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1.0 EXECUTIVE SUMMARY
Black Canyon Hydro, LLC (BCH), plans to file an application for an original license for
the 25MW Black Canyon Hydroelectric Project (Project), FERC Project Number P14110, located on the North Fork Snoqualmie River (North Fork). As a requirement of
the FERC Integrated Licensing Process, BCH must complete a satisfactory groundwater
study to determine whether there may be any significant effects resulting from the
establishment and operation of the Project on the City of Snoqualmie Canyon Springs
municipal water source. The Canyon Springs aquifer recharge area lies in close
proximity to the Project.
A final groundwater study plan was approved by the FERC staff on June 10th, 2014 and
subsequent applicant requested revisions were approved on August 28, 2014.
Study Objectives
• Define the Hydraulic Groundwater-Surface Water Interaction (Connectivity)
between the North Fork Snoqualmie River and the Canyon Springs Aquifer.
• Characterize the Geochemical Connectivity of the North Fork Snoqualmie River
and Canyon Springs Aquifer.
• Identify the Losing and Gaining Sections of the North Fork Snoqualmie River and
Quantify Seepage Loss along the Losing Sections.
• Quantify the Outflow Contribution of Canyon Springs to the North Fork
Snoqualmie River.

Methods of Investigation
• Review and compile prior geologic investigation records including area bore logs,
USGS reports, geologic mapping and stratigraphic analysis.
• Perform “boots on the ground” walking surveys of the river channel and adjacent
lands where access is available. Analyze satellite, aerial and helicopter survey
photos, video and LIDAR information.
• Establish three new groundwater wells (Piezometers), perform groundwater level
and water quality monitoring.

Black Canyon Hydroelectric Project, FERC P-14110
Second Year Groundwater Study Report

1
6/10/2015

• Complete geochemical isotope sampling and profiling to determine the potential
exchange between water sources.
• Perform differential river discharge monitoring of the potential “losing reach”
near the Project intake.
• Perform a Canyon Springs outflow evaluation.
Summary of Results
• The Canyon Springs aquifer is comprised primarily of glacial depositional
deposits overlaying pre-tertiary bedrock.
• The majority of the Project bypassed river reach is incised within the bedrock
canyon, where bedrock is directly observable on both the sides and the bottom of
the river channel.
• Canyon Springs is a series of hillside springs and seeps emerging from the
bedrock/glacial deposits geologic contact along an approximately 600 ft. long
“shelf” at an elevation about 60-75 ft. above the river. Shallow groundwater is
collected in developed “Spring Boxes” that connect to a water main pipeline for
city domestic supply. Springs and seeps are numerous in this area and vary in
elevation by about 15 ft. Multiple surface water courses descend from the springs
to the river.
• The uppermost section of the Project bypassed reach where bedrock is not directly
observed on both the sides and the bottom of the river channel appears to be
perched on top of a compacted glacial till (hardpan) geologic unit varying in
thickness from 6-8 ft..
• A groundwater lens was found on top of bedrock at Piezometer #2 (P2, Intake
Site) and varied in thickness over time from about 39 ft. to 52 ft. thick. The
surface water elevation of the groundwater unit lies more than 100 ft. below the
adjacent river bottom elevations located within 275 ft. to the north and 350 ft. to
the south. More than 100 ft. of dry unconsolidated strata were observed below the
elevation of the river bottom but above the groundwater lens at Piezometer #2.
• Isotope analysis of water samples taken from 3 piezometers, the river intake site
and the spring box outfalls and seeps from Canyon Springs indicate that the source
of groundwater at Canyon Springs may include some river recharge but is most
likely groundwater recharged from local precipitation including an area east of the
river up to the ridgeline that drains to Piezometer 2.
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• No significant change in river discharge (losing or gaining reach) could be
determined at the uppermost section of the bypassed reach located between the
intake site and 2500 ft. downstream thereof.
Conclusions
The Project bypassed reach is essentially isolated from the Canyon Springs aquifer due to
most of this reach being incised within the underlying bedrock and the remainder of the
upper portion being perched upon glacial till (hardpan).
A groundwater lens varying in thickness from 39-52 ft. lies more than 100 ft. below the
adjacent riverbed elevations near the Intake site and fluctuates gradually seasonally.
The Canyon Springs aquifer most likely includes a large area of contribution lying east of
the river that could triple the total area of aquifer contribution previously estimated.
Any groundwater recharge that might occur from the river to the aquifer is not likely to
be significant compared to precipitation inputs on both sides of the river due to the
substantial isolation of the bypassed reach from groundwater via the geologic strata
containment. In any case, Project operation with minimum flows set similar to normal
summer low flows would maintain essentially the same wetted area of riverbed during
the low precipitation period, and therefore maintain any potential continuity with the
aquifer until heavier precipitation resumes.
The Project powerhouse would be located approximately 250 ft. below bedrock and 450
ft. below the ground surface at the intake site. The powerhouse would be more than 5000
ft. from the Canyon Springs outlet. The tailrace tunnel would be located several hundred
ft. below bedrock and more than ¼ mile from Canyon Springs.

The Project is not likely to interfere with the Canyon Springs water source, water quality,
available quantity or operations by the City of Snoqualmie.
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2.0 INTRODUCTION AND BACKGROUND
2.1 PROJECT DESCRIPTION
Black Canyon Hydro, LLC (BCH), plans to file an application for an original license for
the Black Canyon Hydroelectric Project (Project), FERC Project Number P-14110, on the
North Fork Snoqualmie River (North Fork) approximately 4 miles northeast of North
Bend, King County, Washington. The Project has a proposed generating capacity of 25
megawatts (MW) and would be located predominantly on private lands. The combined
maximum hydraulic capacity of the four project turbines would be 900 cubic feet per
second (cfs). The minimum hydraulic capacity at which power can be generated is 40
cfs. The run-of-river project (i.e., no water impoundment) would divert water from an
approximately 2.7-mile section of the river between river mile (RM) 5.3 and 2.6. The
diverted water would pass through fish screens and then into a vertical penstock
approximately 450 ft. deep to an underground powerhouse. After exiting the powerhouse
water would travel approximately 8200 ft. in a 12 ft. diameter non-pressurized tunnel
returning to the river at the tailrace located at river mile 2.6.

Figure 1 – Project Vicinity and Bypassed Reach, King County, Washington.
Black Canyon Hydroelectric Project, FERC P-14110
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2.2 GEOLOGIC SETTING
USGS published a map of the Skykomish River Quadrangle (USGS Map I-1963). A
portion of this map is included in Figure 2 - USGS Mapping, which includes the Project
location and approximate location of the proposed tunnel. The mapping identifies
Recessional outwash (Qvr) overlaying Pre- Tertiary Bedrock (TKwa) and Potassiumfeldspar-bearing sandstone (TKwk) adjacent to the TKwa. The depth of the recessional
outwash is undefinable from this map. Recessional outwash (Qvr) overlaying PreTertiary Bedrock (TKwa) is shown within the Black Canyon Project boundary.

Figure 2 – USGS Mapping.
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USGS Mapping Definitions
Qvr - Recessional outwash deposits-Stratified sand and gravel, moderately to well
sorted, and well-bedded silty sand to silty clay deposited in proglacial and ice-marginal
environments. Largely plane-bedded outwash and foreset deltaic deposits in lowlands,
but includes fine-grained deposits of ice-dammed lakes in major west-draining alpine
valleys and at low altitudes along Snoqualmie and Skykomish River valleys. Includes
parts of ice-marginal embankments, kame terraces, and glaciolacustrine deltaic deposits.
TKwa -Argillite and greywacke (Pre-Tertiary Bedrock) -Pervasively sheared, scaley
matrix of mostly argillite containing steep-sided, outcrop to mountain-sized phacoids of
purplish, reddish, gray, and black, fine to coarse-grained and pebbly, lithofeldspathic,
volcanolithic and subquartzose sandstone interbedded with black argillite. Sandstone
has clasts mostly of plagioclase, chert, volcanic rocks, and quartz. Also abundant are
grains or sandstone, siltstone, phyllite, biotite, muscovite, and epidote. Where more
strongly deformed, unstable grains are broken down into anastomosing shear zones or
smeared out into indistinct chloritic matrix. Alteration minerals are calcite, chlorite,
serlcite, limonite, epidote, and prehnite. Near Tertiary plutons the rocks have become
hornfelsic commonly with conspicuous biotite. Sedimentary features such as graded
bedding and load casts are locally well preserved. Unit Includes minor chert,
polymictic and quartz pebble conglomerate, and shale-chip breccia: also very minor
chert, limestone, metavolcanic rocks, metagabbro, and metatonalite. Locally cut by
greenstone (metadiabase) dikes.
TKwk – Potassium-feldspar-bearing sandstone – Lithologically similar to sandstone of
unit TKwa, but having 2 to 20 percent potassium-feldspar clasts and commonly more
plagioclase, muscovite, and biolite.
2.3 CITY OF SNOQUALMIE CANYON SPRINGS AQUIFER
Canyon Springs
Canyon Springs is one of three sources of water supply for a population of approximately
12,000 people. The other two are referred to as the north well field and the south well
field. Canyon Springs are located in Black Canyon on the north hillside bank of the North
Fork of the Snoqualmie River, approximately 60 feet above the riverbed on a 20 acre
parcel owned by the City. The adjacent forestland is owned by THR, LLC. Access to the
springs is limited along a waterline easement trail that parallels the transmission main
from the springs. Canyon Springs is a recorded municipal water source by the
Washington State Department of Ecology as follows:
Source: Canyon Springs

Certificate Number: 4553
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Maximum Withdrawal: 898 gpm instantaneous, 1,448 ac/ft/yr. (equivalent to 2 cfs)
Intake System
The springs feed a gravity flow water system. Water is withdrawn from a buried intake
system (spring box). Two intakes were originally constructed in the 1950s to collect the
spring water. The second intake was rebuilt due to slide damage in the 1980’s. The first
intake consists of a reinforced concrete retaining wall that acts as a dam to contain the
spring water. The retaining wall was backfilled with select material to encase the 24-inch
perforated concrete collection pipe and provide support for the hillside soils covering the
spring source. A sloped concrete slab protects the spring source from excess infiltration
of surface water. Water is collected in a concrete spring box, which has a valved
connection to the 12-inch transmission main.
The second intake is located approximately 580 feet downstream along the transmission
main. The water at this location is collected by an 8-inch perforated concrete pipe placed
within a hillside interception trench. The perforated pipe is encased in gravel material.
The sloped surface of the hillside was covered with silty soil material to protect the
spring water from surface water contamination. The collected spring water is piped to a
buried
reinforced concrete spring box complete with a valved supply connection to the 12-inch
transmission main.
Overflow System
The spring box overflow system for each spring box provides an outlet for excess water
not withdrawn for water supply. Excess water from the springs returns back to the
Snoqualmie River as surface flow over the hillside. The intake elevation of each
overflow system is approximately 684’.
System Protection
Drinking water supplies vary as to their susceptibility to contaminants discharged at the
surface. Sources located in an unconfined aquifer with no confining layer (layer of low
permeability) between the aquifer and surface have a much higher susceptibility. After
review of the susceptibility assessments by WA. State Dept. of Health, Canyon Springs
was given a high susceptibility rating. A disinfection building is located adjacent to a
pressure reducing valve vault on SE 70th Street. At this location, hypochlorite is
generated and injected upstream of customers to provide contact time (CT) of 6.
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Figure 3 - Canyon Springs Main Spring Overflow Outlet.
Aquifer Zone of Contribution
Based on USGS geologic mapping, the area upland of the spring is composed of glacial
recessional outwash gravels. Underneath this layer is bedrock. Canyon Springs emerges
at the interface between the two layers. The area to the north of the springs is a large
plateau that is bounded to the east and north by the North Fork Snoqualmie River. Two
bedrock knolls indicate a bedrock ridge that forms a westerly boundary of the catchment
basin. Bedrock along the west riverbank beginning at RM 4.7 at an elevation of around
910 ft. and continuing downstream to Canyon Springs forms an easterly subsurface
catchment boundary. Since the area is mostly flat, it is assumed that any precipitation
that is not lost through evapotranspiration recharges the aquifer that feeds the spring. An
approximate boundary of the zone of contribution for the springs based on the City of
Snoqualmie Water System Plan is shown at Figure 4.
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Figure 4 - Aquifer Zone of Contribution, Based on City of Snoqualmie Water
System Plan, Feb. 2013.
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3.0 STUDY OBJECTIVES
The primary purpose of the study is to determine the relationship between river water and
groundwater and to examine the potential effects of building and operating the Project on
the City of Snoqualmie Canyon Springs municipal water supply that is derived from the
Canyon Springs Aquifer. This may be accomplished by achieving the following
objectives:
• Define the Hydraulic Groundwater-Surface Water Interaction (Connectivity)
between the North Fork Snoqualmie River and the Canyon Springs Aquifer.
• Characterize the Geochemical Connectivity of the North Fork Snoqualmie River
and Canyon Springs Aquifer.
• Identify the Losing and Gaining Sections of the North Fork Snoqualmie River and
Quantify Seepage Loss along the Losing Sections.
• Quantify the Outflow Contribution of Canyon Springs to the North Fork
Snoqualmie River.
4.0 STUDY METHODS
In order to examine the relationship between surface water and groundwater within the
study area several methods have been utilized. Investigative methods include field
inspection surveys, installation of groundwater piezometers, utilization of geochemical
and isotope sampling, river reach discharge comparisons and Canyon Springs water use
and outflow evaluation. The combined results of each method will aid in understanding
the relationship between precipitation, river discharge, groundwater flow and ultimately
the source(s) of water for the Canyon Springs Aquifer.
4.1 BEDROCK DETERMINATION FIELD SURVEYS
As part of the initial project survey and ongoing field study researchers have examined
the Project bypassed reach for location and documentation of bedrock outcroppings,
geologic contacts, surface water drainage and springs and seeps that enter the river.
Determination of bedrock location, elevation and orientation will facilitate the
groundwater examination. An extensive review of USGS literature and prior studies was
completed prior to field survey. An evaluation of previous bore logs, well logs, gravel
surveys, construction borings for Black Creek Hydro, geologic maps, road cuts,
vegetative growth and ground surface anomalies has been completed. Three new
additional piezometers were drilled as part of this study with records of lithology
recorded and depth to bedrock noted as applicable for each new piezometer.
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Every section of the bypassed reach has been visually examined from overhead by
helicopter video, aerial photographs and Lidar imagery. Additionally, the entire bypass
reach has been traversed and photographed by fisheries and wildlife biologists
performing habitat and species surveys.
That portion of the bypassed reach beginning immediately below Canyon Springs up to
and beyond the Project intake, from approximately RM 3.5 upstream to RM 6.0 has been
examined by a licensed geologist using the above referenced imagery and foot surveys.
Field notes and photographs were taken throughout the riverbank traverse from RM 4.6
to approximately RM 6.0.
4.2 PIEZOMETERS
Three new piezometers were installed as part of the study. Their locations were reviewed
with the FERC staff to achieve the most benefit based on ground access availability.
BCH contracted with Cascade Drilling to install three (3) piezometers to monitor
groundwater in the vicinity of the proposed Intake. Piezometer installation occurred
September 10-16, 2014. Confluence licensed geologist, Shane Cherry, was present on
site during the installation to analyze soil and rock samples as they were recovered. Data
collection included the following observations:
•
•
•
•
•

Soil/rock types and strata
Depth to groundwater
Depth to bedrock
Bedrock lithology
Anomalies

Piezometer #1 (P1) is located on the west bank of the river opposite from the proposed
Project Intake Site. P1 is located setback from the riverbank bluff by about 100 ft.. Core
material was fairly uniform unconsolidated gravel with silt, clay and sand. Bedrock was
encountered approximately 33 ft. below the ground surface (bedrock elevation 1,054 ft.)
and drilling continued to a depth of 45 ft. to be certain that this was not just a large
boulder. The adjacent riverbed elevation is approximately 960 ft., therefore bedrock at
P1 was found at about 94 ft. above the riverbed. The interior of the bedrock was dry
indicating that it forms an aquatard for the groundwater in the gravel above. Subsequent
well monitoring indicates that there is a very thin lens of groundwater on top of the
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bedrock a little over a foot thick that doesn’t change elevation very much throughout the
year.
Piezometer #2 (P2) is located to the east of the river adjacent to the proposed Project
Intake Site. Groundwater was encountered (soils appeared saturated) approximately 176
ft. below ground (groundwater elevation 835 ft.) within unconsolidated sand/gravel
overlaying bedrock at 220 ft. below ground (elevation 791 ft.). The interior of the
bedrock was dry indicating the bedrock is an aquatard for the groundwater observed in
the gravel above. Riverbed elevation ranges from 970 ft. to the north of P2 to 945 ft. to
the south of P2. The bore log shows that a hardpan layer about 6 ft. thick was
encountered at about the same elevation as the river bed to the south. Dry gravel was
present within the depth range extending 110 ft. below the river bed to the elevation at
which core materials appeared saturated. In the interval between the river bed elevation
and the groundwater level the soil was composed of very dry unconsolidated gravel. This
observation indicates that the water in the river does not directly connect to the
groundwater observed in P2 at an elevation 110 ft. below the riverbed due to dry core
materials above the observed groundwater. Subsequent well monitoring indicates that the
groundwater layer lying on top of the bedrock ranges in thickness from about 39-52 ft.
during the 7 month monitoring period. Again, this groundwater lens lies more than 100
ft. below the adjacent riverbed.
Piezometer #3 (P3) is located on the west bank of the river approximately 1000 ft.
upstream of the proposed Project Intake and upstream of Piezometers #1 and #2. This
location is elevated above the zone of influence of the proposed Project Intake and
associated pool section. Material observed in the core was dominated by gravel with silt,
clay and sand with some cobbles and boulders. Material was mostly dry until a depth of
approximately 36 ft. below ground surface (elevation 981ft) where moisture was
encountered. Bedrock was not encountered and gravel was observed to the bottom of the
hole at elevation 951 ft. The bottom of P3 is at an elevation 25 ft. below the adjacent
river bed located approximately 160 ft. to the east. P3 was not drilled any deeper as the
objective was to only drill to at least 20 ft. below the adjacent riverbed. Subsequent
groundwater elevation monitoring demonstrated that water levels fluctuated between
elevation 958 ft. and 964 ft., approximately 13-19ft. below the river bed. Groundwater
elevation in P3 fluctuated more rapidly than in P2 as reflected in the results section of this
report.
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Appendix A, Exhibit 1, shows the location of the proposed piezometers with respect to
the NF Snoqualmie River and the proposed intake and tunnel alignment. Appendix B
includes the bore logs for all three piezometers.
4.3 GEOCHEMISTRY
Methods
Note: All Figures, Tables and Exhibits referenced in this section, 4.3, and not shown
below may be found in Appendix D at the end of the report.
Northwest Land and Water, Inc. collected samples during November 2014, February and
April 2015. During November and April sampling events, samples were collected from 3
piezometers, 2 spring locations, and from the river; in April, samples were also collected
from 4 groundwater seeps located on the bluff slope in the vicinity of the springs. During
February, samples were collected from the river, spring and seep locations (none from the
piezometers). Sampling locations are shown on Figure 1; S-1 is the western spring
location and S-2 is the eastern spring location. Samples were collected in accordance with
the QAP that was prepared for this project. To ensure that the samples from the
piezometers represented groundwater, the piezometers were purged of three borehole
volumes or more, and field parameters were measured to make sure that they were stable,
before samples were collected. Table 1, below, summarizes the surface elevation, depth,
and bottom elevation for the piezometers. Table 2, below, summarizes sampling dates
and locations.
Table 1 - Summary of Piezometer Data.
Surface
Bottom
Depth to
Top Of
Elevation, Depth, Elevation, Bedrock, Bedrock
Piezometer
ft
ft
ft
ft
Elev, ft
P-1
1,087
45.0
1,042.0
33
1054
P-2
1,011 246.5
764.5
220
791
Not
na
P-3
1,017
66.0
951.0 encountered
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Table 2 - Summary of sampling locations and dates.
PS- S- EP-1 P-2
River
E-2 E-3 E-4
Date
3
1
2
1
Nov 18 &19,
x
x
2014
x
x
Nov 24, 2014
x
x
x
x
Feb 5, 2015
x
x
x
x
x
x
x
April 21, 2015
x
x
x
April 22, 2015
x
x
x
x
x
x
x
During piezometer sampling in November, the purged groundwater was initially very
turbid (suspended silt and clay) and became clearer as purging progressed. It appeared
that the piezometers were not adequately developed after installation to provide a clean
groundwater sample. The purging process during sampling served to “develop” the wells.
As a result, more than five borehole volumes were purged from P-2 and P-3 before they
were sampled. Only three borehole volumes were purged from P-1 because the flow rate
was too low and the saturated interval too small to practically purge enough water to
clear it of suspended silt. Groundwater from P- 1 remained silty throughout purging and
the flow rate was too low to practically allow collecting sufficient sample volume for
standard chemistry analytes. Furthermore, standard chemistry would potentially be
affected by the suspended sediment. However, a sample from P-1 was collected for
analysis of stable isotopes because the turbidity does not affect the representativeness of
stable isotopes and the required sample volume is only 40ml.
During April piezometer sampling, P-1 was not sampled due to the low flow rate and
lengthy time required to sufficiently purge the well to get adequate turbidity and sample
volume. More than 5 borehole volumes were purged from P-2 and P3 and adequate
turbidity was achieved.
Precipitation and temperature for Ernie’s Grove and Moon Valley, weather stations near
the site, are shown on Figure 2 for the period September 1, 2014 through April 23, 2015.
Data is from WeatherUnderground (http://www.wunderground.com/). A relatively long
dry period preceded November 19 and a rainy period occurred between the 19th and
24th. Winter temperatures were relatively mild preceding the February sampling.
Temperatures were also mild for about two months preceding the April 21 sampling. A 7day dry period occurred before the April 21 sampling; a cold, abundant rain occurred on
April 21 and 22, between the sampling that occurred on those two days.
Black Canyon Hydroelectric Project, FERC P-14110
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River samples were collected from the proposed project intake location. River samples
were collected twice in November, separated by about a week, and twice in April on
consecutive days in an effort to identify the effect of the rain that occurred between those
two days.
Samples were collected for analysis of analytes listed in FERC guidelines and for stable
isotopes of oxygen-18 and deuterium. The second river samples collected in November
and April were analyzed for stable isotopes only. In addition to field analyses of T, pH,
conductivity, and dissolved oxygen, samples were analyzed for stable isotopes by Isotech
Tracer Technologies; all other analytes were analyzed by Analytic Resources, Inc.
Laboratory quality assurance results were reviewed and sample results entered in a
project database.
4.4 DISCHARGE DIFFERENTIAL MEASUREMENT
This method of investigation is intended to aid in determining whether a specific river
reach is losing or gaining discharge to/from the adjacent uplands, riverbanks and
subsurface. River discharge is carefully measured at two (or more) specific river stations
(RM stations) and compared for potential differences to determine a net increase or
decrease in discharge.
Discharge Comparison
A relatively steep stream gradient and large bed material, primarily bedrock and boulders,
result in turbulent flow conditions in a majority of this segment of the North Fork.
Where short segments of the river exhibit a lower gradient, large boulders and bedrock
interrupt the downstream current causing numerous eddies and currents at oblique angles.
The lack of relatively uniform downstream current conditions makes standard methods
for accurately measuring river discharge virtually impossible.
Use of an Acoustic Doppler Current Profiler (ADCP) provides for the rapid collection of
“transect” data, including distance from start of the transect, depth, and velocity and tools
to analyze and display the data. The Workhorse Rio Grande 1200 kHz ADCP
manufactured by Teledyne RD Instruments (TRDI) is the industry standard for capability
to provide accurate and repeatable discharge measurements in small and medium rivers.
The TRDI ADCP has passed rigorous accuracy and performance testing by the US
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Geological Survey (USGS) resulting in purchase and extensive use in USGS stream
gauging.
Field Measurements
On August 5, August 26, and October 9, 2014 ADCP surveys were completed at each of
the stream gauge sites shown in Figure 5. Transects were selected in pools near each
gage that would result in the most accurate discharge. Several characteristics needed for
good transects were;
• lack of entrained air in the water
• water deep enough across most of the transect for the ADCP to gather velocity
data
• no boulders in the path
• flow mostly going downstream
Tag lines tended by a technician on each bank slowly pulled the Riverboat containing the
ADCP horizontally across the transect. The ADCP was operated remotely via radio
modems from a laptop computer on shore. Six to eight ADCP surveys were completed at
each site on each day to insure that adequate data was collected for analysis and
reporting.
The ADCP “pings” rapidly and typically measures depth and velocity at 250-500
locations during a single discharge on a cross section of the river during each ADCP
survey. The ADCP measures the flow in distinct depth bins that compute both velocity
and direction of the flow. It has an unmeasured part of the water column both on top and
near the bottom. The discharge in these unmeasured areas is computed from the
measured velocities via algorithms embedded in the software. Figure 6 shows the ADCP
cross sectional profile with velocities shown in color in the measured section and top and
bottom unmeasured segments.
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Figure 5 - Aerial Photograph of Discharge Measurement Locations.

Figure 6 - Cross Sectional Profile of N. Fork ADCP Discharge.
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4.5 CANYON SPRINGS OUTFLOW
The original objective of measuring outflow at Canyon Springs was intended to estimate
the contribution of return flow to the river. At first observance during summer 2014 it
appeared that one could monitor outflow pipes from the spring boxes and perhaps the
predominant surface flow outbreaks in the vicinity to gain an estimate of contribution.
The main spring dual 12” diameter outflow pipes represent virtually all overflow from
the spring collection system. Two individual pipes associated with the secondary spring
box did not discharge to any significant extent during all periods of observation.
A basic method of estimating flow from a non-pressurized horizontal pipe outlet is
provided in Appendix E, a summary of which is depicted in Table 3, where “Y” is the
depth of the opening in the pipe above the water flow depth expressed as a decimal
fraction of the full pipe diameter. The numbers are in gallons per minute. The pipes
have a 2% slope and may be deemed near horizontal.
By way of example, in Figure 7 below, flow from each pipe would therefore be estimated
at .77 cfs for the pipe on the left (Y=.7) and .43cfs for the pipe on the right (Y=.8) after
conversion from gallons per minute to cubic feet per second (cfs). Total estimated
discharge from the two pipes = 1.2 cfs. Coincidentally, 1.2cfs is the constant yield, i.e.
steady flow rate year around that would occur based on the City of Snoqualmie Water
Supply Plan estimate of 230 acres of recharge area, 90 inches annual precipitation, 50%
losses due to evapotranspiration and the remaining 50% precipitation total providing
recharge to the springs.
After evaluating a range of methods, focusing on the main outlet pipe discharge and
monitoring any variability over time appeared to be most effective.

Black Canyon Hydroelectric Project, FERC P-14110
Second Year Groundwater Study Report

18
6/10/2015

Figure 7 - Main Springs Dual 12” Outlet Pipes, November 24, 2014.
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Figure 8 - Western Outlet S1.

Figure 9 - Eastern Outlet S1.
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Y
D
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Table 3 - Estimate Of Flow From A Horizontal Pipe.
Inside Diameter of Pipe – “D” in Inches
4
6
8
10
142
334
579
912
128
302
524
825
112
264
457
720
94
222
384
605
75
176
305
480
55
130
226
355
37
88
152
240
21
49
85
134
8
17
30
52
0
0
0
0

12
1,310
1,185
1,034
868
689
510
345
194
74
0

5.0 RESULTS
5.1 BEDROCK DETERMINATION
Desktop Review
The review of existing USGS and DNR geologic maps indicate three distinct lithotypes
underlying the local Fraser-age glacial outwash deposits that define much of the surficial
topography in the Project area. The pre-Tertiary argillite/metagraywacke unit most
commonly referenced in existing literature may be continuous across the project area and
likely underlies the glacial sediments to form the bedrock for the proposed Project tunnel.
It is possible that tonalite/granodiorite and mafic intrusive bodies from the Index and
Snoqualmie batholiths are also encountered within the same geologic complex contacting
pre-Tertiary bedrock and may be present within the project area. Recent bedrock
analyses (hand samples retained during the engineering field study) are classified as
greywacke, basalt or volcanically altered sandstone, or highly altered argillite.
Desktop LiDAR analysis of the Project area revealed that Late Pleistocene glacial
advance encountered the bedrock ridge southeast of the project at near 90 degree angles
and likely halted, forming ice marginal lakes and deposits. Glacial outwash channel
deposits showing flow towards the south are present in the project area (See Figure 10).
The modern day Snoqualmie River is incised into the Late Pleistocene outwash channel.
In the project reach, the channel has incised down to bedrock throughout much of its
length and very little lateral migration or deposition has occurred throughout the
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Holocene. Several stranded Holocene terraces are present along the modern alluvial
plain.
Desktop LiDAR analysis of the subject area revealed a probable Holocene landslide
deposit approximately 1000 feet due northeast of the proposed tunnel intake structure
(Figure 10). Field analysis of the deposit and possible head scarp would be required to
confirm or refute this hypothesis. Results of LiDAR interpretation are shown below as
Figure 10.

Figure 10 - Lidar Survey and Interpretation.
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Field Investigation
Field staff observed and mapped the geologic contact between bedrock and
overlying alluvium within the upstream portion of the Bypassed Reach of the river
above the elevation of water withdrawal by the City of Snoqualmie at Canyon
Springs. The lowest withdrawal elevation is approximately 685 ft. and
corresponds to the river bed elevation at approximately river mile (RM) 4.0. The
river channel within the bypassed reach is incised into bedrock extending upstream
from approximately RM 2.6 to a point located at approximately at RM 4.7 located
3500 ft. downstream of the proposed intake. Bedrock is evident on both the sides
and bottom of the riverbed at an elevation of approximately 910 ft. at RM 4.7.

Figure 11 - East Bank at RM 2.6.

Black Canyon Hydroelectric Project, FERC P-14110
Second Year Groundwater Study Report

23
6/10/2015

Figure 12 - Mid Upper-Canyon.

Figure 13 - Confluence of Black Creek & North Fork, RM 4.2.
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Figure 14 - Bedrock on banks, looking into top of the canyon RM 4.7

Figure 15 - Bedrock on banks and river bottom, river left.

Black Canyon Hydroelectric Project, FERC P-14110
Second Year Groundwater Study Report

25
6/10/2015

Figure 16 - Bedrock on East Bank, river left, at RM 4.9.
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Figure 17 – Bedrock outcrops at RM 4.9.
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Figure 18 – Bedrock outcrops at RM 5.0.

Figure 19 - Bedrock At RM 6.0 Upstream Of The Project Intake.
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Bedrock was observed along the east bank from RM 4.7 to a point approximately 2,300
ft downstream of the proposed intake at RM 4.9. Additional bedrock outcrops were
observed on the slope above this point on the east bank. Bedrock outcrops were also
observed upstream of the Project Intake within the channel bed at approximately RM
6.0.
Glacial Till/Hardpan
A contact between the bedrock and a glacial till deposit approximately 6-8 ft. thick was
observed at RM 4.9 on the west bank demonstrating that the consolidated till deposit had
been deposited directly on the eroded surface of the bedrock. The till unit is rich in
gravel and cobbles consolidated in a matrix of fine sand, silt and clay. The till forms
visible outcrops along the west bank at the toe of slope at the edge of the riverbed for the
majority of the reach upstream of the bedrock contact extending approximately 800 ft.
upstream of the proposed intake. Within limited locations the glacial till could not be
observed where its anticipated location (based on extension of adjacent outcrops) was
covered by large woody debris accumulations, riverbed sediment deposits, or slope
deposits derived from shallow slumping or raveling of the slope above the river. The till
was exposed under water in several places along the west bank. River flow on the day of
observation was approximately 80cfs. In places the till is exposed by erosion of the
alluvial sediments extending down into the water and up the bank within the limits of
ordinary high water. The till was observed continuously on the west bank except where
alluvial sediments and woody debris accumulations obscured the underlying material.
Unconsolidated gravel is exposed on erosional features (e.g. slumps and slides) above
ordinary high water along the west bank. The presence of the till unit along the west
bank suggests that groundwater migration from the river into the west bank may be
limited by this unit functioning as an aquatard.
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Figure 20 - Glacial Till Unit at RM 4.9 – extends below water surface and under
river bed gravel.
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Figure 21 – Glacial Till Bedrock Contacts.

Figure 22 – Glacial Till Grain Size Range.
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Figure 23 - Bedrock and Glacial Till (hardpan) Outcrops.
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Figure 24 - Revised LiDAR Bedrock Map After Field Survey.
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Results of field surveys have modified the prior LiDAR map to include the
extension of bedrock outcrop adjacent to the river channel upstream from RM 4.3
to RM 4.9, and extending up the east bank hillslope. Bedrock is also noted in the
riverbed and both sides at RM 6.0 and upstream thereof. Not surprisingly, thin
soiled bedrock hillslopes and low relief valley glacial outwash deposits continue
northward beyond the previously mapped LiDAR units. The summation of the
field survey is that glacial outwash deposits fill the river valley floor and lay on
top of bedrock. While the majority of the Project bypass reach lies in an incised
canyon, up to 3500 ft. at the uppermost end appears to be perched on a
consolidated glacial till (hardpan) unit.
The absence of surface flow channels crossing the valley on the east side of the river
upstream of P2 strongly suggests that hillslope runoff from the mountainsides to the east
sinks into the valley floor once glacial outwash deposits are encountered. Furthermore,
the east side of the valley floor is sloped southward (downriver) and includes a
topographic rise that would prevent surface flows travelling directly westward to the
river. Runoff from eastern slopes is directed south and then southwesterly toward the
Intake site and P2 due to the slight rise in elevation in center of picture. Valley floor is
comprised of deep glacial outwash deposits over bedrock.

Figure 25 - East side of river valley looking south.
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5.2 PIEZOMETERS
The relation between the water surface elevation in the river and the observed
groundwater elevation in the 3 piezometers provides insight into the relation between
river flows and nearby shallow groundwater.
On the west side of the river at Piezometer 1 (P1) only a very thin layer of saturation,
averaging about a foot deep, was found. The bedrock at P1 is more than 90 ft. higher
than the adjacent river bed and there is relatively little area of contribution feeding runoff
and subsurface flow to the site. The main value of P1 was to determine depth to bedrock
and provide a groundwater sample that could not be influenced by the river for isotope
study.
On the east side of the river, Piezometer #2 (P2) shows approximately 110 feet of dry
unconsolidated gravel between the riverbed and the groundwater surface with
groundwater present in the gravel on top of bedrock. Bedrock was found at an elevation
of 791 ft. A glacial till/hardpan layer is evident in the bore log at an elevation that
corresponds with the riverbed elevation immediately to the south. A groundwater lens
39-52 ft. thick sits on top of the bedrock and fluctuates slowly seasonally.
Upstream of P1 and P2 on the west side of the river Piezometer #3 (P3) was drilled. This
piezometer was drilled to end approximately 20 ft. below the adjacent riverbed.
Groundwater in this piezometer goes up and down at least 6 ft. much more rapidly than
P2 and seems to correspond fairly rapidly to precipitation (see Figures 26 - 28 below) and
not as rapidly to river discharge.
These observations together suggest that on the west bank upslope and upstream of P3
shallow groundwater moves from the bedrock ridge to the west (McCloud Ridge) toward
the river, This small area likely recharges groundwater, but groundwater may not reach
the elevation of the river below RM 6.0 (where bedrock is exposed at the riverbed).
Water may move from the river toward P3 if not prevented by the previously reported
glacial till layer observed along the west bank.
On the east bank of the river, P2 suggests that the river is disconnected from the
groundwater based on the large difference between riverbed elevation and groundwater
elevation as well as the dry unconsolidated gravel observed in that interval. The notably
thick groundwater layer and slow elevational response in P2 suggest a large area of
contribution and slow movement through the subsurface.
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Figure 26 - Precipitation at Ernie’s Grove March 10 to June 5, 2015.

Figure 27 - Piezometer #3 Groundwater Elevation, March 10 to June 5, 2015.

Figure 28 - River Discharge March 10 to June 5, 2015.
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5.3 GEOCHEMISTRY
Results
Note: All Figures, Tables and Exhibits referenced in this section, 5.3, and not shown
below may be found in Appendix D at the end of the report.
Analytical laboratory results are summarized in Table 3a for November samples and 3b
for April. The ion balance was calculated for each sample; anion and cation concentration
in milliequivalents per liter are summarized with the ion balance in Table 4. Water is
electrically neutral and therefore the positive charge of the cations should equal the
negative charge of the anions. The calculated ion balance demonstrates the reliability of
the results–ion balance less than 5% indicates that the results are reliable. Calculated ion
balance is less than 2% for all the samples; all results are considered reliable.
Stable isotope data is summarized in Table 5 and plotted with the global meteoric water
line (GMWL) for each sampling event on Figures 3, 4, and 5, respectively, and all are
shown on Figure 6. Error, inherent in any analytical method, is included in Table 5 and
generally is less than 0.8 permil for deuterium and 0.15 permil for 18O. The small error
relative to the range in results indicates that many of the samples are distinctly different
from each other and these differences are meaningful. The salient information on Figures
3, 4, and 5 and key conclusions from the stable isotope data are explained in the
following section:
Technical Interpretation of Results
Global and Local Meteoric Water Lines
Globally, the isotopic signature of all precipitation plots along the global meteoric water
line (GMWL). Low-elevation precipitation has a heavier isotopic signature than high
elevation precipitation due to the higher temperature and pressure that occurs at low
elevations.
While on a large scale all precipitation plots along the GMWL, local precipitation
actually plots more closely along its own local meteoric water line (LMWL) that has a
slope and intercept that may be slightly different from the GMWL. The GMWL is
essentially a global average of many LMWLs, each controlled by local climatic factors
that include the origin of the vapor in the clouds that produced the precipitation and
seasonality (Clark and Fritz, 1997). This relationship is useful to understand the
conditions that result in isotopic signatures from the river, spring, seep, and groundwater
samples.
While project data do not plot along the global meteoric water line, it is apparent that the
data plot along a trend, suggesting precipitation plots along a local meteoric water line.
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Unfortunately, a LMWL has not been reported for this area. However, a slope of 8.5 is
reported from 240 stream samples collected in Washington state (Kendall and Coplen,
2001) and a slope of 7.8 is reported for Victoria, Canada, the nearest location with a
reported LMWL (Clark and Fritz, 1997). While both of these slopes are similar to the
value of 8.0 for the GMWL, neither of these slopes provides a line that fits all the data,
but more detailed information for Victoria is useful for the project site.
Work done to characterize the LMWL for Victoria, B.C. indicates that there are separate
winter and summer LMWLs of similar slope to the GMWL, but they are shifted away
from the GMWL—the deuterium excess—by different amounts. The reported Victoria
deuterium excess, d, of 1.6 and 3.9, for summer and winter, respectively, are useful for
understanding and interpreting the project data. The project area is relatively close to
Victoria and also has a Pacific marine-influenced climate. Deuterium excess seasonality
is controlled by the temperature at which the water vapor condenses (Clark and Fritz,
1997). Note that “summer” and “winter” mean “relatively warm” and “relatively cold”
precipitation, respectively (i.e. deuterium excess seasonality is controlled by the
temperature at which the water vapor condenses). Summer and winter LMWLs with
deuterium excess of 1.6 and 3.9, respectively, are shown on Figures 3, 4 and 5. Project
data plot close to these lines and suggests that, as is reported for Victoria, precipitation in
this area also has different summer and winter LMWLs with similar slopes (and different
y-intercepts).
Project Data Plot Near Summer and Winter LMWLs
Figures 3, 4, and 5 indicate that project data plot between the GMWL and the winter
LMWL as defined by the deuterium excess value for nearby Victory, B.C.
November 2014 (Figure 3): The groundwater data plot close to the summer LMWL; this
is consistent with what is expected if the groundwater system is recharged via infiltration
of local precipitation incident to the local watershed. The isotopic signature of the
groundwater reflects recharge that occurred locally during the warmer months.
Conversely, the river samples in November already reflect cooler temperature
precipitation that occurred during late October and early November (Figure 2). River
data also suggest precipitation that occurred at higher elevation, consistent with river
water comprising runoff and baseflow accumulated from upgradient which is at
significantly higher elevation in this river system.
February 2015 (Figure 4): Data plot near the winter LMWL, as expected for that time of
year. The Springs plot closer to the winter LMWL as compared to November. The river
sample is isotopically heavier than river samples from November, reflecting the
unusually mild winter temperatures in January and February that preceded sampling
(Figure 2)
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April 2015 (Figure 5): Except for P-3, all the data plot near the winter LMWL, as
expected for that time of year. The river samples are isotopically lighter compared to
river samples collected in February and November, consistent with the low-temperature
precipitation preceding sampling. P-3 plots between winter and summer LMWLs and
reflects a mixture of recharge from both warm and cold seasons.
P-1 Groundwater From Local Precipitation
Boring log data indicates P-1 encountered about 33 feet of unconsolidated deposits before
reaching bedrock (Appendix B); top of bedrock at P-1 is 1054 ft, and adjacent river
elevation is about 965 ft. Therefore, groundwater in the vicinity of P-1 is recharged only
from local precipitation and includes no recharge from the river. Based on topographic
contours, groundwater at P-1 is recharged mostly from precipitation that occurs below
elevation of 1150 ft. P-1 has the heaviest isotopic signature of the three November
groundwater samples.
Source of P-3 Groundwater
P-3 is completed at elevation 951 feet and adjacent river elevation is 977 feet. Borehole
log data indicates gravelly deposits extend from near land surface to 33 feet or elevation
of 984 feet, and silty-clayey gravel extends from 984 to the well bottom (951 ft)
(Appendix B). Therefore, the river is incised into the silty-clayey part of the
unconsolidated deposits and these deposits underlie the river in the vicinity of P-3. WLE
at P-3 is consistently below the river stage throughout the monitoring period. Stratigraphy
and WLE suggest that groundwater in the vicinity of P-3 would be recharged from the
river. However, isotope data for P-3 indicates a fairly heavy isotopic signature, lighter
than P-1, heavier than P-2, and significantly heavier than the river samples. If
groundwater at P-3 had a significant contribution from the river, the isotopic signature
would be lighter, indicating a mixture with winter conditions. Based on topographic
contours, precipitation that would recharge groundwater in the vicinity of P-3 is due
mostly to precipitation that occurs below elevation 1,350 feet; therefore, the isotopic
signature for groundwater at P-3 is expected to be lighter than at P-1, even if there is no
recharge from the river.
WLE during the period of record at P-3 mimics stream stage. While this may appear to
suggest direct communication with the river, it could also reflect direct response to
precipitation, to which the river is also responding. Groundwater in the vicinity of P-3
may be hydraulically connected to the river with respect to transmission of the pressure
pulse, but the quantity of recharge moving from the river to the aquifer might be limited
by the low hydraulic permeability. If P-3 had a strong “immediate response” that allowed
significant recharge from the river, the isotopic signature at P-3 would be expected to be
more similar to that of the winter river isotopic signature. The large difference in isotopic
signature for April at P-3 and the river, suggests that groundwater in the vicinity of P-3
does not have significant recharge from the river. Rather, the similarity in the WLE trend
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between P-3 and the river is either due to response to precipitation or due to transmission
of the pressure pulse, but the low-permeability silt and clay prevents significant recharge
from the river to the groundwater.
The difference in water level between P-3 and the river corroborates the idea that lowpermeability material prevents significant groundwater flow and results in a relatively
steep gradient between river and P-3. Data collected to date suggests that recharge from
the river to the groundwater in the vicinity of P-3 may be occurring, but the contribution
is small. However, even though the hydraulic data suggests a low flow rate from the river
to the groundwater at P-3, it is possible that there is a time lag between recharge from the
river and its arrival at P-3. Isotope data collected during low-flow summer conditions
would need to be consistent with local low-elevation precipitation to confirm lack of
significant contribution from the river.
P-2 Indicates Larger Recharge Area and Connection to City Springs
Boring log data indicates that P-2 encountered bedrock at 220 feet and unconsolidated
deposits occur from land surface to bedrock; till is encountered at various depths above
the aquifer that extends from 176 feet to bedrock (Appendix B). P-2 is located on the
east side of the river and is down gradient from a talus slope that collects precipitation
incident on the higher elevation hillslope that extends up to the ridge (Figure 1).
Groundwater flowing through the talus slope likely recharges the aquifer at P-2. Water
level elevation at P-2 ranged from 831 to 845 between October 15, 2014 and April 21,
2015 (email, Chris Spens, 5/29/2015). P-2 is located within 325 feet, north and south,
from the river bank; however, the water level data indicates the top of the water bearing
unit at P-2 is more than 100 feet below the river near P-2. Unconsolidated deposits and
bedrock surface shown on Whitewater Engineering cross-sections P2-E1 and T1-T2
(Appendix A, Exhibits 2 and 3) continues beneath the river, and is connected to the
aquifer that discharges to the City Springs (survey elevations are 688 and 696, for S1 and
S2, respectively). As such, the effective recharge area for the springs includes area east of
the river and is larger than the recharge area identified by the City (Appendix A, Exhibit
4).
For both November and April, P-2 is isotopically lighter than P-1 and P-3, suggesting
higher elevation precipitation. While both P-2 and P-3 are isotopically lighter in April
compared to November, the difference is much more pronounced for P-2; P-2 plots above
the winter LMWL, while P-3 plots between the summer and winter LMWLs, again
suggesting higher elevation precipitation for P-2 compared to P-3. While the elevation of
the hillslope recharge area is higher than the immediate vicinity of the springs (recharge
area for P-3), it isn’t nearly as high as the land surface elevation in the river watershed
upgradient of the project site. Therefore, the isotopic signature of P-2 is lighter than P-3
but significantly heavier than the river.
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That WLE at P-2 is significantly lower than the river suggests that recharge from the
river to groundwater in the vicinity of P-2 is not significant. If significant recharge from
the river occurred, the top of groundwater elevation would be much closer to the river
elevation. Recharge from the river is likely limited by the low-permeability till deposits
that are reported to occur in the borehole for P-2 from 72 to 183 feet below land surface
(Appendix B). While the large water level and till may strongly limit recharge from the
river, it is likely that a small amount may occur, however insignificant.
Furthermore, the subsurface profiles in Appendix A, Exhibit 2, 3 and 4, illustrate the
likely pathway from the vicinity of P-2 directly to the City springs within the coarse
gravel deposits that extend from P-2, beneath the river and to the springs.
S-2 May Be More Representative of City Spring Discharge than S-1
The sampling points for the City springs are from the overflow pipe that comes from each
springbox. During the three sampling events, flow in the overflow pipe at S-2 was
abundant and gushing, and flow in the overflow pipe at S-1 was a trickle. S-1 was taken
out by a landslide and was rebuilt (pers. Comm. Chris Spens). It is possible that the flow
in the overflow pipe at S-1 is not overflow from the springbox, but rather is leakage from
the shallow interflow into the pipe at the pipe joints. The absence of any erosional
features in the vicinity of the outflow pipe further suggests that the flow from the outflow
does not increase beyond a slow trickle. If the S-1 springbox worked like the S-2 box, the
outflow discharge would vary with precipitation events and would at times be high and
cause local erosion. If the springbox and S-1 does not yield significant flow, it would
never overflow; if the flow in the overflow pipe were due to a “leaky pipe” it makes
sense that the flow rate is only a trickle. Water stains and aquatic growth on the outlet
pipe indicate a long term steady state of discharge.
The routine chemistry data (Table 3) indicates that dissolved constituents are
significantly less in S-1 than in S-2. This is consistent with the water being leakage from
local shallow interflow rather that overflow from the spring intercepting groundwater.
Groundwater is expected to have greater concentration of dissolved constituents because
it would have a longer residence time in the subsurface that shallow interflow that only
recently infiltrated. Similarly, the isotopic signature of S-1 and S-2 are expected to be
similar if they both intercept groundwater. The different isotopic signature of S-1
compared to S-2 is consistent with their difference in routine chemistry and suggests that
S-2 is more representative of the groundwater that discharges into the City’s spring
system than is S-1.
Interpretation of results should give more credence to S-2 data than to S-1.For example,
on Figure 4; the circled cluster of data includes the seeps and S-2, but does not include S1.
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Similarity Between Springs and Seeps and P-2
Data from November (Figure 3) indicate that the springs are more similar to P-2 than to
the river or the other groundwater samples; data from February and April (Figures 4 and
5) indicate a similarity between the seeps and the springs, and Figure 5 indicates
similarity between springs, seeps, and P-2. This isotopic data suggests that recharge from
the vicinity of P-2 may be a significant source of water to the City Springs and the seeps.
Seasonality
The range in isotopic signature for the river, groundwater, springs and seeps within the
November, February, and April data indicates seasonality—the November samples are
characteristic of warmer weather precipitation and the February and April signature are
characteristic of cold, winter precipitation. P-2 indicates a greater degree of seasonality
than P-3 (as described above). Typically, groundwater does not exhibit strong seasonality
because the seasonal recharge is attenuated, effectively causing mixing. Seasonality
suggests relatively rapid groundwater movement through the system. Similarly, greater
seasonality suggests greater through flow.
Seasonality and a range in isotopic signature at the seeps suggest that there may be
preferential flow paths, which is expected in high permeability materials such as occur in
the subsurface at the project site.
Difference Between River and Springs
Figures 3, 4, and 5 show that for each sampling event, the river samples are isotopically
lighter and distinct from the spring, groundwater, and seep samples. This suggests that
the groundwater, springs and seeps are recharged from local, low- and moderateelevation precipitation and that the river is fed by baseflow from higher elevation.
However, when all the data are viewed together (Figure 6), it shows that November river
signature is similar to the winter springs, seeps, and P-2, thus confounding the meaning
of the isotopic signature at the springs and seeps.
Uncertainty and Mixing
While the isotopic similarity between P-2 and the seeps and springs suggests that
groundwater recharged at P-2 discharges at the springs and seeps, it is also possible that
the isotopic signature at the springs and seeps is groundwater that comprises a mixture of
recharge of local precipitation (represented by isotopic signatures of P-1 and P-3) and
groundwater recharged from the river (represented by isotopic signature of the river
samples).If mixing of river and locally recharged groundwater is occurring, it is unlikely
that recharge from the river comprises a significant percentage of the groundwater
because the isotopic signature of the springs and seeps is so much lighter than the winter
river signature when much of the recharge would occur. Furthermore, the subsurface
geology doesn’t indicate conditions that would favor significant recharge from the river.

Black Canyon Hydroelectric Project, FERC P-14110
Second Year Groundwater Study Report

42
6/10/2015

It is important to bear in mind that the water level elevation at P-2 is significantly lower
than at P1- and P-3 and may be controlled by the elevation at the Springs, suggesting that
discharge at the Springs is dominated by groundwater from the vicinity of P-2.
However, if the isotopic signature at the springs and seeps is due to mixing between
groundwater and river water, the large difference in isotopic signature between the river
and the springs/seeps/P-2 suggests that if recharge from the river contributed to the
groundwater, it is a relatively small percentage compared to recharge from local
precipitation.
5.4 DISCHARGE DIFFERENTIAL MEASUREMENT
Table 1 shows the results of the ADCP discharges used from the surveys during the low
flow period in 2014. Individual ADCP discharges varied from 51 cfs to 125 cfs over the
course of the study.
Each ADCP measurement was scrutinized for errors and anomalies and only
measurements that passed this quality assurance test were used in determining discharge
at the sites. Examples of errors that warranted elimination of an ADCP discharge
included a high number of bad ensembles where no usable data was collected, high
estimated positive or negative “edge” discharges (9-15 cfs) and either high or negative
discharge estimates due to a single or multiple bad ensembles (5-13 cfs).
Overall there was much more scatter of the discharge data at an individual site on a single
day than expected. TRDI reports repeated discharge measurements within 2% of the
mean as an expected standard with a 1200 kHz Rio Grande. On only one site on one day
did the discharges fall within this narrow range of accuracy.

Table 4 - Black Canyon Low Flow Discharge Measurements 2014.
Mid NF Snoqualmie Aug 5
Upper NF Snoqualmie Aug 5
ADCP Discharge
(cfs)
ADCP Discharge (cfs)
Full Q
Full Q
108.1
107.4
115.
107.6
103.1
106.9
98.4
99.5
Std dev
Average

6.84
104.82
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Mid NF Snoqualmie Aug 26
ADCP Discharge
(cfs)
Full Q
73.7
78.2
73.4
78.4
68.3

Upper NF Snoqualmie Aug 26

Std dev
Average

Std dev
Average

4.19
74.39

ADCP Discharge (cfs)
Full Q
76.2
83.9
61.3
83.9

10.64
76.32

Mid NF Snoqualmie Oct 9
ADCP Discharge
(cfs)
Full Q
108.2
110.4
109.8
92.3
106.3

Upper NF Snoqualmie Oct 9

Std dev
Average

Std dev
Average

7.49
105.4

ADCP Discharge (cfs)
Full Q
104.6
98.1
113
111.9
114.3
6.87
108.38

Results
The transects are, at best, only a fair location for accurate discharge measurements due to
the large and variable bed elements and complex flow patterns.
The direction of the velocity is generally complex across each of the transects. The
eddies in the pool show multi directional velocities in both horizontal and vertical
directions on each transect.
5.5 CANYON SPRINGS OUTFLOW
The outflow volumes from the Canyon Springs outflow pipes, hillside springs, seeps and
City water withdrawal indicate a recharge area or source significantly larger than the 230
acres of direct precipitation suggested by the 2013 City of Snoqualmie Water Supply
Plan.
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The Water Supply Plan estimated an annual production of 300,000,000 gallons per year
to be derived from a direct catchment area of approximately 230 acres, 90 inches of
annual precipitation and 45-50 inches available for recharge. This would yield a constant
flow rate of between 1.2 and 1.3cfs.
Observations of outflow at the springbox pipes and adjacent areas were made on
11/24/14, 2/5/15 and 4/21/15. Pictures of flow are shown below.

Figure 29 – Canyon Springs outflow November 24, 2014.
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Figure 30 – Canyon Springs February 5, 2015.

Figure 31 – Canyon Springs April 22, 2015.
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Figure 32 - Spring Breaking Out Over Bedrock 4-22-2015.

Figure 33 - Spring Flow Breaking Out From Hillside And Overflow Of S2, 2-5-2015.
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Figure 34 - Spring Flow Vicinity of E3 on 4-22-2015.

Figure 35 - E3 Vicinity Spring Flow 4-22-2015.
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Figure 36 - E4 Vicinity Spring Flow 4-22-2015.
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Figure 37 - Outflow from Main S2 Spring Box Combined With Adjacent Surface
Flow November 24, 2014.
Ultimately, due to the highly dispersed nature of the springs, seeps and surface channel
flows in the vicinity of Canyon Springs, field staff was not able to effectively measure
any flow other than the main springs, twin pipe outflow. This dual outflow appeared to
remain relatively constant at a combined pipe discharge of 1.2cfs +/- .2cfs.
Based on the three periods of observation, 11/24/14, 2/5/15 and 4/22/15, what did
become apparent is that substantially greater flow passes through the springs than is
collected for water supply during these periods. Staff could only estimate that all other
spring, seep and surface flow passing through the area and not collected for water supply
was substantially greater than what was harvested.
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6.0 DISCUSSION
The Source of Groundwater at Canyon Springs
The following text is taken from the City of Snoqualmie Water System Plan, Feb. 2013:
There is no information about the depth of the aquifer, its grade, or its transmissivity.
Consequently, an understanding of the travel time through the aquifer and development
of 6-month, 1-year, 5-year, and 10-year zones of contribution are not possible. A cursory
analysis of total precipitation over the area indicates that the rainfall contribution is only
slightly higher than the expected yield. The average precipitation for the area is
approximately 90 inches and 36 to 48 inches of evapotranspiration are assumed as
average for second-growth conifer forest in western Washington. A net recharge of 40 to
50 inches
of precipitation over the 10,000,000 square feet of the zone of contribution would yield
approximately 300 million gallons per year, approximately the estimated yield of Canyon
Springs.

The salient findings from the technical discussion of the isotope data are summarized
below and suggest that the source of the groundwater at the City Springs is most likely
due to groundwater recharged primarily from local precipitation within a recharge area
that includes area east of the river in the vicinity of P-2 up to the ridge (Appendix A,
Exhibit 4). While some recharge from the river is likely, the amount is likely so small that
it isn’t strongly apparent within the isotopic signatures of the data. While isotope data
collected to date for the piezometers do not indicate a significant contribution from the
river, it is possible that the springs and seeps could also represent a mixture of recharge
from local precipitation and some recharge from the river, albeit small. Salient findings
that suggest groundwater discharging at the springs is recharged primarily from local
precipitation are:
• During each season, the river is isotopically lighter and distinct from the springs,
seeps, and groundwater;
• The isotopic signature of river, springs, seeps, and groundwater show seasonality;
• The river is recharged from baseflow and snowmelt at higher elevation than the
project site;
• Groundwater at the site is recharged by local precipitation. P-1 is recharged from
local precipitation that occurs at very low area elevations. P-3 is recharged
Black Canyon Hydroelectric Project, FERC P-14110
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primarily from local precipitation that includes slightly higher area elevations than
P-1. P-2 is recharged from moderate-elevation precipitation from the nearby
hillside and talus slope that are higher elevation than the immediate vicinity of P1 and P-3, and is therefore isotopically lighter than P-1 and P-3.
• Because the aquifer at P-2 is connected to, and is part of, the groundwater system
that discharges at the City springs, the isotopic similarity between P-2, springs,
and seeps suggests that groundwater in the vicinity of P-2 discharges at the City
Springs.
• The isotopic signature of the springs and seeps could also result from groundwater
that is a mixture or recharge from local precipitation (including the east side of the
river) and recharge from the river.
Potential impact to the springs
It is important to note that if water discharging from the springs has a contribution from
the river, then recharge to the springs would be impacted only to the extent that the river
stage decreases measurably and the relative percentage of river contribution. Measureable
decrease in river stage would reduce the wetted area of the river bed and the hydraulic
head driving recharge from the stream, both of which would decrease recharge from the
river. Conversely, if change to wetted area and river stage is not significant, potential
decrease in recharge from the river would be insignificant. Low flow wetted area is not
anticipated to change significantly due to the proposed project.
Although there might be recharge from river to groundwater, the percentage of
contribution is likely small. Similarly, if recharge occurred, it is expected to be largest in
winter when river stage is greatest. If the isotopic signature at P-3 is due to mixing with
winter river water, which is significantly lighter, then the relative percentage of river
contribution is quite small and contribution in the summer would be expected to be less.
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7.0 CONCLUSIONS
Aquifer Recharge and Water Supply
Based on aerial and ground field survey methods all but the uppermost 3500ft. of the
Project bypassed river reach is incised in bedrock. Water is periodically observed
flowing from springs and seeps exiting above the bedrock at the rock/glacial outwash
contact and flowing into the river. From 3500ft. to 2300ft. downstream of the Project
Intake bedrock is evident and continuous along the east bank of the river. From 3500ft.
downstream of the Project Intake to approximately 1000ft. upstream of the Intake a
glacial till/hardpan layer was observed on the west bank of the river, occasionally
obscured by river bed load, hillslope talus or vegetation. The entire area upstream and
east of the Intake site is comprised of glacial outwash materials overlaying bedrock.
There are no surface water courses noted crossing the valley from east to west toward the
river south of Hancock Creek in this vicinity. Hillside water courses disappear into
glacial outwash strata as they reach the valley floor.
A groundwater lens 39ft-52ft. thick lies more than 100ft. below the river bed at
Piezometer #2. The strata between the groundwater surface and the river bed elevation is
dry.
Both surface and subsurface flow near the Intake site must pass through a narrow funnel
constriction of bedrock as shown in Appendix A, Exhibit 3. Looking at Appendix A,
Exhibit 4, surface and groundwater would appear to flow from Area B, through the intake
site and on into Area A. Area C may also contribute to total aquifer recharge.
Isotope Data collected to date strongly suggest that water discharging from Canyon
Springs is recharged primarily from local precipitation and is not recharged to a
significant degree by recharge from the river. However, the results do not definitively
exclude any recharge from the river based on isotopic data alone. While these
conclusions are based on data that does not include low flow, summer conditions, the
data do indicate seasonality which is the intent of the FERC recommendations. If these
data do not adequately meet FERC requirements then groundwater, river, spring, and
seep samples should be collected during August 2015 and analyzed for stable isotope to
confirm the conceptual model developed from the November, February, and April
samples. Similarly, continuous WLE should be collected and compared to river stage and
precipitation records to confirm or modify the conceptual model developed to date.
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At present, based on the available information, the areas shown in Appendix A, Exhibit 4
are the area’s most likely to contribute to groundwater recharge for Canyon Springs.
Establishment and operation of the Project as indicated herein is not likely to affect the
available water quantity, quality or operations of the Canyon Springs water source for the
City of Snoqualmie.
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APPENDIX A – PIEZOMETER & GAGE LOCATIONS

APPENDIX B – DRILL LOGS

DRILL HOLE LOG
Project: Black Canyon Hydro

Elevation:

Contractor: Cascade Drilling
Drill Method: Sonic rotary
Sampling: Visual inspection of cores

Depth:
Diameter:
Azimuth/Dip:

HOLE ID: Piezometer #1

DATE:

1,087 ft
42 ft
2 inch bore
Vertical
9/16/2014

5

Symbol

Description Sandy
loam, brown, with gravel and cobbles. Sandy
gravel with fines. Dry.

Depth

Depth

Symbol

Page 1 of 1

55
Consolidated till with gravel. Dry. Unit extends
from 6 ‐ 9 ft.

10

Boulders with gravel. Dry.

15

60

65
Till with cobbles. Dry
Boulders and cobbles. Dry.

20

25

70

Gravel with silt/clay. Saturated at 25 ft.

75

Till with gravel.

30

80
Weathered rock with gravel.

35

Bedrock. Dark gray argillite. White veining
common. Varies from blocky to fissile.
Bedrock unit extends from 33 ft to bottom of
well at 42 ft.

40

85

90
Drilling stopped at 42 ft.
Bottom of hole.

45

95

50

100

Description

DRILL HOLE LOG
Project: Black Canyon Hydro

Elevation:

1,011 ft

Depth:

247.5 ft

Contractor: Cascade Drilling
Drill Method: Sonic rotary

2 inch bore

Diameter:

Sampling: Visual inspection of cores

Vertical

Azimuth/Dip:

HOLE ID: Piezometer #2

9/16/2014

DATE:

5

Symbol

Description

Organic soil, sandy dark brown.
Sand with gravel, small cobbles. Yellow orange.
Small cobbles.
Sandy gravel yellow to gray. Dry. Oxidation at
5 ft depth.

Depth

Depth

Symbol

Page 1 of 3

Clean sand below boulder.
55

Gravel and sand with downward increasing
silt/clay content. Oxidation at 10 ft.
10

Gravel in silt/clay with occasional cobbles up to
4 in diameter. Dry.

15

60

65
Gravel (rounded 1‐4 in diam) with clay/silt.
Moist, not saturated.

20

Gravelly silt/clay. Gray.
Coarse sand with fine gravel. Gray.
Mostly dry.

Clean sand. Wet not saturated.
Hardpan‐consolidated fines. Crumbly, gray.
Dry.

70

25

30

Description

Boulder 1.5 ft diam.

75
Coarse sand (1‐2 mm diam)
Sandy gravel with silt/clay. Moist but not
saturated. Sand is coarse (1‐2 mm diam) and
angular. Gravel is well rounded 0.5 ‐ 2 in. diam.
Cobbles at 27 ft depth. Light brown/tan color.

80

35

85

40

90

45

95

50

100

Sand with sparse gravel 0.5 in. diam. Thin (4 in.)
hardpan layer at 74 ft depth. Dry.
Gravel with sand with small amounts of fines.
Very dry (dusty). Crumbly and gray.
Gravel is well rounded with diam. up to 2 in.

DRILL HOLE LOG
Project: Black Canyon Hydro

Elevation:

1,011 ft

Depth:

247.5 ft

Contractor: Cascade Drilling
Drill Method: Sonic rotary

Azimuth/Dip:

HOLE ID: Piezometer #2

2 inch bore
Vertical

DATE:

9/16/2014

Symbol

Sampling: Visual inspection of cores

Diameter:

Description

105

110

115

Depth

Symbol

Depth

Page 2 of 3

Description Gravel with
clay/silt and sand. Gravel is well rounded 0.5 ‐
4 in. diam. Fines are crumbly and gray. Mostly
dry with slight moisture. Unit extends from 74
to 162 depth. Cobbles
increase in size and abundance downward
within the unit. Interbedded layers of consolidated fines each
several inches thick
increase downward.

155

160

165

120

170

125

175

130

180

135

185

140

190

145

195

150

200

Large cobble at 162 ft. Fine grained
consolidated glacial till between
162 ‐166 ft.
Oxidation in sandy gravel 166‐167 grading in
color from orange to dark grey downward to
170 ft.
Boulder ~16" diam at 170 ft. Oxidation in semi‐
consolidated gravel with silt, clay, sand, and
cobbles. Dark brown.
Saturation at 176 ft. Fine gravel (4 ‐10 mm diam)
with fines. Brown. Looks like hamburger. Wel‐
rounded. Cobbles and coarse gravel present
increasing downward.
Unit extends from 176 ‐ 196 ft.
Saturated.

Semi‐consolidated gravel with cobbles.
Saturated. Dark grey. Unit extends
from 196 ‐ 217 ft.

DRILL HOLE LOG
Project: Black Canyon Hydro

Elevation:

1,011 ft

Depth:

247.5 ft

Contractor: Cascade Drilling

Diameter:

Sampling: Visual inspection of cores

Azimuth/Dip:

HOLE ID: Piezometer #2

2 inch bore
Vertical

DATE:

9/16/2014

Symbol

Drill Method: Sonic rotary

Description

Description

Depth

Symbol

Depth

Page 3 of 3

Semi‐consolidated gravel with cobbles.
Saturated. Dark grey.
Unit extends from 196 ‐ 217 ft.

205

255

210

260

215

265

220

Consolidated gravel.
Wet clay/weathered bedrock.
Bedrock continuous from 218 ft to bottom of
well at 246.5 ft. Bedrock is grey and weakly
fissile (like shale). No moisture in the rock,
appears to be an aquatard. Bedrock appears to
be argillite varying between blocky and fissile.

270

225

275

230

280

235

285

240

290

245

295
Drilling stopped at 247.5 ft.
Bottom of hole.

250

300

DRILL HOLE LOG

Description

Elevation:
Depth:
Diameter:
Azimuth/Dip:
DATE:

Symbol

Black Canyon Hydro
Cascade Drilling
Sonic rotary
Visual inspection of cores
Piezometer #3
Page 1 of 1

Depth

Depth

Symbol

Project:
Contractor:
Drill Method:
Sampling:
HOLE ID:

Sandy loam, brown, with gravel.
Sandy gravel with occasional cobbles ~ 4" diam
Well drained, mostly dry.
5

1,017 ft
66 ft
2 inch bore
Vertical
9/16/2014

Description

55
Sand bedding 56 ‐ 57 ft.

10

15

60

Clean sand with little fines. Loose, brown,
well drained.

65
Drilling stopped at 66 ft.
Bottom of hole.

Sandy silt with fines, cohesive.
20

70
Gravel and cobbles with silt/clay.

25

75
Gravel with silt/clay. Oxidation 25 ‐ 26 ft.
Unit extends from 25 ‐ 66 ft (bottom of hole).

30

80

35

85
Saturated at 36 ft. Groundwater surface.

40

90

45

95
Clay/silt increases from 45 ‐56 ft. Saturated

50

Oxidation in sand at 50 ft. Cobbles increase.

100
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About This Plan
This plan has been prepared at the request of Black Canyon Hydro, LLC
(BCH) to describe the objectives, methods, and quality assurance implemented
by Northwest Land & Water, Inc. (NLW) during field work and subsequent
data review for river and groundwater sampling at the Black Canyon Hydroelectric Project, FERC P-14110, North Fork Snoqualmie River, King County,
Washington. This plan will be used as the study and quality assurance plan for
sampling and analysis of 1) river water at the proposed project intake site and
2) groundwater from piezometers and the City of Snoqualmie water supply at
the Canyon Springs.

2

Distribution
One copy of this plan is on file with NLW and one copy has been delivered to
BCH by NLW. BCH may distribute the plan to project stakeholders as needed.

3

Background
The FERC issued a recommendation (FERC, June 10, 2014) directing BCH to
“Characterize the Geochemical Connectivity of the North Fork Snoqualmie
River and the Canyon Springs Aquifer”. This recommendation requests sampling the river at the proposed intake location, well water from piezometers adjacent to the proposed intake, and spring water at Canyon Springs. Two sampling events are recommended (fall and spring) with field and laboratory analysis of specific parameters and analytes (Section 5 below). This plan only addresses the fall event but could apply to subsequent sampling events.
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Plan Objectives and Methods
Objectives
The sampling and analysis objectives are:
Objective
Characterize the geochemistry from the river,
3 piezometers, and the springs
Collect and maintain sample integrity
Compare the geochemistry from the river,
piezometers, and the springs
Interpret data regarding the hydraulic connection or separation between the river, aquifer,
and springs
Evaluate adequacy of fall sampling only or
recommend future sampling and analysis

Approach
Pump, sample, and analyze river and
groundwater for the recommended suite of
parameters and analytes
Use standard protocol to collect and store
samples
Plot and display data using standard geochemical tools/diagnostics
Integrate geochemistry results with available project hydrologic and geologic data
Discuss the merits of additional data from a
future sampling event

Method
The sampling locations are shown on Figure 1; sample identifiers are colorcoded as listed below. Field parameters (temperature, pH, specific conductance, ORP, and DO) will be measured at the six sampling locations. All samples will be field filtered through 0.45 microns for all analytes except alkalinity, TDS, and stable isotopes.
River and spring samples for R-I, S-1, and S-2, will be collected from open
water that is judged representative of the water body and then either placed directly in sample containers or be filtered into sample containers. Water from
the river and springs locations that is flowing and well mixed is considered
representative. Standard sampling protocols by USEPA will be used as guidance for measurements and sampling at the river and springs (SESD
SESDPROC-201-R3).
Water samples from the piezometers P-1, P-2, and P-3, will be pumped from
depth using a submersible pump connected to a portable generator. Prior to
sampling, water will be purged from the piezometers—up to three saturated
casing volumes or after stabilization of field parameters—to obtain representative groundwater. Groundwater samples will either be placed directly in sample containers or filtered into sample containers. Standard sampling protocols

2
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by USEPA will be used as guidance for measurements and sampling at the piezometers (SESD SESDPROC-301-R3).

Sample List
Sample
Identifier
R-I
P-1
P-2
P-3
S-1
S-2

5

Description
River at Intake
Piezometer 1
Piezometer 2
Piezometer 3
Springs 1
Springs 2

Symbol Color,
Figure 1
Blue
Green
Green
Green
Purple
Purple

Data Quality
The laboratory analytes and measurement quality objectives (MQOs) are listed
in Table 1. Each of the six samples (R-I, S-1, S-2, P-1, P-2, P-3) will be analyze with the same suite of parameters/analytes. The field parameter instrument
(YSI with a flow through cell) will be calibrated prior to use in the field. All
samples will be contained, preserved, and delivered to the laboratory in accordance with the specifications in Table 1.
The analytical labs will perform their internal QA/QC evaluation. Data from
this evaluation will be reviewed by NLW. If data are outside the ranges shown
in Table 1, then NLW will request an audit and a review of the lab’s work.
An ion-balance will be calculated for the routine ions (sodium, potassium,
magnesium, calcium, chloride, sulfate, and bicarbonate). Data that fall outside
acceptable limits will need to be appropriately justified by the lab or analyses
will be re-run until data results are reasonable.
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Organization & Schedule
The following are the project participants and their respective roles:
Client:
Chris Spens, Whitewater Engineering Corp.
1800 James St. Suite 201, Bellingham, WA 98225
Phone 360-738-9999
Role:

Provide access to the river, piezometers, springs

Field Project Manager:
Jim Mathieu, LG, LHg, WA Prof License #1370
Northwest Land & Water, Inc.
6556 37th Ave NE, Seattle, WA 98115
Phone 206-525-0049
Role:

Manage field work, sample integrity, delivery

Geochemist & QA Project Manager:
Laura Strauss LG, LHg, WA Prof License #1002
Northwest Land & Water, Inc.
Contact information as above
Role:

Perform QA and geochemical analysis, results interpretation, recommendations, and reporting
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Laboratory Services:
For inorganic analytes:
Cheronne Oreiro, Analytical Resources, Inc.
4611 S 134th Pl #100, Tukwila, WA 98168
Phone 206-695-6200

For stable isotopes:
Robert Drimmie, Isotope Tracer Technologies
695 Rupert Street, Unit B
Waterloo, ON, Canada N2V 1Z5
Phone: 519-886-5555

The fieldwork is planned for November 18-19, 2014.

7

Cited Reference
FERC, June 2014. Letter to Chris Spens, Subj: Determination on Requests for Study
Modifications and New Studies for the Black Canyon Hydroelectric Project, AppendixB. Project No. 14110-001-Washington. By Jeff C. Wright, dated June 10,
2014.

5

Table 1. Analytes and Measurement Quality Objectives
1a. Standard Inorganic

Parameter

Iron
Manganese
Boron
Strontium
Calcium
Magnesium
Potassium
Sodium
Arsenic
Hardness
Nitrate
Chloride
Sulfate
Fluoride
Bicarbonate
Carbonate
Alkalinity

Method No.

SW6010
SW6010
SW6010
SW6010
SW6010
SW6010
SW6010
SW6010
EPA 200.8
SW6010
EPA 300.0
EPA 300.0
EPA 300.0
EPA 300.0
SM 2320
SM 2320
SM 2320

Silicon

SW6010

Total dissolved solids

SM2540C

Method Reporting Limits
mg/L
0.05
0.001
0.02
0.001
0.05
0.05
0.5
0.5
0.0005
0.1
0.1
0.1
0.1
1
1
1
0.06
5

Container /
Sample Volume

500mL round
HDPE

Holding
Time

Preservative

HNO3, Cool to
<6ºC

Lab Control
Sample
% recovery
limits
80-120
80-120
80-120
80-120
80-120
80-120
80-120
80-120
80-120
90-110
90-110
90-110
90-110
-

Duplicate
samples
RPD
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%

Matrix
spikes
% recovery
limits
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
75-125
-

6 months

75-125

20%

75-125

7 days

-

20%

-

6 months

48 hours
500mL square
HDPE

None, Cool to
<6ºC

500mL square
HDPE

None, Cool to
<6ºC
(no head space)

500mL round
HDPE
500mL square
HDPE

None, Cool to
<6ºC
None, Cool to
<6ºC

28 days

14 days

6

1b. Stable Isotopes
Parameter
18O/16O
2H/1H

Method Reporting Limits
0.1 per mil
0.7 per mil

Container /
Sample Volume
40 ml VOA
40 ml VOA

Preservative

Holding Time

Standard
Reproducibility

~ 1+ yr
~ 1+ yr

+/- 0.1 per mil
+/- 0.7 per mil

None
None

7

8

APPENDIX D – GEOCHEMISTRY FIGURES & EXHIBITS

Table 3a. Summary of Water Quality Data for November 2014 Samples From Piezometers, Springs, and River

Constituent

Units

P-1

P-2

P- 3

S-1

S-2

River

Metals
Sodium

mg/L

1.76

2.07

1.77

1.8

1.95

1.32

Potassium

mg/L

0.5U

0.5U

0.5U

0.5U

0.5U

0.5U

Manganese

ug/L

4

23

1U

1U

1U

1U

Magnesium

mg/L

1.24

1.45

1.3

1.4

1.66

0.67

Iron

ug/L

50U

50U

50U

50U

50U

50U

Calcium

mg/L

9.26

7.09

8.05

8.43

10.6

4.42

Boron

ug/L

20U

20U

20U

20U

20U

20U

Arsenic

ug/L

0.4

0.2

0.2U

0.2U

0.2

0.5

Strontium

ug/L

61

40

52

55

67

25

Silicon

mg/L

3.83

5.48

3.63

3.63

3.91

2.97

Alkalinity as CaCO3

mg/L

27.9

22.8

24.6

24.8

31.5

12.9

Bicarbonate (as CaCO3)

mg/L

27.9

22.8

24.6

24.8

31.5

12.9

Carbonate (as CaCO3)

mg/L

1U

1U

1U

1U

1U

1U

Chloride

mg/L

0.8

0.7

0.8

0.8

0.9

0.8

Nitrate-N

mg N/L

0.5

0.8

0.4

0.4

0.5

0.2

Sulfate

mg/L

2.2

1.7

2.5

2.5

3

1.7

Total Dissolved Solids

mg/L

38

38.5

33

35

34

22

Fluoride

mg/L

0.1U

0.1U

0.1U

0.1U

0.1U

0.1U

Inorganics

Black Canyon Geochemistry Investigation
Whitewater Engineering

Table 3a. Summary of Water Quality Data for November 2014 Samples From Piezometers, Springs, and River

Constituent

Units

P-1

P-2

P- 3

S-1

S-2

River

Field
Conductivity, field

umhos/c

63.2

56.1

57.7

58.6

72.8

19.4

Turbidity

NTU

2.23

13

0.28

0.26

0.15

1.66

Temperature, deg C

deg C

11.2

8.7

9.8

9.6

9.41

5.2

pH field

std. units

7.28

6.34

7.31

6.48

6.22

6.08

Oxygen, Dissolved

mg/l

7

5.5

5

7

7

7

ORP (redox pot.)

mV

54.1

76

99.3

175

178.4

194.1

Black Canyon Geochemistry Investigation
Whitewater Engineering

Table 3b. Summary of Water Quality Data for April 2015 Samples From Piezometers, Springs, and River

Constituent

Units

P-1

P-2

P- 3

S-1

S-1, dup

S-2

River

Metals
Sodium

mg/L

2.01

2.05

1.77

1.75

2.03

1.07

Potassium

mg/L

0.5U

0.5U

0.5U

0.5U

0.5U

0.5U

Manganese

ug/L

1U

2

1U

1

1U

1U

Magnesium

mg/L

1.33

1.5

1.39

1.4

1.9

0.48

Iron

ug/L

50U

50U

50U

110

50U

50U

Calcium

mg/L

8.16

7.21

8.58

8.58

12.6

3.25

Boron

ug/L

20U

20U

20U

20U

20U

20U

Arsenic

ug/L

0.2U

0.2U

0.2U

0.2U

0.2U

0.7

Strontium

ug/L

1U

40

54

54

76

17

Silicon

mg/L

3.53

5.27

3.49

3.84

2.34

Alkalinity as CaCO3

mg/L

24.7

23.4

26

36.9

9.4

Bicarbonate (as CaCO3)

mg/L

24.7

23.4

26

36.9

9.4

Carbonate (as CaCO3)

mg/L

1U

1U

1U

1U

1U

Chloride

mg/L

1

0.7

0.8

0.9

0.6

Nitrate-N

mg N/L

0.6

1

0.5

0.7

0.1

Sulfate

mg/L

2.4

1.7

2.7

3.9

1.3

Inorganics

Black Canyon Geochemistry Investigation
Whitewater Engineering

Table 3b. Summary of Water Quality Data for April 2015 Samples From Piezometers, Springs, and River

Constituent

Units

P-1

P-2

P- 3

S-1

S-1, dup

S-2

River

Total Dissolved Solids

mg/L

39

46.5

38

51

35.5

Fluoride

mg/L

0.1U

0.1U

0.1U

0.1U

0.1U

Conductivity, field

umhos/c

64.1

62.1

66.5

92.6

27

Turbidity

NTU

4.39

7.45

0.86

0.2

0.9

Temperature, deg C

deg C

11.5

8.7

8.5

8.4

9.4

pH field

std. units

6.1

5.65

5.73

5.82

6.14

Oxygen, Dissolved

mg/l

5

5

5.5

5.5

7

ORP (redox pot.)

mV

203.3

247.8

291.4

292.5

214

Field

Black Canyon Geochemistry Investigation
Whitewater Engineering

Table 4. Calculated Ion Balance Error for Groundwater, Spring, and River
Samples, Fall 2014 and Spring 2015 Black Canyon

Units below reported in equivalents per liter
Sample
Name

Potassium Magnesium

Sodium

Calcium

Bicarbonate,
Chloride as CaCO3
Sulfate

NO3-N

Ion
Balance,
%

2014Fall
S-2

0.000

0.138

0.089

0.530

-0.026

-0.630

-0.063

-0.036

0.2

S-1-2

0.000

0.117

0.082

0.422

-0.023

-0.496

-0.052

-0.029

1.7

S-1

0.000

0.108

0.080

0.403

-0.023

-0.492

-0.052

-0.029

-0.4

R-I-1

0.000

0.056

0.060

0.221

-0.023

-0.258

-0.035

-0.014

0.9

P-3

0.000

0.121

0.094

0.355

-0.020

-0.456

-0.035

-0.057

0.1

P-2

0.000

0.103

0.080

0.463

-0.023

-0.558

-0.046

-0.036

-1.2

S-2-3

0.000

0.158

0.092

0.630

-0.026

-0.738

-0.081

-0.050

-0.8

S-1-4

0.000

0.116

0.080

0.429

-0.023

-0.520

-0.056

-0.036

-0.8

R-I-4

0.000

0.040

0.049

0.163

-0.017

-0.188

-0.027

-0.007

2.4

P-3-2

0.000

0.125

0.093

0.361

-0.020

-0.468

-0.035

-0.071

-1.4

P-2-2

0.000

0.111

0.091

0.408

-0.029

-0.494

-0.050

-0.043

-0.4

2015Spring

Constituent values given in milliequivalents (milligrams per liter / milligrams per milliequivalent).
Positive value indicates cation, negative value indicates anion.
Ion Balance = [(sum of cations - sum of anions) / (sum of cations + sum of anions)]*100,
where anions and cations are in milliequivalents

Black Canyon Geochemistry Investigation
Whitewater Engineering, Inc.

Table 5. Summary of Stable Isotope Data for Black Canyon
Piezometers, Springs, River, and Seeps
Sample
Name

δ18O
Result error
Fall 2014
10:35 -10.77 0.03
15:45 -10.54 0.04
12:30 -10.81 0.08
15:00 -11.20 0.08
13:50 -10.74 0.07
14:25 -10.82 0.11
16:00 -10.39 0.09
11:45 -11.11 0.07
Winter 2015
12:05 -10.87 0.05
12:30 -10.78 0.10
12:45 -10.77 0.13
12:55 -10.74 0.05
13:30 -10.68 0.11
13:45 -10.68 0.15
15:15 -11.00 0.09
Spring 2015
12:30 -11.05 0.03
13:50 -10.94 0.03
16:40 -11.25 0.02
9:05 -11.21 0.03
10:05 -11.18 0.02
10:35 -11.91 0.03
10:45 -11.15 0.02
10:55 -11.94 0.04
11:10 -10.73 0.03
12:00 -11.21 0.04

Sampling Date
and Time

P-2
P-3
S-1-1
R-I-1
S-2
S-1-2
P-1
R-I-2

11/18/14
11/18/14
11/19/14
11/19/14
11/24/14
11/24/14
11/24/14
11/24/14

S-1-3
S-2-2
E-1
E-2
E-3
E-4
R-I-3

02/05/15
02/06/15
02/07/15
02/08/15
02/09/15
02/10/15
02/11/15

P‐2‐2
R‐I‐4
P‐3‐2
S‐1‐4
S‐2‐3
E‐1‐2
E‐2‐2
E‐3‐2
E‐4‐2
R‐I‐5

04/21/15
04/21/15
04/21/15
04/22/15
04/22/15
04/22/15
04/22/15
04/22/15
04/22/15
04/22/15

δD
Result error
-75.4
-73.8
-74.3
-76.0
-74.2
-73.9
-72.6
-75.6

0.5
0.5
0.2
0.2
0.8
0.2
0.4
0.7

-71.3
-71.9
-72.4
-72.5
-72.0
-72.2
-74.4

0.3
0.4
0.4
0.2
0.4
0.2
0.2

-75.4
-75.1
-76.3
-76.1
-76.0
-80.2
-75.9
-80.7
-74.3
-76.0

0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.2
0.2
0.3

Black Canyon Geochemistry Investigation
Whitewater Engineering

E-1

E-2
E-3
E-4

Figure 1 Sample Locations (base map source: Whitewater Engineering Corp.)

S-2
S-1

70

2.5
Warm, modest ppt
Cold rain between
Apr 21&22;
dry period
before Apr 21

Dry
Feb 5
S1, S2, R,
E1, E2,
E3, E4

Temperature, Avg daily, deg F

Nov 24
P1, S2,
S1, R

2.0
Apr 21
P2, P3,
R

Nov
18&19
P2, P3,

50

1.5

40

1.0
30

0.5
20

10
9/1/2014

0.0
10/1/2014

11/1/2014

12/1/2014

1/1/2015

1/31/2015

3/3/2015

4/2/2015

Date
Data from WeatherUnderground.com:
Ernie's Gr.(PWS #KWASNOQU23) is 0.75miles WSW of site;
Moon V (PWS KWANORTH22) is 2.5 mi. SW of site

Moon V, Avg T

Ernie's Gr. Avg T

Ernie's Gr. Low T

Moon V, Low T

Moon V, Ppt in

Ernies Gr. ppt, in

Figure 2
Daily Average and Low Temperature and
Precipitation Data From Project Vicinity
Locations, Black Canyon
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Whitewaer Engineering

Precipitation, Daily Sum, Inches
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Apr 22
S1, S2,
R, E1, E2,
E3, E4
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Figure 3.
Stable Isotopes For November 2014
River, Spring, Seep, and Groundwater Samples,
with Meteoric Water Lines, Black Canyon
Black Canyon Geochemistry Investigation
Whitewaer Engineering
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Stable Isotopes For February 2015
River, Spring, and Seep Samples,
with Meteoric Water Lines, Black Canyon
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Stable Isotopes For All Nov 2015, Feb & April 2015
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APPENDIX E – ESTIMATING DISCHARGE FROM PIPES FLOWING
PARTIALLY FULL

Appendix E
An Approximate Method of Estimating Discharge From Pipes Flowing Partially
Full

Table 2. Rate of flow in gallons per minute
Inside diameter of pipe - “D” in inches

Y
D

4

6

8

10

12

0.1

142

334

579

912

1310

0.2

128

302

524

825

1185

0.3

112

264

457

720

1034

0.4

94

222

384

605

868

0.5

75

176

305

480

689

0.6

55

130

226

355

510

0.7

37

88

152

240

345

0.8

21

49

85

134

194

0.9

8

17

30

52

74

1.0

0

0

0

0

0
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