet below water surface all other were at 6 feet. 
2 Water depths at Upstream and Varial No. 1 thermographs at this creek were insufficient to record water 

temperatures; these locations were dry by the end of July. 
 
 
5.1.2. Difficulties with Specific Monitoring Locations and Periods 

Several difficulties were encountered during the monitoring period that prevented appropriate 
data from being collected at certain times.  The difficulties are listed with the most common first: 
1) lack of sufficient water depth to record water temperatures, resulting in the thermograph 
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recording air temperature; 2) theft of the thermographs; and 3) the need to relocate due to the 
recession of flood waters causing changes in the varial zone extent. 
 
5.1.2.1. Pocahontas Creek 

As a result of the first type of difficulty, there were insufficient temperature readings on 
Pocahontas Creek due to lack of surface flow within the channel to assess the influence of 
Project operations on the water temperature within the varial zone in 2007.  The varial zone 
thermograph installed on Pocahontas Creek was dry for the duration of the 2007 monitoring 
period as supported by the plot within Attachment A, Figure A-14.  Initial readings at the 
upstream thermograph reflect Pocahontas Creek water temperature.  However, by the first 
download period occurring in early August, flows had decreased to a trickle.  The exact date 
when surface flows became non-existent is unknown.  Due to the installation location in the 
thalweg adjacent to an undercut bank, it is believed that temperatures from August through 
October were biased by an unknown variable(s) (e.g., groundwater, soil, air). 
 
In 2008, water temperatures were recorded at the varial thermographs represented mainstem 
temperature up until mid July when water levels receded.  The varial zone thermograph installed 
on Pocahontas Creek after this period represents both creek and mainstem water temperatures.  
Influenced by the water surface elevation of the Pend Oreille River, the varial thermograph 
experienced discontinuous periods of water temperature measurements throughout the duration 
of the monitoring period.  Large fluctuations in temperature occurred depending on the river 
water surface elevation, depth of water, and tributary inflow from Pocahontas Creek (when 
present). 
 
5.1.2.2. Sand Creek 

Similar to Pocahontas Creek, surface flows in the upstream and varial zone of Sand Creek were 
minimal to absent resulting in a high measurement variability 2007.  Review of the data suggests 
that the upstream thermograph was completely dry and exposed to air temperature from early 
August 2007 through the middle of October 2007.  Similar conditions existed in 2008 during 
which the upstream thermograph was completely dry by September 3, 2008.  Discontinuous 
period of water temperatures recorded at the varial thermograph throughout the duration of the 
monitoring period was influenced by the water surface elevation of the Pend Oreille River.  The 
varial thermograph at Sand Creek experienced large fluctuations in temperature that was 
dependent on depth of water and the presence of tributary inflow from Sand Creek. 
 
5.1.2.3. Loss of Instruments  

The theft or loss of thermographs deployed at the seven representative tributaries occurred in 
2007 and 2008.  A total of five thermographs were unable to be retrieved and included 
thermographs installed on Sullivan Creek (two), Linton Creek (two), and Sweet Creek (one).  
Replacement thermographs were deployed as soon as the thermographs were reported missing to 
minimize lapses in data collected at the three tributaries.   
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5.1.2.4. Relocation after 2008 High Water 

Initial deployment of the thermographs in 2008 occurred during a period of high water.  Flows 
reported at USGS gage station 12396500 (Pend Oreille River below Box Canyon Dam, 
Washington) at the time of deployment were approximately 73,000 cfs.  Relocation of several 
varial thermographs was necessary as high flows receded.  Thermographs were relocated at 
Sullivan, Sweet, and Sand creeks.  An example of the need for relocation occurred at the 
upstream thermograph deployed at Sullivan Creek.  The upstream thermograph at Sullivan Creek 
experienced a period of time occurring from approximately July 12 through July 24, 2008, that 
the thermograph was exposed to air temperatures caused by the reduction of water surface 
elevations.  Conditions during the initial deployment prohibited placement along the thalweg.  
As flood waters dropped an estimated 7 feet, relocation was necessary.  Field crews were able to 
relocate the upstream thermograph at Sullivan Creek to the thalweg of the channel during lower 
flows.  Relocation was not an issue in 2007 due to low water and low forebay elevations during 
the initial deployment of the thermographs.   
 
5.1.3. Results of 2007 and 2008 Continuous Temperature Monitoring 

Temperatures recorded at five of the tributaries along with mainstem temperatures of the Pend 
Oreille River at USGS gage station 12398550 (Boundary Reservoir near Metaline Falls, 
Washington) for 2007 and 2008 are shown in Figure 5.1-1 and Figure 5.1-2, respectively.  
Temperatures at Pocahontas and Sand creeks are not shown on these figures because they had 
little to no flow during the monitoring periods.  Mainstem temperatures recorded at each of the 
seven tributaries varied little with respect to USGS gage station 12398550 in the Boundary Dam 
forebay.  Because little variation in temperatures existed, it was decided to use the USGS 
Boundary Dam forebay gage to represent the general conditions of the mainstem water. 
 
In general water temperatures recorded in 2007 were warmer than in 2008.  Temporally the 
temperatures in the mainstem also varied between the two years with the warmest temperatures 
in 2007 occurring in mid-July.  In 2008 the warmest temperatures occurred approximately a 
month later, in mid-August.  Figure 5.1-1 and Figure 5.1-2 show that in all cases the water from 
the tributaries was cooler than the mainstem of the Pend Oreille River.  Sullivan Creek was 
warmer than the remaining four tributaries (Slate, Flume, Linton, and Sweet).   
 
Temperatures in 2008 were in general cooler than those measured in 2007 at the tributaries as 
reflected in Table 5.1-1.  Similar to 2007, Sullivan Creek was the warmest tributary in 2008; 
however, the relative difference in temperatures between Sullivan and the remaining four 
tributaries (Slate, Flume, Linton, and Sweet) was not as pronounced as it was during the previous 
year.  With the exception of Sweet Creek, the average maximum creek temperature was 1.6°C 
cooler in 2008 than in 2007.  Sweet Creek showed an increase of 3.4°C in 2008 compared with 
2007; however, data were not available during the warmest period of 2007.   
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Figure 5.1-1.  Water temperatures at recorded at select tributaries and the mainstem of the Pend Oreille 
River from July 12 through November 1, 2007. 
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Figure 5.1-2.  Water temperatures at recorded at representative tributaries and the mainstem of the Pend 
Oreille River from June 25 through October 1, 2008. 
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In 2008, water temperatures at 3 feet and 6 feet from the surface were recorded at Sullivan and 
Slate Creek to show the diel variation of temperature at the reservoir’s surface.  A diurnal pattern 
in temperatures recorded at both depths was observed.  Temperatures from the two depths are 
summarized in Table 5.1-2.  Comparison of the 3 feet and 6 feet measurement data sets revealed 
little variation between these depths for temperatures recorded at the same time.  In general, the 
temperature differences recorded by the thermographs deployed at 3 feet and 6 feet were within 
the stated instrument accuracy of ±0.2°C.  Several isolated cases occurred at Slate Creek were a 
temperature gradient between 3 feet and 6 feet thermographs occurred however the maximum 
temperature difference recorded was 0.9°C.   
 
Table 5.1-2.  Summary of continuous mainstem temperature data recorded at 3 and 6 foot depths near the 
mouths of Slate and Sullivan creeks, 2007 and 2008. 

Mainstem 
Mean 

Temperature 
(°C) 

Mainstem 
Maximum 

Temperature 
(°C) 

Mainstem 
Minimum 

Temperature 
(°C) 

Tributary (3 ft) (6 ft) (3 ft) (6 ft) (3 ft) (6 ft) 

Mean 
Absolute 

Difference 
Between 3 ft 

and 6 ft Below 
Surface (°C) 

Maximum 
Absolute 

Difference 
Between 3 ft 

and 6 ft Below 
Surface(°C) 

Minimum 
Absolute 

Difference 
Between 3 ft 

and 6 ft Below 
Surface (°C) 

Slate  
Creek 

19.6 19.6 23.6 23.6 14.4 14.3 0.1 0.9 0.0 

Sullivan 
Creek 

19.6 19.6 23.9 23.8 15.5 15.5 0.0 0.3 0.0 

 
 
A summary of the duration and conditions of the tributaries during periods when the mainstem 
temperatures were in excess of 22°C is presented in Table 5.1-3.   From the results in Table 5.1-
3, throughout the periods of warm water on the Pend Oreille River, the tributary temperatures 
above the deltas were several degrees cooler.  These data indicate the potential for the presence 
of thermal refugia on the tributary deltas during periods of warm water on the mainstem.  As 
noted earlier, the Oregon DEQ (2008) defines cool-water thermal refugia as those portions of a 
water body where the water temperature is at least 2°C colder than the daily maximum 
temperature of the adjacent well-mixed flow of the water body.  The 2°C temperature differential 
is the criteria adopted to define the potential area of thermal refugia within the thermal plumes.  
The other criterion associated with the potential thermal refugia at the tributary deltas is for the 
mainstem water temperature to exceed 18°C.  Table 5.1-3 provides the duration in 2007 and 
2008 when the mainstem water temperature exceeded 18°C.  Adopting the 18°C mainstem water 
temperature threshold provides a conservatively broad range of temperature conditions to 
investigate the characteristics of thermal plumes on the tributary deltas which have the potential 
to function as thermal refugia during periods of warm water temperatures on the mainstem. 
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Table 5.1-3.  Summary of continuous water temperature data recorded in the mainstem and five 
tributaries, 2007 and 2008. 

Thermal Period/Condition 2007 2008 
First occurrence mainstem temperatures are above 22°C to the last 

occurrence 
7/11–8/22 8/17–8/23 

Longest continuous duration of mainstem temperatures  
above 22°C 

42 days 6 days 

First occurrence mainstem temperatures are above 18°C to the last 
occurrence 

7/1–9/22 7/1–9/20 

Longest continuous duration of Mainstem temperatures  
above 18°C 

83 days 81 days 

Condition When Mainstem Temperature is Above 22°C 
Mainstem Average Temperature (°C) 23.6 22.5 

Mainstem Maximum Temperature (°C) 25.4 23.0 
Tributary Condition When Mainstem Temperature is Above 22°C 

Average Temp. (°C) 12.1 11.6 
Min. Temp. (°C) 9.1 9.0 

Slate Creek 

Max Temp. (°C) 14.6 14.1 
Average Temp. (°C) 12.2 11.3 

Min. Temp. (°C) 8.4 8.7 
Flume Creek 

Max Temp. (°C) 16.0 14.1 
Average Temp. (°C) 17.0 14.2 

Min. Temp. (°C) 13.4 11.4 
Sullivan Creek 

Max Temp. (°C) 20.3 17.9 
Average Temp. (°C) 11.6 9.2 

Min. Temp. (°C) 9.1 7.9 
Linton Creek 

Max Temp. (°C) 14.2 10.5 
Average Temp. (°C) N/A 12.7 

Min. Temp. (°C) N/A 9.6 
Sweet Creek 

Max Temp. (°C) N/A 15.9 
 
 
Based on results from Study 9 Boundary Reservoir tributary delta studies conducted in 2007, 
when water temperatures were in excess of about 22°C, there was fish use of Boundary 
Reservoir tributary mouth areas.  This was apparent from a radio-tagged cutthroat trout at the 
mouth of Sweet Creek in August 2007 (SCL 2009b).  Congregations of stocked triploid rainbow 
trout were also observed primarily at Flume and Sweet creek delta areas, apparently using the 
thermal refugia, during July and August of 2007 when reservoir temperatures typically exceeded 
22°C.  During August 2008 some concentrations of triploid rainbow trout, although less 
numerous than in 2007, occurred at the mouths of Slate, Flume, Sullivan, and Linton creeks.  
However, water temperatures were cooler in August 2008 than during 2007; mostly 21 to 22°C 
(see Study 9 Final Report [SCL 2009b]).  Radio-tagging studies of wild rainbow trout, mountain 
whitefish, and cutthroat trout in 2008 did not confirm definitive use of thermal refugia, although 
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extended use of tributary mouth areas was documented, but it may not have been primarily for 
thermal refuge (e.g., it may have been possible attraction to delta areas for feeding).   
 
The influence of water level fluctuations on water temperatures in the stream channels within 
varial zone at each delta is shown in the three examples presented in Figure 5.1-3 through 5.1-5.  
The first example (Figure 5.1-3), occurring July 21–28, 2007, at Sullivan Creek shows 
temperatures within the varial zone increasing in the downstream direction as the influence of 
mixing with the warmer water from the mainstem increases.  Varial 1, the most upstream 
thermograph in the varial zone, nearly coincides with the upstream tributary gage located above 
the varial zone.  Varial 3, the thermograph closest to the mainstem, showed the largest increase 
in temperature as the water surface elevation rises.  Varial 2, the thermograph located between 1 
and 3, had a response between the other two varial zone thermographs.  It is also noted that the 
timing of the response followed a similar pattern.  Varial 3 responded first as the reservoir rose 
and Varial 1 responded last.  The reverse appeared to hold as the reservoir fell. 
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Figure 5.1-3.  Water temperatures at Sullivan Creek delta, July 21–28, 2007. 

 
 
The second example is presented in Figure 5.1-4 and shows the Slate Creek thermograph results 
for the period of September 4–21, 2007.  This example occurred during a period when the 
reservoir elevations were drawn down to support the relicensing studies.  During September 6 
through 10, 2007, reservoir water surface elevations had no influence on the two varial zone 
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thermographs because the reservoir draw down was below the elevation of the thermographs. 
The thermographs were in the stream channel rather than inundated delta.  However, as water 
surface elevations rose the location of the thermal mixing zone progressed upstream.  During the 
increasing water surface elevations, Varial 2, the downstream thermograph, first started to 
respond on September 10, 2007.  Farther upstream, Varial 1 did not start to respond until 
September 13, 2007, but only during the portion of the day when the reservoir water surface 
elevation was highest.  The response became apparent for the majority of each day starting on 
September 16, 2007, indicating that the thermograph was inundated throughout the full range of 
fluctuations in the daily reservoir water surface elevation. 
 

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

9/
4/

07

9/
5/

07

9/
6/

07

9/
7/

07

9/
8/

07

9/
9/

07

9/
10

/0
7

9/
11

/0
7

9/
12

/0
7

9/
13

/0
7

9/
14

/0
7

9/
15

/0
7

9/
16

/0
7

9/
17

/0
7

9/
18

/0
7

9/
19

/0
7

9/
20

/0
7

9/
21

/0
7

Date

W
at

er
 T

em
pe

ra
tu

re
 (o C

)

1964

1968

1972

1976

1980

1984

1988

1992

1996

W
at

er
 S

ur
fa

ce
 E

le
va

tio
n 

(ft
 N

A
VD

88
)

Mainstem Varial No. 2 Varial No. 1 Upstream Water Surface Elevation
 

Figure 5.1-4.  Water temperatures at Slate Creek delta, September 4–21, 2007. 

 
 
An example of temperatures measured at Slate Creek from July 27 to August 3, 2008, during 
normal Project operations is presented in Figure 5.1-5.  Similar to the previous two examples, 
temperatures within the varial zone increase in the downstream direction and change with the 
daily fluctuation of water surface elevations.  During normal operations the influences of 
changing water surface elevations occur near the Varial 1 thermograph resulting in a greater 
range of water temperatures.  Varial 2 experiences less temperature fluctuation because the 
majority of the mixing is occurring farther upstream near Varial 1.   
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Figure 5.1-5.  Water temperatures at Slate Creek delta, July 27 to August 3, 2008. 

 
 
The previous figures showed examples of the water temperature changes in the inundated 
thalwegs of the tributary deltas in response to water surface elevation fluctuations on the 
mainstem.  The water surface fluctuations in these cases were caused primarily by Project 
operations, because inflows from Box Canyon were fairly constant during these periods.  The 
data demonstrate that pockets of cooler water, with temperatures between those of the warmer 
mainstem and those of the cooler tributaries, persist on these deltas.  These pockets of cool water 
are referred to as “thermal plumes” and represent a zone where physical and thermal mixing of 
the mainstem and tributary waters occurs.  The thermal plumes move up the delta as the 
mainstem water surface elevation increases and down the delta as the mainstem water surface 
elevation falls.  This is reflected is the rising and falling of the temperatures recorded on the 
thermographs.  When the water surface level falls, the thermal plume is shifted down the delta 
and the temperature in the upstream thermographs fall since the upstream portion of the thermal 
plume is cooler than the portions further downstream.  The temperature gradient in the thermal 
plume reflects the cool tributary water at the upstream limit of the plume and the warm mainstem 
water at the downstream limit.  Between these two extremes, a gradient between the bounding 
temperatures exists.  The changes in thalweg temperatures recorded at the thermographs reflect 
the movement of the thermal plume along the inundated delta.  
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5.2. Tributary Delta Thermal Plume Mapping 

The previous section presented the results of monitoring temperatures on a continuous basis in 
the thalweg of the tributary delta channels.  Results of these measurements indicated that thermal 
plumes are present on the tributary deltas.  All seven tributary deltas showed water temperatures 
in the varial zone that shifted between the cooler temperatures in the tributary delta to the 
warmer temperature of the mainstem.  As mainstem of the Pend Oreille River rises, the warm 
mainstem water entering the delta area raises the temperature in the varial zone.  As the 
mainstem water level drops, the cooler tributary water flows in and reduces the temperature in 
the varial zone. 
 
The continuous temperature monitoring provides information on the channel thalweg, but it does 
not provide information concerning the lateral or vertical extent of the thermal plumes.  In order 
to characterize the extents of the thermal plumes, the thermal plume mapping effort was 
conducted in 2007 and 2008.  The thermal plume mapping effort includes determination of the 
plume area and the vertical extent of the plume.  These two pieces of information can be used to 
determine the volume of the thermal plume.  The majority of the discussion of the results centers 
on the area of each plume and the variation in the thermal plume area resulting from changes in 
the water surface elevation of the Pend Oreille River.  In addition, tables are provided that 
indicate average plume temperature, difference between mainstem and tributary temperatures, 
average plume thickness, mainstem flow, and tributary inflow. 
 
5.2.1. Slate Creek 

Slate Creek, located at Project river mile (PRM) 22.2, is one of the three tributary deltas at which 
thermal plume data were collected in both 2007 and 2008.  Table 5.2-1 provides a summary of 
the results of the 10 thermal plume conditions measured at Slate Creek.  Water temperatures in 
Slate Creek were generally in the coolest range of the five tributaries sampled, being similar to 
Flume Creek.  During the thermal plume data collection efforts, the water temperatures upstream 
of the delta varied from a low of 8.2°C on September 6, 2008, to a high of 12.8°C on August 17, 
2008.  Flume Creek varied from a low of 8.2°C on September 5, 2008, to a high of 11.7°C on 
August 18, 2008.  In contrast, the warmest tributary was Sullivan Creek, which varied from a 
low of 12.0°C on September 6, 2008, to a high of 17.9°C on August 18, 2008.  The thermal 
plume that resulted from the cool water being discharged onto the inundated delta had average 
temperatures along the bed ranging from 14.2°C on September 6, 2008 to 18.8°C on August 17, 
2008.   
 
The area of the thermal plume at Slate Creek is second only to Sullivan ranging from a low of 
14,800 square feet at high pool on September 6, 2008 to a high of 34,300 square feet at medium 
pool on July 21, 2008.  Figure 5.2-1 shows the outline of the thermal plumes measured during 
the various pool conditions in 2007 and 2008.  This factor of approximately two between the 
plume areas measured may be in part due to the difficulty in measuring the temperatures in the 
deep embayment created in the Slate Creek canyon.  In the 2007 data collection effort, the 
temperature sampling equipment was restricted to depths of 50 feet or less.  The maximum depth 
at which Slate Creek plumes were measured in 2008 ranged from 25.1 feet on September 5 to 
52.2 feet on July 21.  In 2008 thermal plumes were measured at depths greater than 50 feet at 
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Slate Creek except for the measurements taken during high pool (July 20, August 17, and 
September 5).  Therefore, some of the variability in the Slate Creek plume area may be the result 
of truncating the extent of the thermal plumes due to equipment constraints in 2007 and 
additional variability have been introduced due to the difficulties in performing the 
measurements in water at depths approaching or greater than 50 feet. 
 
Slate Creek is one of two deltas studied for thermal refugia located below Metaline Falls, the 
other being Flume Creek.  Due to topography, Slate Creek is set back from the mainstem 
channel.  In addition, the flow velocities in the mainstem are minimal during the summer period 
due to the channel being over 100 feet deep.  Based on the HRM, velocity at an elevation of 
1,994 feet NAVD 88 (1,990 feet NGVD 29) is less than 1 foot per second at a flow of 25,000 cfs.  
At the same water surface elevation for a flow of 10,000 cfs, the mainstem velocity is less than 
0.3 foot per second.  Because of the low velocities and the distance from the mainstem, the 
potential for the mainstem flows to influence the plume are minimal. 
 
There is not a trend between the area of the Slate Creek plume and the mainstem water surface 
elevation.  The largest plume area of 34,300 square feet was at a medium pool on July 21, 2008.  
The next largest plume was 29,300 square feet for a low pool on July 22, 2008.  Of the next two 
largest plume areas of greater than 25,000 square feet occurred during high pool (28,900 square 
feet on July 20, 2008, and 27,300 square feet on August 17, 2008).  Figure 5.2-2 shows a plot of 
the Slate Creek thermal plume areas measured versus the corresponding mainstem water surface 
elevation at the time of the measurements.  The R2 value of the equation fit through this data is 
0.09 indicating the measured plume areas and water surface elevation are not correlated at Slate 
Creek (discussion of the power function equation is provided in Section 4.3.1).   
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Table 5.2-1a.  Summary of water temperature conditions at Slate Creek delta, 2007 and 2008. 

Date 

Water 
Surface 
Elev. at 

Tributary  
(ft NAVD 

88) Wind1 

Air  
Temp. 
(°C) 

Mainstem 
Temp.  
 (°C) 

Tributary 
Temp.  
(°C) 

Water 
Temp. 

Difference 
(MS–Trib) 

(°C) 

Average 
Plume 

Temp. on 
Bed (°C) 

Average 
Plume 
Temp. 
(°C) 

Area of 
Thermal 
Plume 

(ft2) 

High Pool 
8/20/2007 1,992.88 N/A N/A 21.9 10.7 11.2 15.4 18.1 16,100 
7/20/2008 1,993.38 Calm 25.3 21.3 10.1 11.2 16.0 16.7 28,900 
8/17/2008 1,993.13 Calm 28.9 23.1 12.8 10.3 18.8 19.7 27,300 
9/5/2008 1,993.06 Calm 21.1 18.9 8.9 10.0 14.7 13.6 23,900 

Medium Pool 
8/21/2007 1,986.47 N/A N/A 21.1 10.6 10.6 16.3 18.1 21,500 
7/21/2008 1,987.49 Mod. 29.3 21.9 11.1 10.8 16.1 18.0 34,300 

Low Pool 
8/24/2007 1,979.80 N/A N/A 21.3 9.9 11.3 16.4 18.3 21,800 
7/22/2008 1,977.49 Mod. 27.8 22.0 11.7 10.3 16.2 18.4 29,300 
8/18/2008 1,977.22 Calm 25.6 23.4 12.6 10.9 18.1 19.2 19,600 
9/6/2008 1,977.09 Calm 21.1 18.6 8.2 10.4 14.2 15.3 14,800 
Note: 
1 Light = wind speeds less than 5 knots; Mod. (Moderate)  = wind speeds between 5 to 10 knots; Strong = wind 
speeds greater than 10 knots 
 
Table 5.2-1b.  Summary of thermal plume physical conditions at Slate Creek delta, 2007 and 2008. 

Date 

Water 
Surface Elev. 
at Tributary 
(ft NAVD 88) 

Mainstem 
Flow1  
(cfs) 

Tributary 
Flow 
 (cfs) 

Area of 
Thermal 

Plume (sq. ft)

Volume of 
Thermal 

Plume 
 (cu. ft) 

Average 
Thermal Plume 

Depth 
(ft) 

High Pool 
8/20/2007 1,992.88 8,710 N/A 16,100 65,300 4.1 
7/20/2008 1,993.38 27,100 14 28,900 60,700 2.1 
8/17/2008 1,993.13 16,700 7 27,300 61,400 2.2 
9/5/2008 1,993.06 16,100 10 23,900 86,800 3.6 

Medium Pool 
8/21/2007 1,986.47 8,710 N/A 21,500 74,100 3.4 
7/21/2008 1,987.49 27,100 14 34,300 113,500 3.3 

Low Pool 
8/24/2007 1,979.80 9,650 N/A 21,800 69,700 3.2 
7/22/2008 1,977.49 26,400 14 29,300 76,500 2.6 
8/18/2008 1,977.22 16,900 7 19,600 28,400 1.4 
9/6/2008 1,977.09 16,700 10 14,800 42,500 2.9 

Note: 
1 Mainstem flows based on mean daily flow reported at USGS gage station 12396500. 
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Figure 5.2-1.  Outline of thermal plume areas measured at Slate Creek at high, medium, and low forebay 
elevations in 2007 and 2008. 
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Figure 5.2-2.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Slate and Flume creeks, 2007 and 2008 data. 

 
 
Based on the data collected at Slate Creek, the following conclusions concerning the behavior of 
its plume are made.  The measurements of plume area varied across the different forebay 
elevations sampled.  There was not a clear trend linking the changes in plume area to the forebay 
elevation.  Other factors may influence the plume areas mapped including difficulties in 
measuring the plume in its deepest portion.  Though a clear trend in plume area versus mainstem 
elevation was not observed, it is clear that a significant plume of water cooler than the mainstem 
with an area ranging from about 14,800 square feet to 34,300 square feet persisted for a wide 
range of water surface elevations and tributary inflows.  In general, the difference in the 
temperature between the mainstem and the tributary was fairly consistent, ranging from about 10 
to 12°C with an average plume temperature along the bed of approximately 4 to 6°C cooler than 
the mainstem temperatures.  Considering this information and the lack of high velocity flow 
along the mainstem and the protection from any mainstem velocity resulting from the tributary 
mouth being separated by about 500 feet of inundated Slate Creek Canyon, the Slate Creek 
thermal plume will not be exposed to sweeping flows from the mainstem.  Therefore, Slate 
Creek will have a significant plume of cool water regardless of Project operating elevations, and 
dropping the mainstem level below the foreset slope elevation of 1,966 feet will not result in a 
rapid decrease in the area of the plume.  The area of the Slate Creek thermal plume will vary, but 
it will occupy much of the inundated Slate Creek canyon floor.   
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5.2.2. Flume Creek 

Flume Creek is the other tributary delta plume investigated downstream of Metaline Falls.  It is 
located at PRM 25.8 about 8.8 miles upstream of Boundary Dam.  The results of the thermal 
plume data collection at Flume Creek are summarized in Table 5.2-2.  Along with Slate Creek, 
Flume Creek had the coolest measured tributary water temperatures ranging from a high of 
11.7°C on August 18, 2008, to a low of 8.2°C on September 5, 2008.  The thermal plume that 
resulted from the cool water being discharged onto the inundated delta of Flume Creek had 
average temperatures along the bed ranging from 13.1°C on July 21, 2008, to 17.0°C on July 22, 
2008.   
 
Flume Creek was not mapped in 2007 and was added to the thermal plume mapping effort in 
2008.  A high pool measurement was not obtained during the July 2008 data collection effort due 
to the length of time required to measure the Slate Creek plume.  A total of six thermal plume 
conditions were mapped at Flume Creek in 2008. 
 
The Flume Creek delta was the third largest investigated, behind Sullivan Creek and Slate Creek.  
The thermal plume area ranged from 8,500 to 19,400 square feet and appeared to be related to 
mainstem water surface elevation.  For the high pool measurements the plume areas were 
approximately 19,000 square feet and for the three low pool measurements the areas were 
between 8,500 and 11,000 square feet.  The one plume area measured at a medium pool 
condition also fit within the trend, with an area of 15,700 square feet.  The area of the thermal 
plume versus the mainstem Pend Oreille River water surface elevation is plotted in Figure 5.2-2.  
The plot shows a clear trend of decreasing plume area with decreasing water surface elevation.  
This is substantiated by the R2 of 0.93 for the equation fit through the data. 
 
It is apparent from the thermal plume measurements that the Flume Creek plume responds to 
changes in mainstem water surface elevation.  At higher water surface elevations the plume is 
largest and decreases in area as the water surface elevation falls.  Reviewing Figure 5.2-3 
showing the outline of the plume at various pool levels, it is evident that the plume extends to 
approximately the same point at all pool conditions.  This point corresponds to position of the 
foreset slope and the edge of the large eddy that forms in the embayment between Flume Creek 
and the Pend Oreille River mainstem.  This eddy is driven by the flow of the mainstem of the 
Pend Oreille River.  The eddy is large enough that it has been named Deadman’s Eddy by local 
residents.  The circulating flow from the eddy entrains the cool water from the thermal plume 
and quickly mixes warm mainstem water with it to eliminate the plume.  The delta foreset slope 
and eddy define the riverward extent of the thermal plume with the upstream limit defined by the 
water surface elevation of the mainstem.  As the water surface elevation rises, the downstream 
terminus of the thermal plume remains relatively fixed, but the upstream limit moves further up 
the delta, thus increasing the total area of the plume.   
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Table 5.2-2a.  Summary of water temperature conditions at Flume Creek delta, 2007 and 2008. 

Date 

Water 
Surface 
Elev. at 

Tributary 
(ft NAVD 

88) Wind1 

Air 
Temp. 
(°C) 

Mainstem 
Temp.  
(°C) 

Tributary 
Temp. 
(°C) 

Water 
Temp. 

Difference 
(MS - 
Trib)  
(°C) 

Average 
Plume 
Temp. 
on Bed 

(°C) 

Average 
Plume 
Temp. 
(°C) 

Area of 
Thermal 
Plume 

(ft2) 

High Pool 
8/17/2008 1,992.43 Calm 18.3 22.5 11.3 11.2 16.7 17.9 18,600 
9/5/2008 1,992.54 Calm 12.8 18.1 8.2 9.9 13.8 14.9 19,400 

Medium Pool 
7/21/2008 1,987.26 Light 23.2 21.7 9.8 11.8 13.1 15.4 15,700 

Low Pool 
7/22/2008 1,977.12 Mod. 21.7 21.9 10.3 11.6 17.0 18.2 8,500 
8/18/2008 1,976.84 Calm 18.3 22.9 11.7 11.2 16.9 18.3 9,000 
9/6/2008 1,976.54 Calm 12.8 18.1 8.3 9.8 13.3 14.2 11,000 

Note: 
1 Light = wind speeds less than 5 knots, Mod. (Moderate)  = wind speeds between 5 to 10 knots, Strong = wind 

speeds greater than 10 knots 
 
 
Table 5.2-2b.  Summary of thermal plume physical conditions at Flume Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow1 (cfs) 

Tributary 
Flow  
(cfs) 

Area of 
Thermal 

Plume  
(sq. ft) 

Volume of 
Thermal 
Plume  
(cu. ft) 

Average 
Thermal Plume 

Depth  
(ft) 

High Pool 
8/17/2008 1,992.43 16,700 4.2 18,600 58,400 3.1 
9/5/2008 1,992.54 16,100 9.2 19,400 66,300 3.4 

Medium Pool 
7/21/2008 1,987.26 27,100 10 15,700 38,300 2.4 

Low Pool 
7/22/2008 1,977.12 26,400 10 8,500 21,300 2.5 
8/18/2008 1,976.84 16,900 4.2 9,000 16,700 1.9 
9/6/2008 1,976.54 16,700 9.2 11,000 17,700 1.6 

Note: 
1 Mainstem flows based on mean daily flow reported at USGS gage station 12396500. 
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Figure 5.2-3.  Outline of thermal plume areas measured at Flume Creek at high, medium, and low 
forebay elevations in 2007 and 2008. 
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The foreset slope of the tributary delta occurs at about this eddy line, indicating the eddy is 
strong enough at times to influence sediment deposition and transport.  Based on the behavior, 
the thermal plume will persist until the mainstem water surface elevation drops below the limit 
of the eddy, which coincides with the upstream edge of the foreset slope.  This elevation is 
approximately 1,966 feet NAVD 88 (1,962 feet NGVD 29) and is 6 feet below the normal 
operating range of the Project.  In the wet, dry, and average year records, the water surface 
elevation of the mainstem at Flume Creek did not drop below elevation 1,966 feet NAVD 88 
(1,962 feet NGVD 29).  The lowest elevation during these three years was 1,966.5 feet NAVD 
88 (1,962.5 feet NGVD 29) on May 18, 2001, of the dry year. 
 
Based on the data collected, a thermal plume persists in the late summer months at Flume Creek.  
In general, the Flume Creek inflow is 10 to 12°C cooler that the mainstem with the average 
plume temperature at the bed of 5 to 8°C cooler than the mainstem.  Based on the thermal plume 
behavior just described, Project operations at high water surface elevations create the largest area 
of thermal refugia.  This area will decrease from more than 19,000 square feet at full pool of 
1,994 feet NAVD 88 (1,990 feet NGVD 29) to on the order of 10,000 square feet for the low 
pool operating level of 1,974 NAVD 88 (1,970 feet NGVD 29).  If the reservoir forebay water 
surface elevation is dropped below the foreset slope elevation of 1,966 feet NAVD 88 (1,962 feet 
NGVD 29), the thermal plume area will quickly dissipate as Flume Creek will flow directly into 
Deadman’s Eddy and mix warm mainstem water with the cool creek flow.  However, this 
mainstem water surface elevation condition did not occur for the baseline wet, dry, and average 
years.   
 
5.2.3. Sullivan Creek  

Sullivan Creek delta is located immediately upstream of Metaline Falls on the right bank of the 
Pend Oreille River at PRM 26.9.  Table 5.2-3 provides a summary of the nine thermal plume 
measurements taken at the Sullivan Creek Delta.  During the thermal plume sampling periods, it 
was the warmest tributary with temperatures ranging from 17.9°C on August 18, 2008, to 12.0°C 
on September 6, 2008.  The thermal plume that resulted from the cool water discharged onto the 
inundated delta of Sullivan Creek had average temperatures along the bed ranging from 13.5°C 
on September 6, 2008, to 19.3°C on August 18, 2008.  Though Sullivan Creek had the warmest 
water of the tributaries investigated, its plume was below 20°C during the August 18, 2008, 
sampling when the mainstem temperature was 23.4°C.  Though it is the warmest of the 
tributaries investigated, the water from Sullivan Creek was sufficiently cool to provide potential 
thermal refugia during the warmest periods sampled.  The difference in water temperature 
between the mainstem and the cooler tributary inflow was generally in the range of 5 to 6°C.  
The resulting average plume temperature along the bed generally ranged from 3 to 4°C cooler 
than the mainstem. 
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Table 5.2-3a.  Summary of water temperature conditions at Sullivan Creek delta, 2007 and 2008. 

Date 

Water 
Surface 
Elev. at 

Tributary 
(ft NAVD 

88) Wind1 

Air 
Temp. 
(°C) 

Mainstem 
Temp. 
(°C) 

Tributary 
Temp. 
(°C) 

Water 
Temp. 

Difference 
(MS - 
Trib)  
(°C) 

Average 
Plume 
Temp. 
on Bed 

(°C) 

Average 
Plume 
Temp. 
(°C) 

Area of 
Thermal 

Plume 
(ft2) 

High Pool 

8/20/2007 1,992.61 N/A  N/A 21.1 15.0 6.1 17.4 18.7 79,100 
7/20/2008 1,994.76 Mod. 25.6 21.8 17.2 4.7 18.6 18.7 177,000 
8/17/2008 1,993.06 Calm 17.8 22.4 16.3 6.1 18.4 18.6 119,700 
9/5/2008 1,993.04  Light 14.7 18.3 12.9 5.4 14.8 14.9 102,400 

Medium Pool 
8/21/2007 1,986.89  N/A N/A 21.9 15.8 6.2 18.6 19.7 57,200 
7/21/2008 1,991.03  Light 28.9 21.8 17.2 4.6 18.5 18.5 51,800 

Low Pool 
7/22/2008 1,988.97  Mod. 23.9 22.1 16.6 5.6 18.2 18.4 33,300 
8/18/2008 1,985.74 Calm 30.2 23.4 17.9 5.5 19.3 20.0 37,100 
9/6/2008 1,985.40  Light 20.7 18.2 12.0 6.2 13.5 13.9 22,900 

Note: 
1 Light = wind speeds less than 5 knots, Mod. (Moderate)  = wind speeds between 5 to 10 knots, Strong = wind 

speeds greater than 10 knots 
 
Table 5.2-3b.  Summary of thermal plume physical conditions at Sullivan Creek delta, 2007 and 2008. 

Date 

Water 
Surface Elev. 
at Tributary  

(ft NAVD 
88) 

Mainstem 
Flow1 (cfs) 

Tributary 
Flow  
(cfs) 

Area of 
Thermal 
Plume 
 (ft2) 

Volume of 
Thermal Plume 

(ft3) 

Average 
Thermal Plume 

Depth  
(ft) 

High Pool 
8/20/2007 1,992.61 8,710 n/a 79,100 226,500 2.9 
7/20/2008 1,994.76 27,100 99 177,000 378,800 2.1 
8/17/2008 1,993.06 16,700 75 119,700 155,600 1.3 
9/5/2008 1,993.04 16,100 59 102,400 193,500 1.9 

Medium Pool 
8/21/2007 1,986.89 8,710 n/a 57,200 152,500 2.7 
7/21/2008 1,991.03 27,100 99 51,800 92,200 1.8 

Low Pool 
7/22/2008 1,988.97 26,400 99 33,300 58,900 1.8 
8/18/2008 1,985.74 16,900 75 37,100 33,400 0.9 
9/6/2008 1,985.40 16,700 59 22,900 31,800 1.4 

Note: 
1 Mainstem flows based on mean daily flow reported at USGS gage station 12396500. 
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Sullivan Creek is the largest tributary to Boundary Reservoir and the thermal plume of the 
Sullivan Creek delta generally provided the largest thermal plume area.  Figure 5.2-4 shows the 
outline of the thermal plumes during the high, medium and low pool measurements.  The area of 
the plume ranged from a low of 22,900 square feet measured on September 6, 2008, to a high of 
177,000 square feet measured on July 20, 2008.  These two measurements correspond to the 
lowest and highest water surface elevations recorded, respectively, during the thermal plume 
mapping at Sullivan Creek.  There is a strong trend for the thermal plume area to increase with 
increasing mainstem water surface elevation.  Figure 5.2-5 plots the plume area versus water 
surface elevation of the mainstem and illustrates this point.  The equation fit through the data has 
an R2 value of 0.73.    
 
Reviewing the plots of the thermal plume footprints, it can be seen that the Sullivan Creek plume 
has similar behavior to the Flume Creek.  The downstream limit of the plume is controlled by the 
location where the mainstem current mixes with the plume and quickly eliminates it.  This is 
similar to the location of the current from Deadman’s Eddy controlling the downstream extent of 
the Flume Creek plume.  During the data collection efforts, flow was observed from the 
mainstem expanding onto the Sullivan Creek delta surface.  As the mainstem water surface 
elevation increases, the flow appears to expand farther onto the delta.  Because of the variation in 
the extent of flow expansion from the mainstem onto the delta, the downstream limit of the 
Sullivan Creek plume is not fixed, but stays within about 150 feet  or less of the of the foreset 
slope.  The foreset slope at Sullivan Creek is at an elevation of 1,982 feet NAVD 88 (1,978 feet 
NGVD 29). 
 
The plume outlines on Figure 5.2-4 provide further insight into conditions on the Sullivan Creek 
delta.  In the August 18, 2008, high pool plume mapping, there is an isolated area on the southern 
side of the delta that is fed by groundwater seepage.  This same seepage fed the northern portion 
of the plume, near the top of the delta in the August 17, 2008, low pool mapping.  In both 
instances, the seepage was surfacing upstream of the inundated delta and flowing as a small 
stream into the inundated area.  Another complexity with the thermal plume behavior on the 
tributary deltas is illustrated by comparing the August 21, 2007, and July 21, 2008, medium pool 
mapping.  The plumes are similar in area with the 2007 plume being 57,200 square feet and the 
2008 plume being 51,800 square feet.  The plumes occupy entirely different portions of the delta 
due to the Sullivan Creek channel shifting to the north prior to the 2008 mapping efforts (the 
shift occurred during the fall 2007 Sullivan Lake releases).   
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Figure 5.2-4.  Outline of thermal plume areas measured at Sullivan Creek at high, medium, and low 
forebay elevations in 2007 and 2008. 
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Figure 5.2-5.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Sullivan Creek, 2007 and 2008 data. 

 
 
Review of the thermal plume behavior over the range of water surfaces investigated provides a 
conceptual model to evaluate how the thermal refugia will respond to Project operations.  When 
the Project is at high water surface elevation, the area of thermal refugia is greatest approaching 
on the order of 177,000 square feet.  As the water surface elevation drops, the Sullivan Creek 
thermal plume migrates down the delta and decreases in area.  This is due to the mainstem Pend 
Oreille River limiting the downstream edge of the thermal refugia by sweeping the cool tributary 
water away and quickly mixing it with the warm mainstem flow.  At higher flows, the mainstem 
flow can expand 100 feet or more onto the delta surface, but as the water surface elevation 
receded, the mainstem current tends to line up with the edge of the delta foreset slope.  This is 
illustrated on Figure 5.2-4, which shows the location of the Sullivan Creek foreset slope.  Some 
thermal refugia will remain on the tributary delta surface until the water surface elevation drops 
below the foreset slope elevation of 1,982 feet NAVD 88 (1,978 feet NGVD 29).  Once the 
mainstem water surface elevations drops below the elevation 1,982 feet NAVD 88 (1,978 feet 
NGVD 29), Sullivan Creek will be discharging directly.  When this happens, there will be no 
ponded water on the tributary delta creating additional thermal refugia.  Reviewing the 
information from the fish passage section of the main report (Section 5.3.5), the mainstem water 
surface elevation at the Sullivan Creek delta drops below the foreset elevation for 7 hours during 
the night of September 14, 2001 (dry year).  It is important to understand that Sullivan Creek 
provides thermal refugia in the stream channel.  The area of the thermal refugia in the stream 
channel increases and the water surface elevation falls and more of the stream channel is 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 41 March 2009 

exposed.  From the habitat modeling effort (see Section 5.3.4 of the main report), the area of 
stream channel for Sullivan Creek on the delta is approximately 78,000 square feet.  
 
5.2.4. Linton Creek 

The Linton Creek delta is at PRM 28.1 on the left side of the Pend Oreille River just north of the 
Metaline boat ramp approximately 11.1 miles upstream of Boundary Dam.  Seven thermal plume 
measurements were collected in 2008 and are summarized in Table 5.2-4.  During the thermal 
plume mapping periods, Linton Creek water temperature ranged from 10.1°C on September 5, 
2008, to 14.8°C on August 18, 2008.  The temperatures for Linton Creek were similar to Sweet 
Creek with some days Sweet Creek being warmer and some days Linton Creek being warmer.  
Compared to the other three tributaries mapped, Linton was warmer than Slate Creek and Flume 
Creek, and cooler than Sullivan Creek during thermal plume mapping.  The thermal plume that 
resulted from the cool water being discharged onto the inundated delta of Linton Creek had 
average temperatures along the bed ranging from 12.2°C on September 6, 2008, to 17.7°C on 
August 18, 2008.  Differences in water temperatures between the mainstem and Linton Creek 
ranged from 7 to 11°C.  The average temperature of the resulting thermal plume along the bed 
ranged from 5 to 6°C cooler than the adjacent Pend Oreille River.  Linton Creek had the lowest 
flows of the five tributaries investigated for thermal refugia.  Flows of 1.8, 1.6, and 1.8 cfs were 
measured in July, August, and September of 2008, respectively.  This is in contrast to Sweet 
Creek, which had flows of 5.3, 1.1, and 2.8 cfs for the same months.   
 
Table 5.2-4a.  Summary of water temperature conditions at Linton Creek delta, 2007 and 2008 

Date 

Water 
Surface 
Elev. at 

Tributary 
(ft NAVD 

88) Wind1 

Air 
Temp. 
(°C) 

Mainstem 
Temp.  
(°C) 

Tributary 
Temp. 
(°C)  

Water 
Temp. 

Difference 
(MS - 
Trib) 
(°C)  

Average 
Plume 
Temp. 
on Bed 

(°C) 

Average 
Plume 
Temp. 
(°C) 

Area of 
Thermal 

Plume 
(ft2) 

High Pool 
7/20/2008 1,994.69 Calm 24.4 21.3 10.7 10.7 15.3 17.1 5,500 
8/17/2008 1,992.85 Calm 29.4 23.6 14.3 9.3 17.3 18.7 5,500 
9/5/2008 1,991.97 Light  16.6 18.5 10.1 8.4 13.2 14.7 5,200 

Medium Pool 
7/21/2008 1,991.06  Mod. 28.9 21.8 13.5 8.3 17.3 18.2 4,200 

Low Pool 
7/22/2008 1,988.96  Strong 20.4 22.1 13.8 8.3 16.8 18.0 3,200 
8/18/2008 1,985.60 Calm 30.1 23.8 14.8 9.1 17.7 19.6 1,700 
9/6/2008 1,985.36 Calm 18.2 18.3 10.9 7.4 12.2 13.6 1,600 

Note: 
1 Light = wind speeds less than 5 knots, Mod. (Moderate)  = wind speeds between 5 to 10 knots, Strong = wind 

speeds greater than 10 knots 
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Table 5.2-4b.  Summary of thermal plume physical conditions at Linton Creek delta, 2007 and 2008. 

Date 

Water Surface 
Elev. at 

Tributary  
(ft NAVD 88) 

Mainstem 
Flow1 (cfs) 

Tributary 
Flow  
(cfs) 

Area of 
Thermal 
Plume  

(ft2) 

Volume of 
Thermal Plume 

(ft3) 

Average 
Thermal Plume 

Depth  
(ft) 

High Pool 
7/20/2008 1,994.69 27,100 1.8 5,500 6,700 1.2 
8/17/2008 1,992.85 16,700 1.6 5,500 5,000 0.9 
9/5/2008 1,991.97 16,100 1.8 5,200 5,300 1.0 

Medium Pool 
7/21/2008 1,991.06 27,100 1.8 4,200 3,700 0.9 

Low Pool 
7/22/2008 1,988.96 26,400 1.8 3,200 3,500 1.1 
8/18/2008 1,985.60 16,900 1.6 1,700 900 0.6 
9/6/2008 1,985.36 16,700 1.8 1,600 900 0.5 

Note: 
1 Mainstem flows based on mean daily flow reported at USGS gage station 12396500. 
 
 
Linton Creek and Sweet Creek have the smallest thermal plume areas of the five tributaries 
mapped.  Figure 5.2-6 shows the outline of the mapped thermal plumes at Linton Creek for high, 
medium and low pool conditions.  The area of the plume ranged from a low of 1,600 square feet 
measured on September 6, 2008, during a low pool measurement to a high of 5,500 square feet 
measured on July 20, 2008, and August 17, 2008.  Only one medium pool measurement was 
taken at Linton Creek and it resulted in a plume area of 4,200 square feet on July 21, 2008.  
Similar to Sullivan and Flume creeks, the area of the thermal plume at Linton Creek tends to 
increase with increasing mainstem water surface elevation.  Figure 5.2-7 plots the Linton Creek 
plume area versus water surface elevation of the mainstem further illustrates this correlation 
between thermal plume area and water surface elevations.  The equation fit through the data has 
an R2 value of 0.99.   
 
One aspect of Linton Creek that is unique for the upper reservoir tributary deltas investigated is 
that a sweeping current does not develop at the edge of the delta as the mainstem water surface is 
decreased.  This is a result of the flow patterns that occur as the water surface elevation drops.  
Portions of the large bar in the center of the wide channel at Metaline extend to the west bank.  
As the flow drops, a greater portion of the flow takes the path along the deep channel that flows 
around the bar along the east bank of the Pend Oreille River.  This results in very low velocities 
in front of the Linton Creek delta.  In fact, during the August 2007 drawdown, the bar extending 
to the west bank was completely exposed, which completely blocked flow to the area in front of 
the Linton delta.  As a result, the portion of the Pend Oreille River channel at the delta was 
ponded.  In addition, there is not a defined foreset slope at the Linton delta.  Due to the fine 
nature of the material being transported in the Linton Creek, the mainstem is able to remove 
these materials at high flows and the edge of the delta is a smooth transition to the mainstem that 
occurs as the creek flows out past the channel banks. 
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Based on the behavior of the Linton thermal plume, Project operations will tend to increase the 
area of the thermal plume as Boundary Reservoir approaches full pool and will decrease as the 
reservoir water surface elevation drops.  Based on the measurements collected, the area will tend 
to range between a high approaching 6,000 square feet at full pool to a low on the order of 1,500 
square feet at low pool.  Due to the diversion of mainstem flows away from the Linton Creek 
delta area by the large bar at Metaline, there is limited, if any, potential for sweeping currents in 
the mainstem to rapidly mix tributary inflows and diminish the area of a potential thermal plume.  
A thermal plume area similar to the area measured at low pool conditions should persist. 
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Figure 5.2-6.  Outline of thermal plume areas measured at Linton Creek at high, medium, and low 
forebay elevations in 2007 and 2008. 
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Figure 5.2-7.  Relationship of thermal plume area to mainstem Pend Oreille River water surface elevation 
for Linton and Sweet Creeks, 2007 and 2008 data. 

 
 
5.2.5. Sweet Creek 

Sweet Creek was the farthest upstream tributary delta plume investigated.  It is located at PRM 
30.9, 13.9 miles upstream of Boundary Dam.  As previously stated, the temperatures in Sweet 
Creek upstream of the delta were similar to Linton Creek.  During the nine thermal plume 
measurements taken at Sweet Creek, summarized in Table 5.2-5, the temperature of the tributary 
inflow ranged from a low of 8.3°C on September 6, 2008, to a high of 15.8°C on August 17, 
2008.  The thermal plume that resulted from the cool water being discharged onto the inundated 
delta of Sweet Creek had average temperatures along the bed ranging from 12.4°C on September 
6, 2008, to 19.3°C on August 21, 2008.  The difference in temperature between the mainstem 
and Sweet Creek ranged from about 8 to 10°C.  The average temperature along the bed of the 
thermal plume typically ranged from 3 to 6°C cooler than the mainstem.   
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Table 5.2-5a.  Summary of water temperature conditions at Sweet Creek delta, 2007 and 2008. 

Date 

Water 
Surface Elev. 
at Tributary 
(ft NAVD 88) Wind1 

Air 
Temp. 
(°C) 

Mainstem 
Temp.  
(°C) 

Tributary 
Temp. 
(°C) 

Water 
Temp. 

Difference 
(MS - 
Trib) 
 (°C)  

Average 
Plume 
Temp. 
on Bed 

(°C) 

Average 
Plume 
Temp. 
(°C) 

Area of 
Thermal 
Plume 

(ft2) 

High Pool 
8/20/2007 1,992.83  N/A N/A 20.9 11.8 9.1 15.0 17.4 3,300 
7/20/2008 1,995.03  Light 26.7 21.8 14.1 7.7 17.4 17.9 8,400 
8/17/2008 1,993.05 Calm 33.4 23.4 15.8 7.6 18.3 18.8 4,400 
9/5/2008 1,993.02 Calm 9.3 18.2 8.4 9.8 13.3 13.6 10,600 

Medium Pool 
8/21/2007 1,987.13  N/A N/A 21.7 12.8 8.9 19.3 19.9 1,700 
7/21/2008 1,991.70  Light 22.8 21.7 11.7 10.0 16.4 17.2 7,200 

Low Pool 
7/22/2008 1,989.95  Mod. 28.3 21.8 12.4 9.4 16.3 17.1 3,900 
8/18/2008 1,986.70 Calm 21.4 23.2 13.3 9.9 16.8 18.2 5,300 
9/6/2008 1,986.30  Light 8.0 18.1 8.3 9.8 12.4 13.5 2,000 

Note: 
1 Light = wind speeds less than 5 knots, Mod. (Moderate)  = wind speeds between 5 to 10 knots, Strong = wind 

speeds greater than 10 knots 
 
 
Table 5.2-5b.  Summary of thermal plume physical conditions at Sweet Creek delta, 2007 and 2008. 

Date 

Water 
Surface 
Elev. at 

Tributary  
(ft NAVD 

88) 
Mainstem Flow1 

(cfs) 
Tributary 
Flow (cfs) 

Area of 
Thermal 

Plume (ft2) 

Volume of 
Thermal Plume 

(ft3) 

Average 
Thermal Plume 

Depth (ft) 

High Pool 
8/20/2007 1,992.83 8,710 n/a 3,300 5,200 1.6 
7/20/2008 1,995.03 27,100 5.3 8,400 11,200 1.3 
8/17/2008 1,993.05 16,700 1.1 4,400 4,800 1.1 
9/5/2008 1,993.02 16,100 2.8 10,600 13,800 1.3 

Medium Pool 
8/21/2007 1,987.13 8,710 n/a 1,700 1,700 1.0 
7/21/2008 1,991.70 27,100 5.3 7,200 6,500 0.9 

Low Pool 
7/22/2008 1,989.95 26,400 5.3 3,900 2,700 0.7 
8/18/2008 1,986.70 16,900 1.1 5,300 1,200 0.2 
9/6/2008 1,986.30 16,700 2.8 2,000 1,000 0.5 

Note: 
1 Mainstem flows based on mean daily flow reported at USGS gage station 12396500. 
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Figure 5.2-8 shows the outline of the measured thermal plumes at Sweet Creek for high, 
medium, and low pool conditions.  The area of the plume ranged from a low of 1,700 square feet 
measured on August 21, 2007, during medium pool to a high of 10,600 square feet measured 
during the September 5, 2008, high pool data collection.  It should be noted that although the 
forebay elevation during the July 2007 was considered a “medium pool” condition, the actual 
elevation of the mainstem at the delta was lower than the July 2008 low pool condition and only 
0.4 to 0.7 foot higher than the low pool conditions in August and September 2008.  This is due to 
the combination of the influence of Metaline Falls and the low flow in the mainstem on August 
21, 2007, of 8,710 cfs.  The mainstem flows during the round of measurements in August 2007 
were approximately half the magnitude of the lowest flows, 16,100 cfs, for which thermal plume 
data were collected in 2008.  To provide a clearer picture of the thermal plume areas based on 
the actual water surface elevation at the delta, Figure 5.2-9 shows the thermal plumes grouped by 
water surface elevation ranges of the Pend Oreille River at Sweet Creek.  Using the mainstem 
water surface elevation as a criteria rather than forebay elevation (pool condition), the July 2007 
is placed in the low water surface elevation category and the low pool mapping in July 2008 is 
moved into the medium water surface elevation category. 
 
Reviewing the thermal plume areas outlined in Figure 5.2-9 and the areas reported in Table 5.2-5 
shows an overall general trend toward reduced plume area with elevation, with an R2 of 0.44.  
Several apparent inconsistencies reduce the correlation between plume surface area and 
mainstem elevation.  For example, the third smallest plume area, 3,300 square feet, was 
measured during a high water surface elevation event in August 2007 with a mainstem elevation 
of 1,992.8 feet NAVD 88 (1,988.8 feet NGVD 29).  This area is closer to the area of two of the 
plumes measured in the 1,986 to 1,987 feet NAVD 88 (1,982 to 1,983 feet NGVD 29) water 
surface elevation range.  In contrast, the third measurement in this elevation range, August 18, 
2008, at a mainstem elevation of 1,986.7 feet NAVD 88 (1,982.7 feet NGVD 29), had an area of 
5,300 square feet.  This area is more in line with plume areas for elevations of 1,990 feet NAVD 
88 (1,986 feet NGVD 29) and above.  The August 17, 2008, plume mapping conducted at a high 
mainstem elevation of 1,993.1 feet NAVD 88 (1,989.1 feet NGVD 29) had a corresponding area 
of 4,400 square feet.  This area is less than the 5,300 square feet mapped the next day at a 
mainstem elevation of 1,986.7 feet NAVD 88 (1,982.7 feet NGVD 29). 
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Figure 5.2-8.  Outline of thermal plume areas measured at Sweet Creek at high, medium, and low forebay 
elevations in 2007 and 2008. 
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Figure 5.2-9.  Outline of thermal plume areas measured at Sweet Creek at grouped by water surface 
elevation (WSE) of the Pend Oreille River at Sweet Creek rather than by forebay elevation, 2007 and 
2008. 
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There are several site-specific conditions that contributed to the lack of a consistent trend for the 
Sweet Creek plume areas in relation to the mainstem elevation.  Some of the variation was likely 
due to the conditions at Sweet Creek which made measurement of the plumes difficult and 
subjective at times.  The major difficulty was the unsteady nature of the influence from the 
mainstem.  This resulted in the plume boundary shifting back and forth several feet in a matter of 
seconds.  The Sweet Creek delta is in a location where the mainstem is relatively narrow 
(approximately 350 to 500 feet wide) and deep (thalweg depth of nearly 40 feet at a water 
surface elevation of 1,990 feet NAVD 88 [1,986 feet NGVD 29]).  As a result of the flow 
constriction and relatively high energy of the mainstem, there is considerable turbulence.  At 
times, the vortices shed from the mainstem encroach into the edge of the thermal plume.  On a 
larger scale, secondary currents and eddies sometimes develop near the interface between the 
channel and lower portion of the thermal plume.  These currents vary considerably based on the 
water surface elevation and mainstem discharge.  An eddy was the reason for the large area 
(5,300 square feet) of thermal plume measured on August 18, 2008.  During this measurement, a 
reverse eddy had formed on the upstream side of the delta that carried the tributary flow 
upstream into a pocket of nearly still water.  In addition, a portion of the tributary flow was 
carried into a downstream area of still water, also helping the plume cover a large area.  This was 
a unique condition where the mainstem flow currents actually split the cool water inflow from 
the tributary at carried it into two separate low energy areas. 
 
There was considerable groundwater emerging from the substrate in the area that also created 
thermal plume.  At least a portion of the groundwater component is due to draining of the delta 
deposits as the mainstem water surface elevation recedes.  This component of the thermal plume 
may vary with the duration since the mainstem water surface elevation was drawn down as well 
as the magnitude of the drawdown.   
 
Another aspect influencing the area of thermal plume, particularly at lower water surface 
elevations, was the path Sweet Creek cuts across the delta to reach the main channel.  The 
alignment of the channel across the delta has varied over the various mapping periods.  For 
example, for the low elevation measurements on August 21, 2007, and September 6, 2008, the 
stream flowed between the outer edge of the delta and the toe of the main channel bank.  This 
resulted in the tributary flow being discharged into a location where it was quickly entrained by 
the mainstem and mixed.  As would be expected, the associated plume areas were quite small at 
1,700 (August 21, 2007) and 2,000 square feet (September 6, 2008).   
 
The fish passage section of the main report (Section 5.3.5) provides information on the mainstem 
water surface elevation at the Sweet Creek delta compared to the foreset slope elevation.  The 
data indicate that the water surface did drop below the Sweet Creek foreset elevation of 1,986 
feet NAVD 88 (1,982 feet NGVD 29) for several periods during both the dry (2001) and average 
(2002) years.  In the average year, the durations ranged from 3 to 6 hours and all occurred in the 
months of December through March.  This is outside the period when thermal refuge is an issue.  
During the dry year, the durations were longer and occurred during August and September when 
thermal refuge is a consideration.  On August 25 there was a 3-hour period.  In September, the 
periods included 12 hours on the 12th, 38 hours from the 14th into the 15th, 5 hours on the 21st, 
15 hours on the 22nd, 15 hours on the 25th, 69 hours from the 26th into the 28th, and 8 hours on 
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the 29th.  During the dry year, the mainstem temperature, as measured in the Boundary Dam 
forebay, dropped below 20°C on September 9 and below 18°C on September 22.   
Reviewing the behavior of the thermal plume at Sweet Creek provides an indication of how the 
Project water level fluctuations influence the area of the thermal plume.  When the mainstem 
water surface elevation is above about 1,993 feet NAVD 88 (1,989 feet NGVD 29), the plumes 
are expected to have an area on the order of 4,000 to over 10,000 square feet.  At this water 
surface elevation and above, the plumes spread out across a portion of the delta that is protected 
from mainstem currents.  As the water surface elevation drops below 1,993 feet NAVD 88 
(1,989 feet NGVD 29), the tributary flow is discharged into the inundated delta in an area that 
may have considerable influence from mainstem currents.  Depending on the exact condition of 
the currents and the location of the Sweet Creek on the delta, there is a wide variation in the 
potential area of the plume with the mapped plumes having a range from 1,700 to over 7,000 
square feet.  When the water surface elevation of the mainstem drops below 1,986 feet NAVD 88 
(1,982 feet NGVD 29), the flow is discharging onto the steep foreset slope of the delta that the 
mainstem flows directly against.  In this case, the cool water plume will be swept away quickly 
and the plume area will be minimal.  For the three representative years, the only occasions when 
the mainstem water surface elevation dropped below the foreset slope of Sweet Creek during the 
warm summer months was the dry year.  During August and September 2001, there were a total 
of 165 hours over 11 days when the mainstem water surface dropped below the foreset elevation 
of 1,986 ft NAVD 88 (1,982 feet NGVD 29).  During the dry year, the mainstem temperature as 
measured in the Boundary Dam forebay dropped below 20°C on September 9 and below 18°C 
on September 22.    
 
5.3. Thermal Plume Modeling 

The modeling of thermal plume areas was conducted to provide a basis for comparing the 
influence of existing Project operations on plume area to the influence of operations scenarios on 
plume area.  Modeling was performed for Flume, Sullivan, Linton, and Sweet creeks.  Slate 
Creek was not included in the modeling because it lacked a consistent thermal plume area versus 
mainstem water surface elevation relationship.  
 
The results of the thermal plume monitoring (Section 5.2) were used to develop delta-specific 
relationships between reservoir water surface elevation and thermal plume area.  The mainstem 
water temperature identified the periods of the year when water temperatures were in the range 
(above 18°C) for which the thermal plume modeling was conducted.  The plume area modeling 
was performed for the period when the mainstem Pend Oreille River average daily water 
temperature exceeded 18°C as measured at the Boundary forebay USGS station (see Section 
4.4.3 of Appendix 4a for additional information on the mainstem water temperatures).  This 
period runs from June 30 through September 20, inclusive, based on the period of record 
spanning water year 2000 through 2008.  The hourly reservoir water surface elevations at the 
Flume Creek, Sullivan Creek, Linton Creek, and Sweet Creek deltas were calculated for the 
representative wet (1997), dry (2001), and average (2002) hydrologic years using the HRM 
developed for Study 7. 
 
A series of figures of model output are presented in Attachment B (Figures B-1 through B-12).  
The figures include plots of the calculated thermal plume areas shown along with mainstem 
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water temperature.  Individual figures are provided for each of the three representative 
hydrologic years (wet, dry, and average).  Figure 5.3-1 provides an example of one of the 
thermal plume model hourly output plots.  In addition to the figures in the appendix, Figures 5.3-
2 through 5.3-5 provide plots of the thermal plume area-duration curves for each of the modeled 
tributary deltas.  Each of these plots has the wet, dry, and average year for a specific tributary 
delta.  The tables of summary statistics derived from the model output are presented for each of 
these deltas in the following subsections.  These summary statistics include the minimum, mean, 
and maximum thermal plume area calculated over the full period of plume evaluation (June 30–
September 20), as well as during specified mainstem temperature ranges (i.e., 18–20°C, 20–
22°C, and greater than 22°C). 
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Figure 5.3-1.  Example plot of Sweet Creek calculated hourly thermal plume area overlaid on mainstem 
water temperature for the representative dry year (2001). 

 
 
5.3.1. Slate Creek Delta 

The thermal plume modeling was not performed for the Slate Creek delta because there was not 
a water surface elevation versus area relationship that would warrant modeling.  The curve fit 
through the Slate Creek delta thermal plume area versus mainstem water surface elevation data 
had an R2 value of 0.09.  The curve that was fit (see Figure 5.2-2) was flat and showed a nearly 
constant thermal plume area versus mainstem water surface elevation relationship.  This is the 
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same conclusion that was drawn from reviewing the data.  That is, though the area of the plume 
varied, it is not correlated with the water surface elevation of the mainstem.  In addition, the 
thermal plume at Slate Creek persisted with significant area ranging between about 15,000 
square feet to 35,000 square feet. 
 
5.3.2. Flume Creek Delta 

A summary of the results of the thermal plume area modeling for Flume Creek is presented in 
Table 5.3-1.  The associated hourly model output is plotted on Figures B-1 through B-3 in 
Attachment B.  The thermal plume area-duration curve is presented in Figure 5.3-2.  Reviewing 
the values in Table 5.3-1 indicates that during the warmest period of the summer, when 
mainstem temperatures area above 22°C, there is little difference between the thermal plume 
areas for the wet, dry, and average years.  The maximum areas all approach 20,000 square feet 
whereas the minimum areas are between 14,000 square feet (wet and dry years) and 13,000 
square feet (average year).  The averages for the entire warm summer period are all between 
17,000 and 18,000 square feet.  The area-duration curve shows similar results with the wet and 
average year distribution of thermal plume areas being nearly identical.  The dry year has only 
slightly smaller thermal plume areas. 
 
During most of the thermal plume modeling period, the Project was operated under the voluntary 
summertime pool restriction with a minimum daytime forebay elevation of 1,984 feet NAVD 88 
(1,980 feet NGVD 29).  Because Flume Creek is in the Canyon Reach, the adjacent mainstem 
water surface elevations are nearly equal to the forebay elevation and the flow in the river has 
very little influence on the water surface elevation (upstream of Metaline Falls, the flow rate in 
the mainstem, in addition to the forebay elevation, has a significant influence on the mainstem 
water surface elevation adjacent to the tributary deltas.).  The elevation of the Flume Creek delta 
foreset slope is 1,966 feet NAVD 88 (1,962 feet NGVD 29), which is well below the summer 
voluntary pool level restriction elevation.  Therefore, in all three representative years, the 
mainstem water surface elevation did not approach the point at which Flume Creek would be 
flowing directly off the delta into the current created by Deadman’s Eddy.  Therefore, the 
variation in thermal plume areas was not large in any of the representative years. 
 
Overall, a significant thermal plume will persist at Flume Creek independent of the 
representative hydrologic year.  The area of the thermal plume during the warm summer months 
will typically range between over 10,000 to a maximum of 20,000 square feet and is influenced 
little by the whether it is a wet, dry, or average year. 
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Table 5.3-1.  Summary statistics of Flume Creek thermal plume areas (wet, dry, and average years). 

Year 
Minimum Area 
(sq. ft. x 10,000) 

Mean Area  
(sq. ft. x 10,000) 

Maximum Area  
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30-July 7 and September 3-September 20) 
Wet 1.417 1.755 1.996 
Dry 1.022 1.632 1.954 

Average 1.428 1.793 1.990 
Period of Mainstem Water Temperature 20–22°C (July 8-July 17 and August 27-September 2) 

Wet 1.435 1.783 1.991 
Dry 1.327 1.759 1.959 

Average 1.440 1.769 1.978 
Period of Mainstem Water Temperature Greater than 22°C (July 18-August 26) 

Wet 1.403 1.760 1.996 
Dry 1.464 1.756 1.968 

Average 1.315 1.750 1.973 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30-September 20) 
Wet 1.403 1.765 1.996 
Dry 1.022 1.729 1.968 

Average 1.315 1.766 1.990 
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Figure 5.3-2.  Flume Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 
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5.3.3. Sullivan Creek Delta 

A summary of the thermal plume area modeling results fore Sullivan Creek is presented in Table 
5.3-2 with the thermal plume area-duration curve presented in Figure 5.3-3.  The Sullivan Creek 
hourly thermal plume area model output is graphically presented in Figures B-4 though B-6 of 
Attachment B for the wet, dry, and average years, respectively. 
 
The thermal plume areas for Sullivan Creek are much larger than for Flume Creek. For example, 
the average year mean plume area for the entire warm summer period is nearly 100,000 square 
feet for Sullivan Creek and 18,000 square feet for Flume Creek.  The variation in the thermal 
plume area within each year and between years is greater for Sullivan Creek than Flume Creek.  
Reviewing the values in Table 5.3-2 indicates that during the warmest period of the summer the 
value are somewhat similar, when mainstem temperatures area above 22°C, the largest areas 
associated with the maximum and mean values associated with the wet year and the smallest 
with the dry year.  However, for the minimum plume area the average year value is the largest. 
For the entire period of mainstem water temperatures above 18°C, the wet and average years 
have nearly equal areas with the mean for the period of approximately 100,000 square feet.  The 
mean area for the dry year is 72,000 square feet.  The significant differences occur when 
comparing the minimum values for the period.  In this case, in the dry year the modeled plume 
area goes to zero for a portion of one day. 
 
In general, the wet and average years have similar modeled thermal plume areas, with the dry 
year having smaller areas.  This is evident in the thermal plume area-duration curves (Figure 5.3-
3), in which the curves for the wet and average year are very close together and above the curve 
for the dry year.  In reviewing this curve, it is noted that in the average year, the curve starts out 
on a flat line and higher than the wet year.  This is due to the dry year having a period when the 
flow exceeds 55,000 cfs capacity of the powerhouse.  When flows exceed this level, the thermal 
plume areas are assumed to remain constant. 
 
The higher level of sensitivity to the hydrologic year for Sullivan Creek compared to Flume 
Creek is due to the location of the tributaries relative to Metaline Falls.  Sullivan Creek is 
sensitive to both Project inflows and the forebay elevations resulting from Project operations.   
Because Flume Creek is located below Metaline Falls, the thermal plume areas are driven by the 
forebay elevation and not influenced by Project inflows from Box Canyon. 
 
The modeling effort indicates that in all but the rarest conditions, the exception being a few 
hours during the dry year, water surface elevations at Sullivan Creek remain above the delta 
foreset slope and a substantial area of potential thermal refugia persists in the thermal plume.  
The one day when the water surface elevation dropped below the delta foreset slope was the 
night of September 14, 2001, and lasted for 7 hours.  This was in a period when the mainstem 
water temperatures were dropping to near 18°C and the value of the cool water for thermal 
refugia would have been minimal. 
 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 56 March 2009 

Table 5.3-2.  Summary statistics of Sullivan Creek thermal plume areas (wet, dry, and average). 

Year 
Minimum Area 
(sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18–20°C (June 30-July 7 and September 3-September 20) 
Wet 4.766 11.118 17.207 
Dry 0.000 6.498 11.088 

Average 3.495 11.439 17.569 
Period of Mainstem Water Temperature 20–22°C (July 8-July 17 and August 27-September 2) 

Wet 5.332 10.826 16.317 
Dry 3.871 7.671 10.795 

Average 4.462 9.751 14.658 
Period of Mainstem Water Temperature Greater than 22°C (July 18-August 26) 

Wet 2.815 9.263 12.864 
Dry 2.763 7.433 11.169 

Average 4.134 8.560 12.515 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30-September 20) 
Wet 2.815 10.140 17.207 
Dry 0.000 7.288 11.169 

Average 3.495 9.563 17.569 
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Figure 5.3-3.  Sullivan Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 
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5.3.4. Linton Creek Delta 

The hourly output from the thermal plume area model for Linton Creek is plotted in Figures B-7 
through B-9 of Attachment B.  A separate plot is provided for each of the representative 
hydrologic years.  Table 5.3-3, along with the thermal plume area-duration curve in Figure 5.3-4; 
summarize the thermal plume area modeling results for Linton Creek. 
 
The Linton Creek thermal plume areas are generally smaller than the Flume Creek areas.  As an 
example, the average year mean plume area for the entire warm summer period is 18,000 square 
feet for Flume Creek and 5,000 square feet for Linton Creek.  The maximum and mean thermal 
plume area values are similar for all three hydrologic years during the most critical period of the 
summer when the mainstem water temperature is greater than 22°C.  During this period, the 
mean plume areas are approximately 5,000 square feet for the wet and average year conditions 
and 4,000 sq. ft for the dry year.  The minimum values are all on the order of 2,000 square feet.  
It is only for the period of mainstem temperatures between 18 and 20°C that there is a substantial 
difference in the modeled plume areas between the hydrologic years.  During this period, the wet 
and average year values are very similar for all three statistics.  The dry year values are 
substantially lower, particularly for the minimum which falls to about 250 square feet.  This 
occurred on the night of September 14, 2001, when the mainstem water surface elevation 
adjacent to Linton Creek was estimated to be 1,981.3 feet NAVD 88 (1,977.3 feet NGVD 29).  
This is the same period when the Sullivan Creek thermal plume area reached the zero value for 
seven hours. 
 
The thermal plume area-duration curves (Figure 5.3-4) indicate that the distribution of thermal 
plume areas is very similar for the wet and average years.  However, the values for the dry year 
fall considerably below those for the wet and average.  The dry year is approximately 40 percent 
below the wet and average curve.  At the left end of the curve, the wet and average years start 
near a delta area of 10,000 square feet, whereas the dry year starts at 6,000 square feet.  The 
similarity in the wet and average years in these plots is likely the result of flows being somewhat 
similar in these years as inflows to the Project are controlled by release from upstream reservoirs. 
 
The modeling effort indicates that for all three hydrologic conditions, thermal plumes persist on 
the Linton Creek delta.  For the wet and average years the areas remain at or above 
approximately 2,000 square feet for the entire period of warm mainstem water.  The thermal 
plume areas are estimated to be smaller for the dry year and can fall as low as 240 square feet, 
though this is an extreme condition that occurs on a single day.  More typically, the dry year 
areas are about 40 percent smaller than for those modeled for the wet and average years. 
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Table 5.3-3.  Summary statistics of Linton Creek thermal plume areas (wet, dry, and average years). 

Year 
Minimum Area 
 (sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18 – 20°C (June 30-July 7 and September 3-September 20) 
Wet 0.273 0.625 0.986 
Dry 0.025 0.362 0.607 

Average 0.207 0.642 1.006 
Period of Mainstem Water Temperature 20 – 22°C (July 8-July 17 and August 27-September 2) 

Wet 0.302 0.602 0.938 
Dry 0.226 0.418 0.585 

Average 0.256 0.539 0.827 
Period of Mainstem Water Temperature Greater than 22°C (July 18-August 26) 

Wet 0.174 0.511 0.714 
Dry 0.170 0.405 0.607 

Average 0.239 0.470 0.696 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30-September 20) 
Wet 0.174 0.563 0.986 
Dry 0.025 0.399 0.607 

Average 0.207 0.529 1.006 
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Figure 5.3-4.  Linton Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 
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5.3.5. Sweet Creek Delta 

Figures B-10 through B-12 of Attachment B presents plots of the thermal plume area model 
hourly output.  Separate plots are provided for each of the representative hydrologic years.  Table 
5.3-4, along with the thermal plume area-duration curve in Figure 5.3-5; summarize the thermal 
plume area modeling results for Sweet Creek.  The Sweet Creek thermal plume areas are similar 
to those for Linton Creek.  The mean thermal plume area for the entire warm summer period 
during the average year was modeled at 6,100 square feet for Sweet Creek and 5,300 square feet 
Linton Creek.  Comparing the areas for the wet year shows Sweet at 6,500 square feet and 
Linton at 5,600 square feet.  For the dry year, the Sweet Creek mean thermal plume area is 4,800 
square feet and Linton Creek mean area is 5,000 square feet   
 
Review of the modeled thermal plume areas for the entire warm summer period at Sweet Creek 
indicates that maximum plume areas are similar for all three hydrologic years with the wet and 
average years being nearly equal and the dry year about 25 to 30 percent lower.  The same 
comparison holds true for the mean values.  However, for the minimum values, the dry year has 
periods when the mainstem water surface elevation drops below the delta foreset slope elevation 
of 1,984 feet NAVD 88 (1,980 feet NGVD 29).  Further review of the table shows this occurs 
during the period when the mainstem water temperature is between 18 and 20°C.  Reviewing the 
actual hourly model runs reveals that during the dry year, the mainstem water surface elevation 
fell below start of the Sweet Creek delta foreset slope for 25 hours on the nights of September 14 
and 15, 2001.  Review of Figure B-11 (dry year) in Attachment B shows the periods when the 
modeled thermal plume areas fell to zero at the Sweet Creek delta.  The thermal plume area-
duration curves in Figure 5.3-5 support the above observations.  The curves for the wet and 
average years are very similar.  The curves for the wet and average years drop to zero at the 
100 percent exceedance level.  The dry year for most of the graph parallels the wet and average 
year curves at thermal plume area values about 10 to 20 percent lower than the wet and average 
years.  It drops to zero area at the 97 percent exceedance level. 
 
The thermal plume modeling effort shows that substantial thermal plumes, on the order of 
several 1,000 square feet, persist throughout the warm summer period except in a couple of 
extreme cases.  During the period when thermal refugia may be of most value, when mainstem 
water temperatures are above 22°C, the model does not predict zero plume areas during any of 
the three representative years; however, 25 hours of zero plume area were predicted for the dry 
year during the period when the mainstem temperatures are in the 18 to 20°C range.  
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Table 5.3-4.  Summary statistics of Sweet Creek thermal plume areas (wet, dry, and average years). 

Year 
Minimum Area  
(sq. ft. x 10,000) 

Mean Area 
(sq. ft. x 10,000) 

Maximum Area 
(sq. ft. x 10,000) 

Period of Mainstem Water Temperature 18 – 20°C (June 30-July 7 and September 3-September 20) 
Wet 0.371 0.688 0.957 
Dry 0.000 0.437 0.682 

Average 0.267 0.689 0.966 
Period of Mainstem Water Temperature 20 – 22°C (July 8-July 17 and August 27-September 2) 

Wet 0.406 0.681 0.931 
Dry 0.298 0.505 0.655 

Average 0.337 0.622 0.855 
Period of Mainstem Water Temperature Greater than 22°C (July 18-August 26) 

Wet 0.210 0.602 0.770 
Dry 0.189 0.488 0.674 

Average 0.320 0.562 0.758 
Full Period of Mainstem Water Temperature Greater than 18°C (June 30-September 20) 

Wet 0.210 0.645 0.957 
Dry 0.000 0.481 0.682 

Average 0.267 0.609 0.966 
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Figure 5.3-5.  Sweet Creek delta thermal plume area-duration curve for the representative wet, dry, and 
average years. 
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This attachment contains the following figures: 
 
Figure A-1.  Slate Creek continuous thermograph locations. 
Figure A-2.  Slate Creek water temperatures measured from July 12 through October 31, 2007. 
Figure A-3.  Slate Creek water temperatures measured from June 25 through October 1, 2008. 
Figure A-4.  Flume Creek continuous thermograph locations. 
Figure A-5.  Flume Creek water temperatures measured from July 12 through October 31, 2007. 
Figure A-6.  Flume Creek water temperatures measured from June 25 through October 1, 2008. 
Figure A-7.  Sullivan Creek continuous thermograph locations. 
Figure A-8.  Sullivan Creek water temperatures measured from July 12 through October 31, 

2007. 
Figure A-9.  Sullivan Creek water temperatures measured from June 25 through October 1, 2008. 
Figure A-10.  Linton Creek continuous thermograph locations. 
Figure A-11.  Linton Creek water temperatures measured from July 12 through October 31, 

2007. 
Figure A-12.  Linton Creek water temperatures measured from June 25 through October 1, 2008. 
Figure A-13.  Pocahontas Creek continuous thermograph locations. 
Figure A-14.  Pocahontas Creek water temperatures measured from July 12 through October 31, 

2007. 
Figure A-15.  Pocahontas Creek water temperatures measured from June 25 through October 1, 

2008. 
Figure A-16.  Sweet Creek continuous thermograph locations. 
Figure A-17.  Sweet Creek water temperatures measured from July 12 through October 31, 2007. 
Figure A-18.  Sweet Creek water temperatures measured from June 25 through October 1, 2008. 
Figure A-19.  Sand Creek continuous thermograph locations. 
Figure A-20.  Sand Creek water temperatures measured from July 12 through October 31, 2007. 
Figure A-21.  Sand Creek water temperatures measured from June 25 through October 1, 2008. 
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Figure A-2.  Slate Creek water temperatures measured from July 12 through October 31, 2007. 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

26.0

6/25/08 7/2/08 7/9/08 7/16/08 7/23/08 7/30/08 8/6/08 8/13/08 8/20/08 8/27/08 9/3/08 9/10/08 9/17/08 9/24/08

Date

T
em

pe
ra

tu
re

 (o C
)

Mainstem at 6 feet Mainstem at 3 feet Varial No. 2 Varial No. 1 Upstream

 

Figure A-3.  Slate Creek water temperatures measured from June 25 through October 1, 2008.
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Figure A-4
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Figure A-5.  Flume Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-6.  Flume Creek water temperatures measured from June 25 through October 1, 2008. 
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Figure A-8.  Sullivan Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-9.  Sullivan Creek water temperatures measured from June 25 through October 1, 2008.
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Figure A-11.  Linton Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-12.  Linton Creek water temperatures measured from June 25 through October 1, 2008.
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Figure A-14.  Pocahontas Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-15.  Pocahontas Creek water temperatures measured from June 25 through October 1, 2008.
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Figure A-16
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Figure A-17.  Sweet Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-18.  Sweet Creek water temperatures measured from June 25 through October 1, 2008.
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Figure A-19
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Figure A-20.  Sand Creek water temperatures measured from July 12 through October 31, 2007. 
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Figure A-21.  Sand Creek water temperatures measured from June 25 through October 1, 2008. 
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Attachment B:  Thermal Plume Model Output Figures 
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This attachment contains the following figures: 
 
Figure B-1.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 

June 30 to September 20 for the representative wet (1997) year at the Flume Creek delta. 
Figure B-2.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 

June 30 to September 20 for the representative dry (2001) year at the Flume Creek delta. 
Figure B-3.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 

June 30 to September 20 for the representative average (2002) year at the Flume Creek 
delta. 

Figure B-4.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative wet (1997) year at the Sullivan Creek 
delta. 

Figure B-5.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative dry (2001) year at the Sullivan Creek 
delta. 

Figure B-6.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative average (2002) year at the Sullivan Creek 
delta. 

Figure B-7.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative wet (1997) year at the Linton Creek delta. 

Figure B-8.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative dry (2001) year at the Linton Creek delta. 

Figure B-9.  Calculated hourly thermal plume area overlaid on mainstem water temperature from 
June 30 to September 20 for the representative average (2002) year at the Linton Creek 
delta. 

Figure B-10.  Calculated hourly thermal plume area overlaid on mainstem water temperature 
from June 30 to September 20 for the representative wet (1997) year at the Sweet Creek 
delta. 

Figure B-11.  Calculated hourly thermal plume area overlaid on mainstem water temperature 
from June 30 to September 20 for the representative dry (2001) year at the Sweet Creek 
delta. 

Figure B-12.  Calculated hourly thermal plume area overlaid on mainstem water temperature 
from June 30 to September 20 for the representative average (2002) year at the Sweet 
Creek delta. 
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Figure B-1.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative wet (1997) year at the Flume Creek delta. 
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Figure B-2.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative dry (2001) year at the Flume Creek delta. 
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Figure B-3.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative average (2002) year at the Flume Creek delta. 
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Figure B-4.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative wet (1997) year at the Sullivan Creek delta. 
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Figure B-5.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative dry (2001) year at the Sullivan Creek delta. 
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Figure B-6.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative average (2002) year at the Sullivan Creek delta. 
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Figure B-7.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative wet (1997) year at the Linton Creek delta. 
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Figure B-8.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative dry (2001) year at the Linton Creek delta. 
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Figure B-9.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 30 
to September 20 for the representative average (2002) year at the Linton Creek delta. 
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Figure B-10.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 
30 to September 20 for the representative wet (1997) year at the Sweet Creek delta. 



 APPENDIX 4B – TRIBUTARY DELTA HABITAT MODELING – WATER  
FINAL REPORT TEMPERATURE MONITORING AND THERMAL PLUMES 
 

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment B Page 6 March 2009 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

21-Jun

19-Jul

16-A
ug

13-S
ep

Th
er

m
al

 P
lu

m
e 

A
re

a 
(s

q.
ft.

 x
 1

0,
00

0)

15

16

17

18

19

20

21

22

23

24

R
es

er
vo

ir 
W

at
er

 T
em

pe
ra

tu
re

 (o C
)

Plume Area
Temperature

 
Figure B-11.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 
30 to September 20 for the representative dry (2001) year at the Sweet Creek delta. 

0

0.2

0.4

0.6

0.8

1

1.2

21-Jun

19-Jul

16-A
ug

13-S
ep

Th
er

m
al

 P
lu

m
e 

A
re

a 
(s

q.
ft.

 x
 1

0,
00

0)

15

16

17

18

19

20

21

22

23

24

R
es

er
vo

ir 
W

at
er

 T
em

pe
ra

tu
re

 (o C
)

Plume Area
Temperature

 
Figure B-12.  Calculated hourly thermal plume area overlaid on mainstem water temperature from June 
30 to September 20 for the representative average (2002) year at the Sweet Creek delta.   
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Study 8 Appendix 5 
Mainstem Sediment Transport Modeling 

Final Report 
Boundary Hydroelectric Project (FERC No. 2144) 

1 INTRODUCTION 

This report provides documentation of the development and calibration of the Mainstem 
Sediment Transport Model (MSTM) used to support analyses of the effects of Boundary 
Hydroelectric Project (Project) operations on channel morphology within the Pend Oreille River 
from Box Canyon Dam downstream to the confluence of Red Bird Creek (located approximately 
3.1 miles downstream of Boundary Dam).  A sediment transport modeling component was 
incorporated into Study 8 because of the potentially complex interactions between sediment 
transport processes and reservoir conditions on the morphology of the Pend Oreille River.  For 
example, the erosion, transport, and accumulation of sediment within the mainstem Pend Oreille 
River may affect aquatic habitats by altering channel morphology and the size and gradation of 
channel substrates.  The mainstem sediment transport study effort utilized estimates of sediment 
erosion and accumulation since construction of Boundary Dam to calibrate the models.  The 
calibrated sediment transport models were then utilized to predict the patterns of erosion and 
sediment accumulation over the 50-year term of a new license.  The model output was used to 
assess potential changes in channel morphology and changes in the size and gradation of channel 
substrates within the Pend Oreille River from Box Canyon Dam downstream to Red Bird Creek. 

1.1. Background 

The Project is operated in a load-following mode, generating power during peak-load hours and 
curtailing generation during off-peak hours. This operating regime allows SCL to meet 
continued service area load growth and provide regional system reliability.  The Project capacity 
of the six turbines is approximately 55,000 cubic feet per second (cfs), which is more than 
double the average annual flow of the Pend Oreille River (SCL 2007).  The reservoir’s relatively 
small storage capacity in relation to inflow and the turbine capacity means that existing Project 
operations can, at times, cause the water surface elevations in the Forebay and Tailrace reaches 
to fluctuate more than 10 feet in one day.  During annual high flows, when the majority of the 
sediment is transported into and through the Boundary Reservoir, the inflows to the reservoir 
normally exceed the turbine capacity, excess flow is conveyed through the two principal 
spillways, and the reservoir water surface elevation is maintained near full pool (1,994 feet 
NAVD 88 [1,990 feet NGVD 29]1).  The effect of Project operations on water surface elevation 
during these times is negligible because inflow to the reservoir and the flow through the 

1 SCL is in the process of converting all Project information from an older elevation datum (National Geodetic 
Vertical Datum of 1929 [NGVD 29]) to a more recent elevation datum (North American Vertical Datum of 1988 
[NAVD 88]).  As such, elevations are provided relative to both data throughout this document.  The conversion 
factor between the old and new data is approximately 4 feet (e.g., the crest of the dam is 2,000 feet NGVD 29 and 
2,004 feet NAVD 88). 
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spillways overwhelm the flow through the turbines.  Therefore, differences in the effect of 
sediment transport on mainstem channel morphology between existing Project operations and 
operations scenarios are expected to be insignificant.  Per the tasks in the Revised Study Plan 
(RSP) (SCL 2007) the effects of Project operations were modeled only for a single case—
existing Project operations over the 50-year term of a new license. 

1.2. Study Description 

A public-domain, one-dimensional computer model was developed to analyze erosion, transport, 
and deposition of sediment and to simulate the effects of hydraulic conditions associated with 
Project operations on channel morphology and the size and gradation of channel substrates in the 
mainstem Pend Oreille River.  Output from the model was used to support the analyses of 
Project effects on aquatic habitats in the Pend Oreille River between Box Canyon Dam and the 
confluence of Red Bird Creek. 

The Hydraulic Routing Models (HRMs) developed for Study 7, Mainstem Aquatic Habitat 
Modeling Study Final Report (SCL 2009a), and the peak flow model developed for Study 2, 
Analysis of Peak Flood Flow Conditions above Metaline Falls Final Report (SCL 2009b), were 
used as the basis for developing the MSTM.  Two models were developed, one for the Boundary 
Reservoir (Box Canyon Dam downstream to Boundary Dam) and one for the Tailrace Reach 
(Boundary Dam downstream to the confluence of Red Bird Creek).  Two separate models were 
developed because the sediment transport modeling software does not have the capabilities to 
model dam operations or spillway hydraulics.  Although the HRMs developed for Study 7 
represent the complete channel length between Box Canyon Dam and the confluence of Red Bird 
Creek, these models were calibrated using flow rates up to approximately 55,000 cfs.  High 
flows through the Boundary Reservoir can approach 140,000 cfs; it is at these high flow rates 
when sediment transport capacity is greatest.  The peak flow model developed for Study 2 was 
calibrated to high flow events (96,000–136,000 cfs); however, the peak flow model was not 
developed for the mainstem downstream of Boundary Dam.  The Study 2 peak flow model was 
used as the basis for the MSTM between Box Canyon Dam and Boundary Dam and the Study 7 
Tailrace HRM was used to develop the MSTM between Boundary Dam and the confluence of 
Red Bird Creek. 

Using the Study 2 and Study 7 models, the MSTM hydraulics were calibrated to closely match 
the water surface profiles calculated using the Study 2 and Study 7 models.  Once the hydraulics 
were calibrated, the sediment transport routine was developed and calibrated to match the 
volumes of sediment accumulated in the reservoir since the completion of construction of 
Boundary Dam in 1967.  The calibrated sediment transport models were used to predict 
mainstem channel morphology and the size and gradation of channel substrates for the 50-year 
term of a new license. 

Descriptions of the methods for developing and calibrating the sediment transport models are 
presented in Section 4.  The calibration results and predictions of future patterns of erosion and 
sediment accumulation are presented in Section 5.  Section 6 includes the necessary references.  
Attachment A includes figures showing the habitat transects defined for the mainstem aquatic 
habitat mapping in Study 7 and the cross sections included in the sediment transport models. 
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2  STUDY OBJECTIVES 

This study investigated mainstem sediment transport with the goal of evaluating effects of 
Project operations on channel morphology and the size and gradation of channel substrates 
within the Pend Oreille River.  The objectives of the mainstem sediment transport portion of 
Study 8 were to: 

1. Develop and calibrate sediment transport models to represent the mainstem Pend 
Oreille River from Box Canyon Dam downstream to the confluence of Red Bird 
Creek.

2. Apply the calibrated sediment transport models to predict future patterns of erosion 
and sediment accumulation over the 50-year term of a new license. 

In this final report, both objectives for the mainstem sediment transport component of Study 8 
are addressed and corresponding results presented.  As discussed in Section 1.2, the MSTM 
component of Study 8 considers only the effect of existing Project operations on the morphology 
and substrates in the mainstem channel.  Due to the negligible influence of Project operations on 
mainstem sediment transport, the effect of operations scenarios on sediment transport will not be 
modeled.

3 STUDY AREA 

The overall study area for the MSTM effort encompassed the Pend Oreille River from Box 
Canyon Dam downstream to Seven Mile Dam.  The effects of Project operations on channel 
morphology and the size and gradation of channel substrates were evaluated no farther 
downstream than the confluence with Red Bird Creek (Figure 3.0-1); however, the effects of 
operations of the Project on sediment transport below Boundary Dam are influenced by the 
operations of the Seven Mile Project.  Therefore, the downstream limit of the study area required 
to conduct the sediment transport modeling effort was extended approximately 7.1 miles 
downstream from Red Bird Creek to Seven Mile Dam (located at Project river mile [PRM] 6.0).  
It was necessary to define the downstream limit of the study area at Seven Mile Dam because 
water surface elevations were monitored at Seven Mile Dam and could be used to develop the 
downstream boundary conditions at Red Bird Creek (PRM 13.9) for the sediment transport 
model.  The mainstem Pend Oreille River was divided into the following four reaches (see 
Figure 3.0-1): 

� Upper Reservoir Reach—Box Canyon Dam to Metaline Falls (PRM 34.5–26.8) 
� Canyon Reach—Metaline Falls to downstream end of Z Canyon (PRM 26.8–18.0) 
� Forebay Reach—Downstream end of Z Canyon to Boundary Dam (PRM 18.0–17.0) 
� Tailrace Reach—Boundary Dam downstream to Red Bird Creek confluence with the 

Pend Oreille River, British Columbia (PRM 17.0–13.9) 
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4 METHODS 

The general approach used to evaluate the effect of Project operations on mainstem channel 
morphology and the size and gradation of channel substrates consisted of four primary 
components: 

� Model comparison and selection 
� Model development 
� Model calibration 
� Model application and 50-year future simulation 

The first component required a comparison of available sediment transport models, and selection 
of a model for use in this study (Section 4.1).  Based on the selected model, the data required for 
model development were identified, and appropriate methods were used to collect and input 
these data (Section 4.2).  The assembled models were calibrated so that the predicted hydraulics 
closely matched target values, and so that the predicted erosion and sediment accumulation 
closely matched observed erosion and accumulation (Section 4.3).  Once the models were 
calibrated, they were applied to existing channel morphology and substrate gradations to predict 
changes over the 50-year term of a new license under existing Project operations (Section 4.4). 

4.1. Sediment Transport Model Comparison and Selection 

Public-domain, one-dimensional computer modeling software programs developed to analyze 
erosion, transport, and deposition of sediment were reviewed to assess their applicability to the 
objectives of Study 8 and the conditions of the study reach of the Pend Oreille River.  The 
primary objective of the MSTM study component was to evaluate the effects of Project 
operations on channel morphology and substrate gradation within the Pend Oreille River from 
Box Canyon Dam downstream to approximately Red Bird Creek.  Therefore, the following 
model requirements were considered when evaluating applicability: 

� Representation of sediment mobilization, transport, settling, and resuspension 
� Transport of sediment by size fraction 

Desirable aspects of sediment transport models included: 
� Consolidation of settled sediment 
� Flexibility in selecting sediment transport routines for various sediment size fractions 
� Representation of the development of a streambed armor layer 

Considerations that were taken into account included: 
� Time requirements for running the sediment routing model 
� Variable computation intervals depending on boundary conditions 
� Simulation time horizon of long periods (e.g., the 50-year term of a new license) 
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One-dimensional, public-domain sediment transport models were reviewed in consideration of 
these requirements, desirable aspects, considerations, and known conditions in the study reach of 
the Pend Oreille River.  The following models were considered as candidates: 

� HEC-6 – Scour and Deposition in Rivers and Reservoirs (USACE 1993) 
� HEC-6T – Sedimentation in Stream Networks (MBH Software, Inc. 2002) 
� EFDC1D – Environmental Fluid Dynamics Code – One Dimensional (Hamrick 2001) 
� SRH-1D – Sedimentation and River Hydraulics – One Dimension (Huang and 

Greimann 2007) 

A brief overview of each model is presented in the following subsections. 

4.1.1. HEC-6 – Scour and Deposition in Rivers and Reservoirs 

HEC-6 (USACE 1993) is a one-dimensional, movable boundary, open channel flow and 
sediment model designed to simulate changes in river profiles due to scour and deposition over 
fairly long time periods.  The continuous flow record is broken into a sequence of steady flows 
of variable discharge and duration.  For each flow, a water surface profile is calculated, thereby 
providing energy slope, velocity, depth, etc., at each cross section.  Potential sediment transport 
rates are then computed and the cross section shape adjusted accordingly.  The computations 
then proceed to the next flow in the sequence and the cycle is repeated beginning with the 
updated geometry.  The sediment calculations are performed by grain size fraction, thereby 
allowing for the simulation of hydraulic sorting and armoring.

4.1.2. HEC-6T – Sedimentation in Stream Networks 

HEC-6T was written by William Thomas, previous Chief of the Research Branch at the U.S. 
Army Corps of Engineers (USACE) Hydrologic Engineering Center (HEC).  Mr. Thomas 
planned, designed, wrote, and applied the first version of HEC-6, and HEC-6T is an 
enhancement of HEC-6 (MBH Software 2002).   

4.1.3. EFDC1D – Environmental Fluid Dynamics Code – One Dimensional 

EFDC1D is a one-dimensional hydrodynamic and sediment transport model that can be applied 
to stream networks (Hamrick 2001).  EFDC1D can simulate bi-directional unsteady flows and 
has the ability to accommodate unsteady inflows and outflows associated with upstream inflows, 
lateral inflows and withdrawals, groundwater-surface water interaction, evaporation, and direct 
rainfall.  The model also includes representation of hydraulic structures such as dams and 
culverts.  For sediment transport, the model includes settling, deposition, and resuspension of 
multiple size classes of cohesive and noncohesive sediments.  The bed is represented by multiple 
layers of mixed sediment classes.  A bed consolidation model is implemented to predict time 
variations of bed depth, void ratio, bulk density, and shear strength.  The sediment bed 
representation is dynamically coupled to the cross-sectional area representation to account for 
area changes due to deposition and resuspension. 
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4.1.4. SRH-1D – Sedimentation and River Hydraulics 

The U.S. Bureau of Reclamation (USBR) Sedimentation and River Hydraulics Group has a long 
history of developing numerical models for sediment transport in rivers (Huang and Greimann 
2007).  SRH-1D was originally named GSTAR-1D; in June 2007 the model name was changed 
to SRH-1D to better identify the USBR’s Sedimentation and River Hydraulics Group as the 
developer and to accommodate other models under development in the group.  SRH-1D is a one-
dimensional hydraulic and sediment transport model for use in natural rivers and manmade 
canals.  It is a mobile boundary model that simulates changes caused by sediment transport.  It 
can estimate sediment concentrations throughout a waterway given the sediment inflows, bed 
material, hydrology, and hydraulics of that waterway. 

4.1.5. Model Selection 

The primary objective in selecting a mainstem sediment transport model was to pick the most 
efficient model that will meet the criteria set forth in Section 4.1.  HEC-6T was selected as the 
model for evaluation of the changes in mainstem channel morphology and the size and 
distribution of channel substrates.  The following paragraphs document the factors considered in 
arriving at this selection. 

Generally the hydraulic and sediment transport capabilities of the models were compared.  All 
models can represent changing inflow rates, but EFDC1D is the only program reviewed that 
performs dynamic flow routing.  Because the effects of operations scenarios on mainstem 
sediment transport were agreed to be negligible, hourly variations in reservoir pool level did not 
need to be represented in the model.  Therefore, dynamic flow routing was not a needed feature; 
average daily flow rates and average daily reservoir water surface elevations were sufficient to 
represent mainstem sediment transport conditions.  The other hydraulic consideration of the 
compared modeling software was the ability to represent hydraulic structures, and all models 
have this capability.  All models can route sediment by size fraction, all contain settling and 
consolidation routines, all allow for selection of different sediment transport regimes for 
different sediment size fractions, and all models are capable of representing the formation of an 
armor layer. 

Given the many similarities across the capabilities of the available models, other factors such as 
compatibility with other relicensing studies were considered.  The Tributary Delta Habitat 
Modeling component of Study 8 relies heavily on the HEC-RAS HRMs developed and 
calibrated in Study 7 (SCL 2009a) and the HEC-RAS peak flow model developed and calibrated 
in Study 2 (SCL 2009b).  The HEC-6 and HEC-6T software were evaluated more closely given 
the similarity of file structures and computation routines between the HEC models.  Although 
both of these models allow for use of HEC-RAS data files, HEC-6T can directly import 
geometry files from HEC-RAS and it includes enhanced interfaces for compiling and editing 
input and output files.  Further, the enhancements in HEC-6T over HEC-6 allow for greater 
flexibility in representing changes in channel morphology in response to erosion and sediment 
deposition.  Thus, HEC-6T is the more efficient model for application to the mainstem sediment 
transport modeling. 
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Prior to finalizing the selection of HEC-6T as the most efficient model for application to Study 8, 
SRH-1D and EFDC1D were directly compared to HEC-6T.  SRH-1D is a model developed and 
primarily applied by the USBR.  Due to its limited use outside of USBR projects, addressing 
model bugs and resolving troubleshooting issues may have required periods of time too great to 
meet the critical schedule associated with this FERC relicensing project.  EFDC1D is a robust 
model, but due to its development as a simplification of EFDC, a three-dimensional finite 
element water quality model, it requires considerable technical expertise in hydrodynamics to 
model effectively.  If the mainstem sediment transport modeling criteria set forth exceeded the 
capabilities of HEC-6T, EFDC1D would be an appropriate model.  However, in the interest of 
applying the most efficient model that meets the modeling criteria, the finalization of the 
selection of HEC-6T over EFDC1D was justified. 

4.2. Model Development 

The data required to apply the mainstem sediment transport models were based on the 
requirements of the HEC-6T model.  The primary data requirements can be coarsely grouped as 
geometric data, hydraulic data, and sediment data.  Due to the presence of the Boundary Project 
between Box Canyon Dam and the approximate location of the confluence of Red Bird Creek, 
the mainstem channel was divided into two reaches: the Boundary Reservoir (Box Canyon Dam 
to Boundary Dam) and the Boundary Tailrace (Boundary Dam to Red Bird Creek).  Two 
separate models were developed to represent conditions within each of these reaches because the 
HEC-6T software (along with all of the other evaluate software) does not have the capability to 
model dam operations or spillway hydraulics.  The geometric data included cross section 
geometry and reach lengths (Section 4.2.1).  The hydraulic data included downstream boundary 
conditions, upstream inflow rates, channel roughness and expansion and contraction coefficients, 
ineffective flow areas (Section 4.2.2).  Section 4.2.3 describes the required sediment data, such 
as inflowing sediment loads by size fraction and the initial gradation of channel substrates. 

4.2.1. Geometric Data 

The geometric data used to develop the HEC-6T models were based on the geometric data 
developed and calibrated for the HEC-RAS models used in the analysis of peak flood flow 
conditions (Study 2) and in the analysis of mainstem aquatic habitats (Study 7).  Although the 
cross section geometry is essentially the same for both of these models, the Study 2 peak flow 
model does not extend downstream of Boundary Dam, so the Study 7 HRM was used for the 
Boundary Tailrace.  In the Boundary Reservoir, the data from the Study 2 model were used for 
the HEC-6T model because the Study 2 model was calibrated for conditions more similar to 
those when most of the sediment is being transported in the mainstem (e.g., high flows) whereas 
the Study 7 HRMs were calibrated using flow rates up to approximately 55,000 cfs.  High flows 
through the Boundary Reservoir can approach 140,000 cfs; it is at these high flow rates when 
sediment transport capacity is greatest.  The peak flow model developed for Study 2 was 
calibrated to high flow events (96,000–136,000 cfs). 

As described in Appendix 2 of the Study 8, Sediment Transport and Boundary Reservoir 
Tributary Delta Habitats Final Report (SCL 2009c), various data sources were evaluated to 
characterize the geometry of the mainstem channel prior to the construction of Boundary Dam.  
For the calibration of the sediment transport models, the pre-dam geometry was used in place of 
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the existing geometry of the channels included in the Study 7 HRM and Study 2 peak flow 
model.  The pre-dam geometry was used only for locations where zones of considerable erosion 
or sediment accumulation were identified, specifically the Forebay Reach and the portion of the 
Canyon Reach located approximately between the Flume Creek confluence and the Slate Creek 
confluence.

Not all of the cross sections included in the Study 2 peak flow model or in the Study 7 HRM 
were imported to the HEC-6T models.  For purposes of model stability, run efficiency, and 
needed resolution of model output, each reach was subdivided at approximately 1,000-foot 
intervals for the sediment transport models.  There are locations where shorter intervals were 
used, in particular the constriction through Metaline Falls, but these were kept to a minimum and 
only occur where needed to satisfy hydraulic calibration objectives.  Once representative cross 
sections were selected, the cross section geometry and modified reach lengths (to account for 
unused sections) were directly imported into the HEC-6T model. 

4.2.2. Hydraulic Data 

Some of the hydraulic data required to run the mainstem sediment transport models were 
developed differently for model calibration and model application; some of the data were applied 
similarly.  For example, the upstream and downstream boundary conditions were set as steady 
state values for hydraulic calibration.  For calibration of the sediment transport routine, these 
same boundary conditions were varied on a daily basis from September 1967 through December 
2006.  Hydraulic data such as channel roughness coefficients, expansion and contraction 
coefficients, and ineffective flow areas were treated similarly for all model runs.  The following 
sections more thoroughly describe these hydraulic data. 

4.2.2.1. Downstream Boundary Conditions 

Downstream boundary conditions are needed for the models representing the Boundary 
Reservoir and the Boundary Tailrace.  In both cases, the downstream boundary conditions are 
water surface elevations. 

The water surface elevation of the Boundary reservoir was measured a midnight every day 
between September 1967 and the end of the model horizon (December 2006).  These 
measurements were recorded by the U.S. Geological Survey (USGS) (gage 12398550 – 
Boundary Reservoir near Metaline Falls) in cooperation with SCL staff at the Project.  These 
daily measurements were used to set the reservoir water surface elevation for every day during 
the modeling horizon.  Hourly water surface elevations were not used in the modeling efforts 
because it was agreed that the long-term effects of Project operations on sediment transport were 
negligible. 

In the Tailrace Reach, the downstream water surface elevation experienced a significant change 
during the modeling horizon—the construction of Seven Mile Dam and its hydropower 
operations.  Construction of the dam began in 1975 and the gate to the diversion channel was 
shut on March 11, 1979.  The geometry of the Seven Mile Reservoir (Boundary Dam to Seven 
Mile Dam) as developed for the Study 7 HRM was used to calculate a rating curve for the period 
prior to March 12, 1979.  After construction of the dam, water surface elevation measurements 
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were available for 1987 and after, but no such measurements were available between 1979 and 
1987.  Another change during this period was the addition of flashboards (approximately 18-feet 
high) to the dam in the spring of 1988.  The measurements from 1987 and 1988 prior to the 
addition of the flashboards were used to synthesize daily average water surface elevations in the 
Seven Mile reservoir.  The actual hourly measurements from May 1988 through December 2006 
were used to calculate the daily average water surface elevation in the Seven Mile reservoir.  As 
the water surface elevation measurements were made in the forebay of the Seven Mile reservoir, 
a adjustment was applied to the measured water surface elevation at Seven Mile Dam to account 
for the increase in water surface elevation at the confluence with Red Bird Creek. 

4.2.2.2. Upstream Boundary Conditions 

Flow rates were needed for all upstream boundaries of the model, both the mainstem Pend 
Oreille River and tributaries entering the Boundary Reservoir and the Boundary Tailrace.
Average daily flow rates are available through the USGS at gage 12396500 on the Pend Oreille 
River below Box Canyon Dam for the modeling horizon.  However, no similar long-term 
measurements have been recorded for the tributaries.  Documentation of the process used to 
synthesize hydrologic records for study area tributaries is compiled in a hydrology report (R2 
Resource Consultants 2008).  A brief summary of the process is presented here. 

The only gaged tributary to the Pend Oreille River within the study area for the period of interest 
is Sullivan Creek.  Flow measurements are available at the following two locations on Sullivan 
Creek:

� Sullivan Creek above Outlet Creek (USGS gage 12396900), drainage area of 70.2 
square miles, flow records available from April 24, 1994 through September 30, 
2003.

� Sullivan Creek near confluence with Pend Oreille River (USGS gage 12398000), 
drainage area of 142 square miles, flow records available from April 24, 1994 
through September 30, 2003, and July 1, 2004 through September 30, 2005. 

Flows in Sullivan Creek above Outlet Creek are unregulated and were used to estimate flows in 
other unregulated tributaries within the study area.  The flow record in Sullivan Creek above 
Outlet Creek was extended to cover the entire modeling horizon by synthesizing missing flows, 
using relationships derived from a nearby reference gage:  the Salmo River near confluence with 
Pend Oreille River (Water Survey of Canada gage 08NE074).  Flow records in Sullivan Creek 
above Outlet Creek were estimated by multiplying concurrent flows from the reference gage by 
the drainage area ratio and a seasonal adjustment factor.  This same approach was used to 
calculate the flows for the other ungaged tributaries.  The Boundary Reservoir receives runoff 
from 28 tributaries, 13 of which are unnamed; the Boundary Tailrace receives runoff from four 
named tributaries and a few unnamed tributaries. 

For the Tailrace Reach, the average daily flow released through the turbines and spilled was 
measured by SCL since 1986.  Prior to 1986, the average daily flows were synthesized following 
the methods outlined in the Compilation of Project Hydrologic Data report (R2 Resource 
Consultants 2008). 
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The water temperature was required for all inflows to the model.  Water temperature is important 
for computing sediment settling velocity, and it becomes more important as particle size 
becomes smaller (MBH Software, Inc., 2002).  Cold water can transport larger quantities of fine 
sediment because the settling velocities of fine sediment reduce as water temperature decreases.  
Water temperatures in the Boundary Reservoir have been measured by the USGS (gage 
12398550) in the forebay and by Tetra Tech at the tributary deltas and along the Pend Oreille 
River.  The Tetra Tech monitoring data were limited to partial years in 2007 and 2008, whereas 
the USGS data have been collected daily since October 2000.  Reservoir measurements collected 
by Tetra Tech at the riverward extent of the tributary deltas were compared to the forebay 
measurements, and minimal differences were noted.  Annual variability in the USGS data was 
visually compared as shown in Figure 4.2-1 by plotting daily average temperature by day of year 
between October 2000 and October 2008.  Annual variation closely followed the day of year, 
and showed little correlation with flow through the reservoir. 
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Figure 4.2-1.  Annual comparison of mean daily water temperature as recorded in the Boundary 
Reservoir forebay (USGS gage 12398550). 

As illustrated in Figure 4.2-1, the average daily water temperature closely tracks the day of the 
year; an alternate analysis revealed that the water temperature did not closely follow flow rate.
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For the sediment transport modeling efforts, the average daily water temperature for each day of 
the year was applied to every year in the modeling horizon.  Because the relative magnitude of 
flow into the reservoir from tributaries is approximately 1 to 2 percent of the magnitude of flow 
through Box Canyon, the effect of tributary water temperatures on mainstem temperature was 
considered insignificant and all tributaries were assigned the same daily water temperatures as 
the mainstem. 

4.2.2.3. Internal Hydraulic Variables 

The upstream inflows and downstream water surface elevations comprise the boundary 
conditions for the sediment transport models.  Additional internal variables affect energy losses 
and the movement of flow and sediment through the modeled reaches.  These internal variables 
include roughness coefficients, the locations of streambank stations, the assignment of roughness 
coefficients across each cross section, expansion and contraction coefficients, and delineation of 
ineffective flow areas.  The variables are commonly used as calibration parameters.  For the 
development of the HEC-6T model, no appreciable changes were made to the value of these 
variables as they were calibrated for the Study 2 peak flow model (Boundary Reservoir) and the 
Study 7 HRM (Boundary Tailrace).  Additional details regarding the calibration and validation of 
these variables are available in the Study 2 Final Report (SCL 2009b) and the Study 7 Final 
Report (SCL 2009a). 

4.2.3. Sediment Data 

The sediment data needed for the HEC-6T model includes sediment inflows and the gradation of 
the bed material at each cross section.  The sediment inflows are represented using sediment 
rating curves where the sediment load is a function of flow rate.  The bed material gradation for 
each cross section was based on visual classifications made for the Boundary Reservoir in 
October–November 2007 and for the Boundary Tailrace in April 2008. 

4.2.3.1. Sediment Inflows 

The sediment inflows to the Boundary Reservoir are generated by the following sources: 1) 
releases from Box Canyon Dam, 2), tributary input, and 3) shoreline erosion. 

Appendix 2 (Study 8 Final Report [SCL 2009c]) thoroughly describes the methods used to 
estimate the supply and gradation of sediment from each of these sources since construction of 
Boundary Dam.  In summary, the wash load and bed material load from each source were 
estimated in aggregate over the 39 year period from September 1967–December 2006.  The 
HEC-6T model requires sediment inflows to be formatted as sediment rating curves.  The curves 
provide the daily sediment inflow (by weight) within specified grain classes as a function of a 
flow rate.  Generally, a power equation is used to represent sediment rating curves relating the 
daily sediment load to the daily flow.  To reduce model complexity, a maximum of nine separate 
sediment inflows within each of the two modeling reaches was desired.  To achieve this 
objective, flow rates and sediment loads from all tributary inputs and shoreline erosion within 
sub-reaches of the model were combined and a rating curve developed for the combined input.  
Figure 4.2-2 illustrates the locations where the combined inflows were input to the models.   
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Table 4.2-1 lists the sediment sources combined at each of the local inflows.  The following 
paragraphs describe the development of the rating curves for these various sediment inflows. 

Table 4.2-1.  Sediment sources combined into HEC-6T local inflows. 

Local Inflow Contributing Areas1

Reservoir #1 Lime Creek, Pewee Creek, Unnamed Tributaries 1 -2, Direct Drainage 1, Shoreline Erosion 
Reservoir #2 Slate Creek, Everett Creek, Whiskey Gulch, Direct Drainage 2, Shoreline Erosion 
Reservoir #3 Beaver Creek, Threemile Creek 
Reservoir #4 Flume Creek, Unnamed Tributary 3, Direct Drainage 4, Shoreline Erosion 
Reservoir #5 Sullivan Creek, Unnamed Tributary 4, Direct Drainage 5, Shoreline Erosion 
Reservoir #6 Linton Creek, Direct Drainage 6, Shoreline Erosion 
Reservoir #7 Pocahontas Creek, Unnamed Tributaries 5 – 8, Direct Drainage 7, Shoreline Erosion 
Reservoir #8 Sweet Creek, Wolf Creek, Unnamed Tributary 9, Direct Drainage 8, Shoreline Erosion 
Reservoir #9 Lost Creek, Sand Creek, Unnamed Tributaries 10 – 13, Direct Drainage 9, Shoreline Erosion 
Tailrace #1 Red Bird Creek 
Tailrace #2 Russian Creek 
Tailrace #3 Right bank Unnamed Tributaries, 55% of Direct Drainage 
Tailrace #4 Slate Creek 
Tailrace #5 Lomond Creek 
Tailrace #6 Unnamed Tributaries, 45% of Direct Drainage, Shoreline Erosion 

Note:
1 Shoreline erosion sites identified in the Study 1, Erosion Study Final Report (SCL 2009d), were aggregated 

using the direct drainage area boundaries for inclusion in local inflows. 

4.2.3.1.1. Releases from Box Canyon Dam 
The volume of sediment released from Box Canyon Dam was estimated based on the calculated 
volume of deposition in the Boundary Reservoir and the trapping efficiency of the reservoir as 
described in Section 4.3.2 of Appendix 2 (Study 8 Final Report [SCL 2009c]).  Although the 
details of the approach are explained in Appendix 2, a summary follows.  The inflowing volume 
of material was converted to an inflowing load (i.e., weight) and distributed over the modeling 
horizon as a function of the synthesized, average-daily flow rate in the mainstem.  The Box 
Canyon Project is operated in a run-of-river mode, so the Box Canyon Reservoir water levels are 
primarily controlled by the flow in the Pend Oreille River.  The following description of 
operations is described in the January 2000 Application for New License (FERC 2000).  As 
flows increase above turbine capacity (27,400 cfs), water is conveyed through the spillway gates.
The spillway has four bays, each with a gate containing three vertically stacked leaves (the 
leaves are the panels that slide up and down in the tracks within each gate).  When gates are 
opened to spill flow, first the top leaves in each gate are removed, followed by the middle leaves, 
and then the bottom leaves.  It is not possible to remove only the bottom leaves and operate the 
gates like a sluice.  When flow rates exceed 80,000 cfs, the first bottom leaf is removed; when 
flows exceed 90,000 cfs, the bottom leaves in all four bays are removed.  Under these high flow 
conditions, the dam is expected to have only minor hydraulic influence on sediment transport in 
the Pend Oreille River.  Thus, Box Canyon Dam is assumed to pass all the incoming bed load (at 
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flow rates greater than 80,000 cfs) and suspended load conveyed to the Pend Oreille River 
between Albeni Falls Dam and Box Canyon Dam. 

A sediment supply versus flow rating curve was developed for flow releases from Box Canyon 
Dam for each of the sediment size fractions.  The sediment supply rating curve was based on the 
following form: 

b
cs QQaQ )( ��

Where: 
Qs  =  sediment transport rate 
a    =  scaling coefficient 
Q   =  flow discharge rate 
Qc  =  critical flow rate to mobilize sediment  
b    =  power coefficient

A value of 2.0 was used for the exponent b as recommended by the USACE (1995).  The 
coefficient a was determined by applying the rating curve to the synthesized average daily flows 
from 1967 to 2006 so that the predicted weight of a particular grain size of sediment transported 
closely matched the weight of sediment estimated for that size fraction entering the Boundary 
Reservoir.  The critical flow, Qc, for silt and clay was set to zero, indicating these size fractions 
are in transport under all flows and are thus supply limited.  The critical flow for sand, gravel, 
and cobbles was set to 80,000 cfs.  Actual sediment movement was calculated at a lower 
threshold; however, due to the run-of-river operation of Box Canyon Dam, no bed material load 
will move through the dam until at least one of the bottom leaves is removed.  Based on these 
numbers, the scaling coefficient was adjusted until the sediment load transported through Box 
Canyon Dam closely matched the calculated load using reservoir deposition, reservoir trapping 
efficiency, and the load passing through Boundary Dam. 

The sediment rating equations were used to develop sediment rating curves based on the range of 
flows over the modeling horizon.  For example, the minimum flow, percentile increments of the 
flows, and the maximum flow were calculated, and the sediment transport rate was calculated by 
size fraction for each flow using the rating equation.  This approach allowed for development of 
sediment rating curves for the HEC-6T model for sediment transported through Box Canyon 
Dam. 

4.2.3.1.2. Tributary Input 
The sediment rating curves developed to represent tributary input followed a similar approach as 
used for the mainstem.  A thorough description of the methods used to estimate the wash load 
and bed material load delivered to the mainstem from tributary watersheds is presented in 
Section 4.1 of Appendix 2 (Study 8 Final Report [SCL 2009c]).  The primary differences from 
the approach used to estimate sediment released through Box Canyon Dam were different bed 
material gradations and consideration of the trapping of bed material load on tributary deltas.  
Rather than using the single gradation of sediment supplied in releases from Box Canyon Dam, 
the bed material gradation at each delta was based on the gradations of sediment samples 
collected at each delta during the September 2007 delta surveys.  The supply of sediment was 
distributed among grain sizes using these representative gradations, and then the rating curve 
coefficients were calculated as described for the mainstem.  The critical flows for the tributaries 
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were based on incipient motion calculations made within each tributary channel.  As with the 
releases from Box Canyon Dam, this approach provided a means for distributing sediment over 
the modeling horizon as a function of runoff hydrology. 

As described in Appendix 3 (Study 8 Final Report [SCL 2009c]), the evolution of the 
morphology of tributary deltas over the 50-year term of a new license affects the supply of 
sediment available from a tributary watershed to the mainstem Pend Oreille River.  For example, 
the morphologies of selected tributary deltas upstream from Metaline Falls were determined to 
be in a state of dynamic equilibrium, meaning the rate of sediment deposited on the delta was 
closely matched by the rate of sediment eroded from the delta and delivered to the mainstem.  
For these tributaries, the rate of sediment delivered to the mainstem was set equal to the rate of 
sediment delivered to the delta.  For the two selected tributary deltas located downstream of 
Metaline Falls, the morphologies of the deltas were changing as a result of construction and 
operation of the Project.  Over the 50-year term of a new license, the sediment delivered to these 
deltas will deposit on the deltas and will not be available to the mainstem.  Therefore, for all 28 
tributaries draining directly to the Boundary Reservoir, the effect of sediment deposition at a 
delta over the 50-year term of a new license was considered when determining the supply of bed 
material load delivered from the tributary watersheds.  It is noted that this consideration was only 
applied to the bed material load; wash load generated from the tributary watersheds was always 
considered available for transport by the mainstem Pend Oreille River. 

4.2.3.1.3. Shoreline Erosion 
The contribution of sediment from shoreline erosion to the Boundary Reservoir was quantified in 
Study 1, Erosion Study Final Report (SCL 2009d).  Unlike the mainstem and tributary input, the 
delivery of sediment from shoreline erosion was not linked to flow; however, the required format 
of the input for the HEC-6T model is a sediment rating curve as a function of flow.  For this 
reason, a daily rate of shoreline erosion was calculated and added to the rating curve independent 
of the flow magnitude.  Therefore, the contribution from shoreline erosion had relatively greater 
influence on the rating curves at lower flows, and a lesser contribution at high flows. 

4.2.3.2. Channel Substrate Gradations 

The bed material gradation for each habitat transect in the mainstem channel was based on visual 
classifications made for the Boundary Reservoir in October and November 2007 and for the 
Boundary Tailrace in April 2008.  These classifications were made to support the mainstem 
aquatic habitat modeling (Study 7) so more details about the information are available in the 
Study 7 Final Report (SCL 2009a).  As an overview, the substrate up to depths of approximately 
75 feet were observed with an underwater camera at increments along the habitat transects.  Each 
observation reported the dominant substrate, the subdominant substrate, and the percentage of 
the bed covered by the dominant substrate.  These codes were recorded for 54 transects in the 
Reservoir Reach and for 14 cross sections in the Tailrace Reach.  The substrate was categorized 
using the classes presented in Table 4.2-2.  The lack of data below depths of 75 feet does not 
compromise the integrity of this analysis because these deep-water areas are potential deposition 
zones.
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The sediment transport approach utilized in the HEC-6T model is based on a balance between 
sediment transport capacity and sediment supply.  Hydraulics determine the sediment transport 
capacity; the inflowing sediment load and the mobile channel boundary represent the sediment 
supply available for transport.  The calculated amount of sediment in transport is reduced from 
the calculated capacity if the available supply (in the inflow and available in the channel bed) is 
less than this capacity—if a particular size fraction is not represented in the inflowing load and is 
not available in the channel boundary, the program calculates that no sediment in that grain class 
is in transport.  For this reason, it is important to include finer sizes classes in the channel 
substrate gradations.  The finer size fractions that were not well characterized with the 
underwater camera were distributed using the sediment samples collected during the September 
2007 field efforts.  These sediment samples were particularly useful for size fractions of fine 
gravel and finer. 

The gradations at all habitat transects were reviewed with the goal of identifying a minimum 
number of representative gradations that maximize differences between each gradation.  This 
approach provided a means for assigning gradations to cross sections included in the HEC-6T 
model without need to reflect subtle differentiations between similar gradations observed at 
different habitat transects.  The seven representative gradations are provided in Table 4.2-2.  The 
median grain size of these seven representative gradations ranges in size from very coarse gravel 
to medium/large boulders. 

Table 4.2-2.  Mainstem channel substrate representative gradations. 

Cumulative Percent Finer 

Grain Class 

Grain
Diameter dm

(mm) A B C D E F G 
Very Fine Sand 0.0884 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Fine Sand 0.177 0.6 0.5 0.6 0.5 0.5 0.6 0.6 
Medium Sand 0.354 1.1 1.0 1.1 1.0 1.0 1.1 1.1 
Coarse Sand 0.707 1.6 2.0 1.6 2.0 1.5 1.6 1.6 
Very Coarse Sand 1.41 2.1 3.0 2.1 3.0 2.0 2.1 2.1 
Very Fine Gravel 2.83 2.6 5.0 2.6 4.0 2.2 2.6 3.0 
Fine Gravel 5.66 3.1 7.0 3.1 5.0 2.5 3.1 5.0 
Medium Gravel 11.3 3.6 10 3.6 6.0 2.7 3.6 10 
Coarse Gravel 22.6 4.1 25 4.1 12 3.0 4.1 25 
Very Coarse Gravel 45.3 4.6 50 4.6 25 10 4.6 40 
Small Cobbles 90.5 6.0 80 10 70 44 20 55 
Large Cobbles 181 7.0 96 15 99 90 35 70 
Small Boulders 362 8.0 99 50 100 100 50 85 
Medium Boulders 724 10 100 75 -- -- 75 100 
Large Boulders 1450 100 -- 100 -- -- 100 -- 
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4.3. Model Calibration 

The calibration of the sediment transport models occurred in two phases.  The first phase was the 
calibration of model hydraulics; the second phase of calibration targeted the erosion, transport, 
and accumulation of sediment.  Each of these phases is described in more detail in the following 
sections.

4.3.1. Calibration of Model Hydraulics 

The sediment capabilities in the HEC-6T software are based upon quasi-unsteady hydraulics.
The long-term flow hydrograph at each point of inflow to the modeled reach is represented using 
a series of steady flow rates with associated flow durations.  The flow rates synthesized for all 
tributaries draining directly to the Boundary Reservoir, as well as the flow rates through Box 
Canyon Dam, were developed to represent average daily conditions.  Rather than aggregating the 
flows during certain times of the year, the models were set up to run from September 1, 1967, 
through December 31, 2006, on a daily time step.  A flow rate was assigned to each inflow for 
each day during this period, with a duration of one day.  However, to facilitate model 
development, the HEC-6T software can be run in a steady state mode—the flow rate and 
downstream water surface elevation are held constant for the run.  The models were run in this 
mode to calibrate the hydraulics. 

The Study 7 HRMs and the Study 2 peak flow models were calibrated and verified using 
observed data, but as mentioned in Section 4.2.1, not all of the cross sections included in those 
models were desired in the sediment transport models.  Initial selections of representative cross 
sections were made with a priority placed on habitat transects defined for Study 7.  The cross 
section geometry and reach lengths were input to the HEC-6T model and runs were conducted 
for various combination of flow rate and reservoir water surface elevation.  The water surface 
elevation calculated at each cross section in the HEC-6T model was compared to output from 
either the Study 7 HRM or the Study 2 peak flow model run for the same flow rate and reservoir 
water surface elevation.  Since the HRM and peak flow model were calibrated and verified to 
observed data, replicating the water surface elevations with the HEC-6T models was used to 
indicate calibrated hydraulics. 

During the iterative calibration process, model simulated water surface elevations were 
compared in Microsoft Excel to the water surface elevations calculated using the Study 2 peak 
flow model for the Boundary Reservoir and the Study 7 Tailrace HRM for the Boundary 
Tailrace.  The arithmetic difference between the two elevations was computed for each cross  
section included in the HEC-6T model.  To provide a quantitative measure of the deviation from 
targeted conditions, the root mean square error (RMSE) was evaluated as follows: 

RMSE = 
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Where: 
WSELHEC-RASi  =  water surface elevation calculated in Study 2 or Study 7 HEC-RAS 

model for cross section location i
WSELHEC-6Ti =  water surface elevation calculated in HEC-6T model for cross section 

location i
n  =  number of cross sections in the HEC-6T model simulation 

At the onset of the hydraulic calibration, criteria were established that were used to guide the 
calibration and to determine when a successful calibration had been attained.  For each flow rate 
and reservoir water surface elevation, various cross sections were inserted and removed from the  
geometric data with the targeted objective of 1,000-foot minimum cross section spacing until the 
following criteria were met: 

� Maximum absolute difference between the water surface elevation calculated by the 
HEC-6T model and the water surface elevation simulated in the calibrated and 
validated HEC-RAS models of less than 0.75 foot for all cross sections included in 
the HEC-6T model 

� RMSE between HEC-6T and HEC-RAS water surface elevations less than 0.50 foot 
for all cross sections included in the HEC-6T model  

As the hydraulic calibration process advanced, it was noticed that the water surface elevations in 
the forebay were so strongly influenced by the downstream boundary condition, that there was 
never a difference between the water surface elevations calculated by the Study 2 peak flow 
model and the HEC-6T model.  Therefore, these sections were removed from calculations of the 
RMSE.  Similarly, the hydraulics through Metaline Falls were too complex to accurately reflect 
with any fewer cross sections than included in the Study 2 peak flow model.  Due to the close 
cross section spacing through this reach, and the lack of any erosion or sediment accumulation 
on the falls, these sections were also excluded from RMSE calculations. 

4.3.1.1. Boundary Reservoir Model 

The HEC-6T model of the Boundary Reservoir was calibrated for nine flow rates spanning the 
range of all but the most exceptional flow rates.  The lower flow rates were coupled with 
minimum reservoir water surface elevation encountered during general fluctuations associated 
with Project operations (1,974 feet NAVD 88 [1,929 feet NGVD 29]).  The higher flow rates 
(55,000 cfs and above) were paired with a reservoir water surface elevation of 1,991 feet NAVD 
88 (1,987 feet NGVD 29).  This approach provided a set of bounding conditions encountered 
during the range of normal Project operations, and achievement of the calibration criteria at these 
bounds was appropriate for satisfying the criteria at intermediate flow and reservoir water 
surface elevation conditions. 

The results of the hydraulic calibration of the HEC-6T model of the Boundary Reservoir are 
presented in Table 4.3-1.  As shown in this table, the RMSE and largest calculated differences at 
any cross section satisfy the calibration criteria. 



FINAL REPORT  APPENDIX 5 – MAINSTEM SEDIMENT TRANSPORT MODELING

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 20 March 2009 

Table 4.3-1.  HEC-6T Boundary Reservoir model root mean square error (RMSE) for each set of flow 
and reservoir water surface elevation combinations. 

Largest Calculated Difference (feet)1

Mainstem Flow 
Rate (cfs) 

Forebay Water 
Surface Elevation 
(feet, NAVD 88) RMSE (feet)1

Minimum Maximum 
10,000 1974 0.079 -.022 0.43 
20,000 1974 0.103 -0.02 0.38 
40,000 1974 0.190 -0.42 0.06 
55,000 1974 0.230 -0.51 0.10 
55,000 1991 0.090 -0.11 0.26 
80,000 1991 0.337 -0.05 0.64 

100,000 1991 0.146 -0.11 0.37 
124,000 1991 0.172 -0.11 0.36 
140,000 1991 0.246 -0.14 0.50 

Note:
1 Positive RMSE and calculated difference values indicate the water surface elevation calculated by the HEC-6T 

model are less than the water surface elevation calculated by the Study 2 peak flow model. 

A total of 96 cross sections were included in the calibrated model, although 19 of these sections 
were needed to represent approximately 1,100 feet of the mainstem through Metaline Falls.  The 
locations of these 96 cross sections, along with the location of the habitat transects defined for 
Study 7, are shown in the series of figures in Attachment A; and example is provided in Figure 
4.3-1.  The average spacing of the cross sections through the remainder of the channel between 
Box Canyon Dam and Boundary Dam was approximately 1,250 feet. 
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4.3.1.2. Boundary Tailrace Model 

The HEC-6T model of the Boundary Tailrace was calibrated for nine flow rates spanning the 
range of all but the most exceptional flow rates.  All flow rates into Seven Mile Dam were 
coupled with the normal maximum reservoir water surface elevation of 1,733 feet NAVD 88 
(1,729 feet NGVD 29).  This elevation was selected because most sediment will be in transport 
when high flows are conveyed through the two principal spillways at Boundary Dam.  During 
these high flow conditions, the operations of the Seven Mile Project will have only minimal 
influence on water surface elevation so it will be maintained near the normal maximum 
elevation.

The results of the hydraulic calibration of the HEC-6T model of the Boundary Tailrace are 
presented in Table 4.3-2.  As shown in this table, the RMSE and largest calculated differences at 
any cross section satisfy the calibration criteria. 

Table 4.3-2.  HEC-6T Boundary Tailrace model root mean square error (RMSE) for each set of flow and 
reservoir water surface elevation combinations. 

Largest Calculated Difference (feet)1

Mainstem Flow 
Rate (cfs) 

Forebay Water 
Surface Elevation 
(feet, NAVD 88) RMSE (feet)1

Minimum Maximum 
15,000 1,733 0.015 -0.04 0.01 
25,000 1,733 0.039 -0.11 0.02 
40,000 1,733 0.071 -0.20 0.04 
55,000 1,733 0.073 -0.21 0.06 
70,000 1,733 0.076 -0.22 0.08 
95,000 1,733 0.072 -0.19 0.08 

110,000 1,733 0.072 -0.18 0.09 
125,000 1,733 0.090 -0.24 0.09 
140,000 1,733 0.089 -0.24 0.09 

Note:
1 Positive RMSE and calculated difference values indicate the water surface elevation calculated by the HEC-6T 

model are less than the water surface elevation calculated by the Study 7 Hydraulic Routing Model. 

A total of 36 cross sections were included in the calibrated model to represent the mainstem 
channel from Boundary Dam to the confluence of Red Bird Creek.  The locations of these 36 
cross sections, along with the location of the habitat transects defined for Study 7, are shown in 
the series of figures in Attachment A.  The average spacing of the cross sections in the Boundary 
Tailrace model is approximately 500 feet—considerably less than the targeted value of 1,000 
feet.  The greater density of cross sections was required to ensure that the absolute differences in 
water surface elevations were less than the established calibration criteria.  The other primary 
concern about cross section spacing was model stability, and since the model runs were stable, 
the decreased average cross section spacing was not problematic. 



FINAL REPORT  APPENDIX 5 – MAINSTEM SEDIMENT TRANSPORT MODELING

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 23 March 2009 

4.3.2. Calibration of Sediment Transport Model 

Upon completion of the hydraulic calibration of the Boundary Reservoir and Boundary Tailrace 
HECC-6T models, the sediment transport components of the models were calibrated.  The 
Boundary Reservoir model was calibrated first, as sediment passed through Boundary Dam 
provides the sediment inflow to the Boundary Tailrace. 

The objective of the sediment transport calibration was to closely match the net change in the 
volume of sediment deposited within the study reach since construction of Boundary Dam using 
delineated zones of erosion or sediment accumulation.  Although no substantial zones of erosion 
were noted since 1967, two distinct areas of sediment accumulation were identified.  A more 
complete description of the process used to identify these areas along with the methods used to 
calculate the volume of accumulation, are presented in Section 4.3.2 of Appendix 2 (Study 8 
Final Report [SCL 2009c]).  As a summary, various data sources were reviewed to compare 
channel geometry and thalweg elevations in the mainstem Pend Oreille River.  Where 
considerable differences were observed as compared to data collected in 2005 to 2007, an 
average end area method was coupled with the distance between cross sections to estimate a 
volume of sediment accumulation.  Using this approach, approximately 3,000 acre-feet of 
sediment was estimated to have accumulated in the Forebay Reach since 1967, and 
approximately 1,500 acre-feet of sediment was estimated to have accumulated in the Canyon 
Reach during the same time period.  No significant zones of erosion or sediment accumulation 
were identified between Boundary Dam and the confluence of Red Bird Creek. 

The gradations of sediment samples collected for analyses in Study 4, Toxics Assessment: 
Evaluation of Contaminant Pathways Final Report (SCL 2009e), were used to help estimate the 
composition of the deposited sediment.  Based on these samples, the forebay deposits were 
estimated to be approximately 20 percent clay, 70 percent silt, and 10 percent sand; the deposits 
in the canyon were estimated to be approximately 5 percent silt and 95 percent sand. 

The channel geometry prior to the construction of Boundary Dam was input to the HEC-6T 
models where significant changes were identified since construction of the dam.  The 
synthesized average daily flow rates for the tributaries and the mainstem were coupled with 
rating curves representing wash load and bed material load for the 39 years between September 
1967 and December 2006.  The calibration process continued until the calculated net change in 
volume of sediment accumulated in the Boundary Reservoir approximated the identified 4,500 
acre-feet of accumulation.  Calibration parameters that were adjusted included the distribution of 
silt among the four available size classes (very fine, fine, medium, and coarse), the erosion and 
deposition thresholds for silt and clay, and the sediment transport function. 

Initial model runs resulted in insufficient deposition of sediment in Boundary Reservoir.  The 
distribution of silt was changed from an even distribution in all four size classes to all silt within 
the coarse size class.  The erosion thresholds for silt and clay in the reservoir were decreased so 
that deposited sediment was not later entrained and the model simulation reflected observed 
conditions.  The Meyer-Peter and Muller (1948) equation was selected for the transport of bed 
material size fractions.  In light of these changes to the Boundary Reservoir model, the calculated 
volume of sediment accumulated in the reservoir is shown in Table 4.3-3. 
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Table 4.3-3.  Summary sediment balance for Boundary Reservoir HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet) 
Sediment Inflow + 19,610 + 10,930 + 1,440 + 31,980 
Sediment Outflow –19,550 –8,240 –5 –27,795 
Trapped Sediment + 60 + 2,690 + 1,435 + 4,185 

The total volume of sediment accumulated in the reservoir from September 1967 through 
December 2006 was calculated in the Boundary Reservoir sediment transport model to be 
approximately 4,200 acre-feet.  The volume of sediment accumulation identified using pre-dam 
surveys and topographic data was 4,500 acre-feet, so the model prediction after calibration is less 
than 10 percent smaller.  This level of agreement between the two methods of estimating 
sediment accumulated in the reservoir since dam construction meets the objective of the 
sediment calibration to closely match identified volumes of sediment accumulation in the 
reservoir.  Further, this agreement suggests that the calibrated model can be used to predict 
future trends with a reasonable level of confidence. 

Further inspection of the model results revealed that the calculated volume of bed material 
deposition (sand and coarser) in the reservoir (1,435 acre-feet) is very similar to the 1,500 acre-
feet estimated using pre-dam survey and topographic data.  Similarly, the accumulation of silt 
and clay represented in the model (2,750 acre-feet) is slightly less than the 3,000 acre-feet 
estimated using pre-dam survey and topographic data. 

The sediment outflow from the Boundary Reservoir model was used as the sediment input to the 
Boundary Tailrace model.  The loads of sediment by size fraction were distributed over time 
through the development of sediment rating curves and average daily flow rate released through 
Boundary Dam.  Due to the depth and width of the Forebay Reach, flow velocities are typically 
near zero.  Sediment that does not settle in the Forebay Reach under these ideal settling 
conditions was expected to remain in transport through the Boundary Tailrace.  This expectation 
was supported by the lack of any identified zones of sediment accumulation between Boundary 
Dam and the confluence of Red Bird Creek.  Therefore, no significant changes in channel 
morphology were expected for this reach of the mainstem. 

The sediment gradations and transport parameters set for the Boundary Reservoir model were 
applied to the Boundary Tailrace model.  Given the lack of useable pre-dam surveys or 
topographic/bathymetric mapping downstream of Boundary Dam, the existing channel geometry 
was used as the channel geometry on September 1, 1967.  The calculated volume of sediment 
accumulated in the Boundary Tailrace is shown in Table 4.3-4. 
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Table 4.3-4.  Summary sediment balance for Boundary Tailrace HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet) 
Sediment Inflow + 20,080 + 8,480 + 13 + 28,573 
Sediment Outflow –20,080 –8,480 –68 + 28,628 
Trapped Sediment 0 0 –55 –55 

The sediment inflows shown in Table 4.3-4 are slightly greater than the outflows from Boundary 
Dam shown in Table 4.3-3—the differences are due to the contribution from the tributaries and 
direct drainage along the modeled reach of the mainstem.  The net change in volume of sediment 
accumulation as calculated in the Boundary Tailrace model shows a loss of approximately 55 
acre-feet of bed material, and no difference in inflow and outflow for clay and silt.  The net loss 
of bed material results from the development of the armor layer on the channel bed.  Over the 
modeled reach, the elevation of the thalweg decreases approximately one-half to two-thirds of a 
foot as finer sands and gravels are winnowed from the surface layer.  The armor layer is in fact 
present, and the gradations of the channel substrate represent the armor layer, so no decrease in 
bed elevation associated with armor development should be represented in the HEC-6T model.  
The reason this decrease occurs is a result of the logic coded into the software regarding armor 
layer development.  Due to the relatively minor decrease in thalweg elevation, and the use of the 
2006 data to represent the thalweg profile in 1967, the calculated net loss of bed material is not 
significant enough to be of concern during interpretations of model output. 

4.4. Model Application and 50-Year Future Simulation 

The calibration of the mainstem sediment transport models was performed to support predictions 
of future patterns of erosion and accumulation of sediment in the Pend Oreille River over the 50-
year term of a new license.  Calibrating the models to historic conditions and observations of 
change over time provided a basis for accepting predictions of future channel morphology and 
channel substrate size and gradation.  The major assumptions upon which the future predictions 
were based consist of the following: 

� The presence of Boundary Dam affects sediment transport into and through the 
Boundary Reservoir, but the effect of existing Project operations on mainstem 
sediment transport will be minimally, if at all, different from the effect of operations 
scenarios.

� Should the upgrade of the Waneta Project proceed, it is expected that operations of 
the Seven Mile Project will change.  Currently, it is premature to predict these 
changes.  Due to the unknown nature of potential changes in operations at the Seven 
Mile Project, it was assumed that operations will continue for the duration of the 50-
year term of a new license as they have since 1988 (when flashboards were added to 
the dam). 

� The variability of hydraulic conditions over the 50-year term of a new license can be 
reasonably represented using the 19-year period of record (1987–2005).  Two larger 
turbine units were added to the Project in 1986; although the period from 1987 
through 2005 is somewhat drier than the long-term average, the period since 1986 



FINAL REPORT  APPENDIX 5 – MAINSTEM SEDIMENT TRANSPORT MODELING

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 26 March 2009 

does capture the range of variability of basin hydrology (R2 Resource Consultants 
2008).

� The future supply of sediment from tributary watersheds, erosion of the Boundary 
Reservoir shoreline, and delivered through Box Canyon Dam will be similar to 
estimates of historic inputs. 

Under these assumptions, the calibrated HEC-6T models of the Boundary Reservoir and 
Boundary Tailrace were run for a 50-year horizon to predict future patterns of erosion and 
sediment accumulation in the mainstem Pend Oreille River.  The future 50-years of flow and 
reservoir water surface elevations were created from the 19 years of available data.  The 50-year 
period was split into three periods: years 1–17 (17 years), years 18–33 (16 years), and years 34–
50 (17 years).  In each one of these periods, selected years of record were removed from the 
available 19 years of data to provide the required number of years of data.  Years were randomly 
selected for removal using a random number generator.  Because 1997 was identified as a 
representative wet year, 2001 as a representative dry year, and 2002 as a representative average 
year (based on average annual flows), these three years were not candidates for removal.  The 
years removed within each third of the 50-year period are shown in Table 4.4-1; the remaining 
years were appended in sequence to create a 50-year record of inflows (both mainstem and 
tributary flows), and downstream water surface elevations. 

Table 4.4-1.  Years of hydrologic records not included in 50-year future simulation. 

Date Range Excluded Years of Hydrologic Records 
Years 1–17 1994, 2003 

Years 18–33 1987, 2000, 2005 
Years 34–50 1996, 1998 

5 RESULTS 

The goal of the Mainstem Sediment Transport component of Study 8 was to analyze erosion, 
transport, and deposition of sediment and to simulate the effects of hydraulic conditions 
associated with Project operations on channel morphology and the size and gradation of channel 
substrates in the mainstem Pend Oreille River.  The outputs from the mainstem sediment 
transport models and the effects on channel morphology and substrate size and gradation are 
described in the following sections. 

5.1. Boundary Reservoir Sediment Transport Model 

The HEC-6T model of the Boundary Reservoir was based on the calibrated geometry included in 
the peak flow model developed for Study 2 (SCL 2009b).  The model hydraulics were first 
calibrated to closely match the calculated water surface elevation for a range of inflow and 
reservoir water surface elevations to the water surface elevation simulated in the Study 2 peak 
flow model.  Once the hydraulics were calibrated, the sediment transport model was calibrated so 
the model output closely matched the net change in the volume of sediment deposited within the 
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study reach since construction of Boundary Dam.  The calibrated model was then applied to a 
50-year period corresponding to the duration of the term of a new license.  Table 5.1-1 presents a 
summary of the sediment balance for the 50-year model run. 

Table 5.1-1.  Summary sediment balance for future 50-year Boundary Reservoir HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet)
Sediment Inflow +21,930 +12,230 +2,070 +36,230 

Sediment Outflow –21,860 –8,840 –6 –30,706 
Trapped Sediment +70 +3,390 +2064 +5,524 

As shown in Table 5.1-1, most all clay is modeled to pass through the Boundary Reservoir, 
approximately one-quarter of the silt is trapped in the reservoir, and nearly 100 percent of the 
bed material load is trapped.   

5.1.1. Mainstem Channel Morphology 

The morphology of the mainstem channel is predicted to change in response to the net change in 
sediment accumulated in the Boundary Reservoir.  The thalweg comparison between year 1 
(solid line) and year 50 (dashed line) is shown in Figure 5.1-1.  The river station in feet on the x-
axis corresponds to the stationing of the cross sections used in the HEC-6T model; the figures in 
Attachment A show the cross section locations, including river stationing.  Figure 5.1-1 shows 
the most substantial change in bed elevation in the Boundary Forebay (approximately located 
downstream of Station 12,000).  This is the location where nearly all of the silt and clay 
deposition occurs raising the bed of the channel approximately 5-16 feet.  Considering the 
existing depth of the forebay is approximately 200 feet, the decrease in channel depth through 
the forebay represents a decrease of less than 10 percent. 

Within the Canyon Reach (located approximately between station 12,000 and 60,000) another 
location of sediment accumulation was noted between the approximate stations of 16,000 and 
32,000 as shown in Figure 5.1-1.  Accumulation of sand size fractions was identified in the 
canyon reach since the completion of construction of Boundary Dam in 1967. 

Other than these two locations, only localized changes in the bed elevation at individual cross 
sections were predicted, not consistent erosion or deposition over an extended length of channel. 

As specified in the Pre-Application Document (SCL 2006), the usable storage above 1,954 feet 
NAVD 88 (1,950 feet NGVD 29) (i.e., active storage) within the Boundary Reservoir constitutes 
approximately 43,000 acre-feet of the 95,000 acre-feet of total reservoir storage.  Upstream of 
Metaline Falls, only gravel-sized and coarser material generated from shoreline erosion was 
assumed to deposit in the zone of active storage; downstream of the falls, gravel-sized and 
coarser material generated from shoreline erosion and accumulated bed material on tributary 
deltas was assumed to deposit in the active storage zone.  All other accumulated material was 
assumed to deposit in the zone of inactive storage.  In the Upper Reservoir Reach upstream of 
Metaline Falls, approximately 9 percent of the deposition in this reach occurs in the active zone.  
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In the Canyon Reach below Metaline Falls, approximately 24 percent of the deposition in this 
reach occurs in the active zone; approximately 1 percent of the deposition in the Forebay Reach 
occurs in the active zone.  When all three reaches are considered together, approximately 5 
percent of the total deposition in the Boundary Reservoir occurs in the active zone.  Converting 
the predicted 50-year total deposition of 5,524 acre-feet to an average annual rate (110.5 acre-
feet per year), the estimated volume of deposition in the active zone is approximately 5.3 acre-
feet per year and the remainder, 105.2 acre-feet per year, is deposited in the inactive storage.  Of 
this active zone deposition, approximately 25 percent (1.3 acre-feet per year) occurs in the Upper 
Reservoir, approximately 54 percent (2.9 acre-feet per year) occurs in the Canyon Reach, and 
approximately 21 percent (1.1 acre-feet per year) occurs in the Forebay Reach. 
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Figure 5.1-1.  Boundary Reservoir thalweg profile comparison—year 1 (solid line) and year 50 (dashed line). 
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5.1.2. Mainstem Channel Substrate Size and Gradation 

The bed material of the mainstem channel was characterized at the start of the 50-year model run 
using the existing gradations.  The Forebay Reach was characterized as silt and clay deposited 
over boulders and bedrock.  The Canyon Reach of the Boundary Reservoir was characterized 
primarily as boulders and bedrock.  Upstream of Metaline Falls, the channel substrate was 
dominated by coarse gravels to large cobbles.  The channel bed provides a source of bed material 
sediment when transport capacities exceed sediment inflows, but the bed can also provide 
storage when sediment inflows exceed transport capacity.  Therefore, the gradation of the 
channel bed changes in response to erosion, transport, and accumulation of sediment.  The bed 
material gradations were output from the HEC-6T model at the end of the 50-year run to assess 
how gradations changed compared to the gradations at the start of the run (which are 
representative of conditions observed in 2007).  The Forebay Reach was almost completely 
comprised of silt, with minor amount of clay and very fine sand, similar to the gradation of the 
deposition observed in 2007.  These size fractions are also consistent with the simulated 
deposition noted in the previous section.  The Canyon Reach of the Boundary Reservoir was 
predicted to have a surface layer primarily still composed of boulders and bedrock; however, 
between stations 16,000 and 32,000 as shown on Figure 5.1-1, the gradation becomes dominated 
by sand and silt (a noted fining compared to the initial conditions).  As with the forebay, this 
change in gradation is reflected in an increase in thalweg elevation between these stations.  The 
remainder of the Canyon Reach channel substrate is primarily medium and large boulders.  
Upstream of Metaline Falls, the channel substrate does not significantly change from the coarse 
gravels to large cobbles assigned at the start of the run, except for the wide reach of the river 
adjacent to the town of Metaline.  At the upper end of this reach, where the river transitions from 
a relatively narrow width near the confluence of Pocahontas Creek to the wide reach, the bed 
material includes sand sized materials. 

5.2. Boundary Tailrace Sediment Transport Model 

The HEC-6T model of the Boundary Tailrace was based on the calibrated geometry included in 
the HRM developed for Study 7 (SCL 2009a).  The model hydraulics were first calibrated to 
closely match the calculated water surface elevation for a range of inflow and reservoir water 
surface elevations to the water surface elevation simulated in the Study 7 HRM.  Once the 
hydraulics were calibrated, the sediment transport model was calibrated so the model output 
closely matched the net change in the volume of sediment deposited within the study reach since 
construction of Boundary Dam.  The calibrated model was then applied to a 50-year period 
corresponding to the duration of the term of a new license.  Table 5.2-1 presents a summary of 
the sediment balance for the 50-year model run. 

Table 5.2-1.  Summary sediment balance for future 50-year Boundary Tailrace HEC-6T model. 

Balance Component Clay (acre-feet) Silt (acre-feet) Sand, Gravel, Cobble (acre-feet) Total (acre-feet)
Sediment Inflow +22,640 +9,540 +9 +32,189 
Sediment Outflow –22,640 –9,540 –52 –32,232 
Trapped Sediment 0 0 –43 –43 
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As shown in Table 5.2-1, essentially none of the clay or silt supplied to the Boundary Tailrace is 
trapped in this reach of the mainstem.  This output is inline with expectations because fine 
sediment that is not trapped in the ideal settling conditions of the Boundary Forebay is not 
expected to accumulate in the shallower and faster flowing Tailrace Reach.  As with the 
calibration model, the channel bed through the Tailrace Reach does appear to be a source of bed 
material sediment as an armor layer is developed in the model.  Although the 50-year modeling 
horizon is approximately 10 years longer than the calibration modeling horizon, the net loss of 
bed material sediment from the Tailrace Reach is less than the loss calculated over the shorter 
calibration period. 

5.2.1. Mainstem Channel Morphology 

The morphology of the mainstem channel in the Boundary Tailrace is not predicted to 
considerably change in response to the continued operations of the Boundary Project over the 
modeled 50-year period.  The thalweg comparison between year 1 (solid line) and year 50 
(dashed line) is shown in Figure 5.2-1.  The river station in feet on the x-axis corresponds to the 
stationing of the cross sections used in the HEC-6T model; the figures in Attachment A show the 
cross section locations, including river stationing.  Figure 5.1-2 shows the most substantial 
change in bed elevation between stations 47,000 and 52,000. The decrease in the thalweg 
elevation through this reach is approximately 1 to 2 feet.  The magnitude of this degradation is 
very similar to the magnitude of the degradation modeled during the calibration period.  As 
opposed to further degradation, this decrease in thalweg elevation results from the same 
formulation of the development of an armor layer coded into the HEC-6T software.  Throughout 
the balance of the reach, the thalweg elevation was predicted to decrease over the 50-year 
horizon by an average of approximately 0.5 foot. 
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Figure 5.2-1.  Boundary Tailrace thalweg profile comparison—year 1 (solid line) and year 50 (dashed line). 
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5.2.2. Mainstem Channel Substrate Size and Gradation 

The bed material of the mainstem channel was characterized at the start of the 50-year model run 
using the existing gradations.  Upstream of station 48,000 as shown in Figure 5.2-1, the channel 
bed is dominated by boulders; downstream of this station the channel bed shifts to smaller 
boulders and large cobbles.  The bed material gradations were output from the HEC-6T model at 
the end of the 50-year run to assess how gradations change over time.  The size and gradation of 
the channel substrate did change appreciably over the modeled horizon.  The net loss of bed 
material noted in the previous section was derived from the subsurface layers supporting the 
armored surface layer. 
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Attachment A:  Habitat Transects and Cross Sections 
Included in the Mainstem Sediment Transport Model 
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This attachment contains the following figure; it is a 13-map series: 

Figure A-1. Habitat transects and sediment transport model cross sections. 



FINAL REPORT  APPENDIX 5 – MAINSTEM SEDIMENT TRANSPORT MODELING

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment A Page ii March 2009 

This page intentionally left blank. 



Salm
o

River

38
25

5

38
72

2

39831

37
91

8

39223

40245

45020

42
12

7

41684

40786

43139
42700

44
79

7

43587

44283

44001

TR-03

TR
-0

2

TR-01

TR-05

36
54

9

36
88

4

37
32

3

37
11

4

36
08

5

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [TR -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 1 of 13)

Canada

United States

Red

Bird
Creek

Ru
ss

ia
n

C re
ek



Salm
o

Ri
ve

r

TR-07

42
70

0

43816

34650

36
54

9

3

45020

47
21

4

79
4

45207
45410

46
43

346213

45824

44
79

7

TR-03

TR
-0

2

TR-01

TR-05

38
66

7

39831

37
90

8

3922336
88

4

37
32

3

40245

37
11

4

36
08

5

42
12

7

40792

41684

43200 43587

4428344001
SEATTLE CITY LIGHT 

BOUNDARY HYDROELECTRIC PROJECT 
FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [TR -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 2 of 13)

Canada

United States

Ru
ss

ia
n

Cre
ek

Sl
at

e
C

re
ek



58

TR-07

TR-09

TR-10

TR-11

TR-12

TR-13

TR-14

TR-15
TR-16

Canada

47217

Sl
at

e
C

re
ek

United States

Canada

United States

43139
42700

43587

50974

50740

50168

49873

48064

47331

45040

47677

45410

46
43

3

48652

45851

49232

44283

44001

45207

44
63

0

43816

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [TR -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 3 of 13)

Canada

United States

Lomond

Creek



Boundary
Dam

07

TR-09

TR-10

TR-11

TR-12

TR-13

TR-14

TR-15
TR-16

TR-17

United States

53077

52828

44283

Canada United States
Canada

6104

43139

00

43587

50974

50740

51892

50168

49873

48064

47331

45040

47677

45410

46
43

3

48652

45851

49232

44001

47217

45207

44
63

0

43816

52976

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [TR -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 4 of 13)

Canada

United States

Lomond
Cre

ek



Pe
wee 

Cre
ek

Boundary
Dam

9874

6445

7488

5623

16
83

8

15107

16030

14401

8364

12
04

4

16453

12
82

1

15809

F-5

F-2

F-1

F-4

F-3

C-
2

C-1

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note:  Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [F,C -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 5 of 13)



Lime 

Cre
ek

21463

25034

22861

16
83

8

18399

14401

19421

23778

15809

C-5

C-6

C-9

C-7

C-4
C-8

C-7

C-6

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [C -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 6 of 13)



Slate 
Creek

Everett C
reek

W
A-31

34
10

0

31137

26310

29396

33
04

4

26845

35797

37362

27953

32557

31925

C-17

C-12

C-15

C-1
6

C-11

C-14

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [C -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 7 of 13)



Th
re

em
ile 

Creek

Beaver Creek

41730

46632

45013

43379

37362

39878

C-20

C-19

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [C -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 8 of 13)



South 

Fo
rk 

Fl
um

e 

Creek

51877

59218

50703

49380

59051

58005

57285

58679

55980

55
72

2

59335

52775

54470

55
12

9

59451

58875

57424

C-23

C-21

C-24

C-22

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [C -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 9 of 13)



Sullivan Creek

Linton
Creek

Metaline

Metaline
Falls

WA-31

WA-31

C2
97

5

59729.02

60143.53

59861.05

60053.34
60033.78

59898.37
59913.28
59929.90
59945.18
59962.40
59979.41
59998.23

60501.71

59883.32

59566.67

60013.08

60291.57

60555.15

72527

68300

66891

65093

70012

71021

63714

59218

62687

59051

58679
59335

61988

61170

59451

58875

U-5

U-6

U-7

U-4

U-3

U-2

U-1

U-4
U

-7

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [U -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 10 of 13)



Sweet Creek

Pocahontas 

Creek

Wolf 
Creek

W
A-31

78989

83968

71021

85030

80003

72527

81355

77177

75675

74039

83066

U-10

U-11

U-12

U-14

U-9

U-8

U-13

U
-7

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [U -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 11 of 13)



Sand 

Creek

et k

W
A-

31

95152
U-21

86100

93166

85030

94234

87320

91851

89298

83968

83090

U-15

U-20

U-17

U-16

U-19

U-18

U-14

U-13

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [U -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 12 of 13)



Box 
Canyon
Dam

W
A

-31

100371

93166

94234

96280

91851

97259

10
12

40

95152

99389

U-20

U-21

U-19

U-23

U-24

U-22

SEATTLE CITY LIGHT 
BOUNDARY HYDROELECTRIC PROJECT 

FERC PROJECT NO. 2144

Figure A-1
Habitat transects and mainstem sedi-
ment transport model cross sections.

Map Version 11/11/08

0 500

Feet §

Legend
Cross Sections Used in
Sediment Transport Model
(Note: Identifer is HEC-RAS
cross section ID number)

Habitat Transects
(Note: Identifier [U -*] is
habitat transect ID number)

Unpublished Work Copyright 2008 Seattle City Light

Map
Key

(Map 13 of 13)



FINAL REPORT  APPENDIX 5 – MAINSTEM SEDIMENT TRANSPORT MODELING

Boundary Hydroelectric Project  Seattle City Light 
FERC No. 2144 Attachment A Page 14 March 2009 

This page intentionally left blank. 




