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Dear Reader,

The State of Washington Joint Legislative Task Force on Water Supply identified development of information
on groundwater as a major gap limiting management of water resources in the Skagit River basin (Basin).
Subsequently, the Washington State Water Research Center (WRC) conducted a synthesis study covering
water resources availability and use in the Basin and developed specific knowledge gaps associated with
various disciplines, including groundwater (Yoder et al. 2021). This study was developed with the goal of
partially filling knowledge gaps identified in that synthesis study. Specifically, the study was intended to
produce a more complete understanding of groundwater resources (relevant to future water supply and
demand), how baseflow can best be characterized in the context of a basin water budget, and how
groundwater is related to surface streamflow (and therefore aquatic habitat) in their watershed.

Western Washington University and HDR Engineering, Inc. (HDR) conducted the Skagit River Basin
Groundwater Study (Study) in three parts, seeking to evaluate groundwater resources with a focus on the
lower Skagit River valley, between Sedro-Woolley and Birdsview, in Skagit County. This reach was selected
as a focal area because it has substantial groundwater resources and is in a part of the Basin likely facing
future development pressure. The first part of the Study evaluated the subsurface geology and aquifer
characterization (Tasks 200 and 500) and documented this work in a MS thesis (Williams 2025). Although
the MS thesis was produced by Henry Willaims at Western Washington University, his thesis advisor, Robert
Mitchell, and committee member Jon Riedel serve as coauthors for this first part of the study. The second
part of the study evaluated groundwater-surface water interactions via seepage run surveys and hydraulic
gradients at paired gaging stations in a subset of the Part 1 Study area (Task 400). The third part of the Study
assessed groundwater baseflow via hydrograph separation (Task 300).

Key Findings

e  Aquifer characterization (Williams 2025) suggests the area is made up of complex geology. Data
and monitoring validate aquifer continuity from the glacial outwash deposits in the eastern portion
of the study area recharging Skagit River floodplain aquifers and the Skagit River. There may be no
truly isolated aquifers in the upland area that would serve as an alternative water supply.

e The evaluation of groundwater/ surface water interaction indicate that both Grandy and Muddy
Creeks gain flow from groundwater in their respective watersheds and then discharge flow to the
aquifer associated with the Skagit River floodplain during the low-flow period. Both Grandy Creek
and Muddy Creek gain flow from groundwater discharge from outwash deposits. Grandy gains
more flow. Differences in groundwater gains were due to the presence and thickness of glacial
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outwash. Both streams lose flow on the Skagit River floodplain because of seepage into the alluvial
aquifer.

e Hydrograph separation efforts (Task 300) used 44 gaging stations of daily streamflow data collected
between 1908 and 2021 throughout the Basin, partitioning it into quickflow and baseflow (the
latter is a proxy for groundwater discharge). From these and other data, this work offers a details
and summary statistics of a wide set of water supply data, from precipitation to basin runoff,
including components partitioned into groundwater recharge, and streamflow, and the portion of
streamflow moving through the groundwater system and emerging in streams as baseflow,
including the ratio of total baseflow to total streamflow (baseflow index; BFI). Two separate
baseflow estimation techniques were evaluated and compared. Mean BFI values are 0.61 and 0.50
using the Baseflow Separation Model and Lyne-Hollick method (with alpha parameter equal to
0.98), respectively. Rather large differences in estimated groundwater discharge between
subbasins and across the annual hydrograph are elucidated. About 85 percent of the subbasins
analyzed have estimated groundwater discharge rates that are higher than the groundwater
recharge rates derived from the Synthesis Study (Yoder et al. 2021).

The hydrogeologic framework and aquifer characterization serve as a basis for the region, although more
detailed studies will be necessary to inform water resource management decisions going forward in the
lower Skagit River Valley. Water resource managers should consider the documented connectivity among
the upland aquifers, local streamflow, and subsequent discharge to the Skagit River alluvial aquifer. Finally,
future Basin water balance models should consider these estimated baseflow rates when estimating
recharge and when modeling supply and demand scenarios.

Sincerely,

Chad Wiseman (HDR)
Bob Mitchell (WWU)
Henry Williams (WWU)
John Riedel (WWU)
Nathan Rossman (HDR)
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Abstract

The Skagit River, its tributaries, and groundwater are important water resources for
salmon habitat, agriculture, municipalities, and industries in the lower Skagit River basin.
Unfortunately, these resources are threatened by receding glaciers and reduced meltwater due to
a warming climate, compounded by increasing groundwater withdrawals driven by development
and agricultural practices in the lowlands. Floodplain aquifers have been identified as a source of
groundwater for the Skagit River and research has demonstrated that groundwater extracted from
the floodplain reduces baseflow to the river which is problematic considering the instream flow
rules established in 2001 for the Skagit River. Other potential sources for groundwater in the
lower Skagit region are glacial outwash and glacial upland deposits north of the floodplain
identified by recent geologic mapping. For water resources management purposes, it is important
to characterize the aquifers in the glacial terraces and uplands and determine their connection to
the floodplain and the Skagit River.

To characterize the hydrogeologic framework in the lower Skagit Valley, I synthesized
well log data, gravel pit and natural stream exposures, recent geomorphic mapping and
hydrogeologic studies, borehole data, and LiDAR data and developed two-dimensional (2D)
cross sections and 3D conceptual models between Sedro-Woolley and Birdsview, WA. My
results reveal a complex geology that differentiates six different hydrogeologic units. Glacial
deposits dominate most of the upland aquifers, with lahars and alluvium composing most of the
floodplain, with sedimentary and metamorphic rocks at higher elevations. My hydrogeologic
framework indicates that glacial outwash deposits in the eastern portion of the study area are
connected to and recharging Skagit floodplain aquifers and the Skagit River. The aquifer
continuity in the east is also validated by groundwater monitoring data and seepage runs results.
There are likely low rates of groundwater flow from the low-conductive units in the uplands to
the floodplain deposits in the western half of the study area, meaning that there may be no truly
isolated aquifers in the upland area that would serve as an alternative water supply. The
hydrogeologic framework serves as a basis for the region, however, more detailed studies will be
necessary to inform water resource management decisions going forward in the lower Skagit
River Valley, i.e., more extensive well monitoring, long-term pump tests, and groundwater

modeling to constrain recharge rates and groundwater flow directions and rates in the study area.
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1.0 Introduction

My study was motivated by the State of Washington Joint Legislative Task Force on
Water Supply, which identified groundwater impacts on regulated instream flows as a major gap
limiting management of water resources in the lower Skagit River basin. The Skagit River, its
tributaries, and groundwater are important water resources for salmon habitat, agriculture,
municipalities, and industries in the lower Skagit basin between Sedro Wolley and Birdsview,
WA (Figure 1). These resources, however, are threatened by receding glaciers, receding
snowpack and reduced meltwater due to a warming climate, compounded by increasing
groundwater withdrawals driven by development and agricultural practices in the basin (Frans, et
al., 2018). Prior research by the United States Geological Survey (USGS) and others demonstrate
that groundwater extracted near the Skagit River floodplain reduces baseflow to the river
(Savoca et al., 2009a and 2009b; HDR 2017; HDR 2019). This is problematic because since
2001, the Skagit River has been under instream flow rules that restrict groundwater and surface
water usage (WADOE, 2023a). Instream flow rules were established in part to ensure adequate
streamflow to support salmon habitat and the guaranteed fishing rights of the Samish Indian
Nation, Upper Skagit and Swinomish Indian Tribes in the Skagit Valley. Floodplain aquifers have
been identified as a source of groundwater for the Skagit River and geologic mapping has also
identified glacial outwash deposits in the glacial terraces and uplands just north of the floodplain
that likely conduct water (Figure 1; Dragovich et al., 1999; Hidaka, 1973). However, the
connection between these aquifer systems is poorly understood. For management purposes, it is
important to understand how such aquifers that are perched above the alluvial deposits in the
floodplain contribute to the Skagit River and its tributaries and whether those aquifers are inter-

connected.

In this study, I developed a hydrogeologic framework to better characterize the
groundwater resources in the lower Skagit Valley. I synthesized well-log data, gravel pit and
natural stream exposures, recent geomorphic mapping and hydrogeologic studies, borehole data,
and LiDAR data to create two-dimensional (2D) cross sections and three-dimensional (3D)
conceptual models of the hydrogeologic framework to characterize the glacial terraces, glacial

upland, and floodplain deposits east of Sedro-Woolley to Birdsview, WA (Figure 1). I used the



framework to constrain the connection between glacial and floodplain aquifers and to test the
hypothesis that the glacial aquifers are disconnected from the floodplain aquifers and can be used

as a water resource without negatively impacting tributary and river streamflows.

2.0 Background

2.1 Study Area

The study area compromises the lower Skagit Valley, ranging from east of Sedro-Woolley
to Birdsview, WA (Figure 1). The lower Skagit Valley is developed with several small
communities and private residences and is used intensively for agriculture. The Skagit River and
surrounding landscape have been altered from their natural, original conditions by the
installation of hydroelectric dams, erosion control structures, levees, and extensive logging. My
study focuses on a sequence of mostly glaciated uplands, glacial outwash terraces, and alluvial
deposits just north of the Skagit River floodplain in the northern part of the study area (Figure 1
and Figure 2).

It should also be noted that Figure 2 has some spatial inaccuracies in the geologic units
and is used to illustrate the general surficial geology of the study area (WADNR, 2016). More
refined geologic interpretations are illustrated in my 2D cross sections and 3D conceptual models
in the model boundaries in my results section (Figure 3). Also, to simplify glacial landforms,
northwestern glacial deposits within Boundaries A and B are referred to as glacial uplands due to
high elevation, uneven, sub-glacial fluted till surfaces, and being underlain by bedrock. Areas in
the northeastern glacial deposits within Boundaries C and D are dominated by glacial outwash
terraces and include some elevated sub-glacial fluted till surfaces and some moraines (i.e. glacial
terraces; Figure 1 and Figure 2). When referring to both glacial terraces and glacial uplands, I
will use glacial area or glacial aquifer. Finally, valley walls include everything at higher
elevations above the glacial uplands or glacial terraces. The glacial uplands and glacial terraces

exist between the northern valley walls and the southern floodplain.

2.2 Climate and Hydrologic Conditions

The Skagit River basin drains 3,115 square miles in Canada and northwestern

Washington State, and discharges into Skagit Bay west of Mt Vernon (Figure 1). Relief in the



watershed varies from sea level at the mouth to 10,786 ft at the top of Mt. Baker and 10,541 ft at
the top of Glacier Peak. Flow in the Skagit River is supported by glacier meltwater, seasonal
precipitation, runoff, and groundwater, and is managed by five major dams (Gorge, Diablo, Ross,
Upper and Lower Baker). The average annual river discharge near Mt. Vernon, WA is about
16,500 cfs, with an average annual minimum of 10,500 cfs, and average annual maximum of
23,140 cfs (USACE, 2013; Drost and Lombard, 1978). The hydrologic conditions of the river
support five species of salmon that pass through the river annually. In particular, the Skagit River
supports the largest run of Chinook Salmon in the Puget Sound and the largest runs of Pink and
Chum Salmon in the United States (Connor and Pflug, 2004). Some species of salmon like
Chinook are threatened in the watershed because of agricultural, fishing, pollution, and civil

works (Lee and Hamlet, 2011).

The Skagit River basin has a maritime climate with wet, cool, humid winters, and mild,
dry summers in lower elevations, and higher elevations have colder climates that support
glaciers. Sedro-Woolley, west of my study area, has a 30-year average annual precipitation of
46.6 inches, and about 75% occurs between October-April (Table 1). Due to orographic effects,
the higher elevations can receive 140 to >180 inches of precipitation according to the 1991-2020
normal (PRISM, 2024). Savoca et al. (2009a) suggest that about 35% of the annual precipitation
in the Nookachamps region (east of Mount Vernon and south of Sedro-Woolley (Figure 1) goes

to surface runoff, 32% is lost from evapotranspiration, and 33% becomes groundwater recharge.

The Skagit basin is located in the North Cascade Mountain range which has about 72
square miles of glaciers (Fountain et al., 2023). Glaciers and groundwater are critical river base-
flow sources to the Skagit River during the relatively dry summers as snow melt diminishes. All
the glacier runoff is a combination of seasonal snow, firn, and glacial ice (Riedel and Larrabee,
2016). Of concern is that glaciers have been receding in the Skagit basin. Between 1959 to 2009,
glacier recession due to a warming climate has caused a 24% decrease in glacier contributions to
summer streamflow- resulting in higher reliance on groundwater to support baseflows (Riedel
and Larrabee, 2016). Furthermore, a projected warming climate will cause glaciers to recede by
as much as 50% by 2050 (Bandaragoda et al., 2015; Frans et at., 2018). Precipitation is also
projected to decrease by five to 20 percent in summers by 2050, further decreasing future

summer streamflow which will place a strain on Indigenous communities, farmers, salmon runs,



and other municipal and industrial water users, coincident with groundwater withdrawal

increases due to projected development (Frans et al., 2018; Roop et al., 2020).

2.3 Geological and Glacial History

Although the majority of the surface and subsurface of the study area is dominated by
glacial deposits from the late Quaternary, bedrock, including the Jurassic Darrington Phyllite and
the Eocene Chuckanut Formation, also influences the groundwater (WADNR, 2016). The
Darrington Phyllite underwent subduction-related blueschist metamorphism (Dunham, 2010).
The Darrington phyllite covers all the northern valley walls within the study area (Figure 2). The
Chuckanut Formation (sandstone, shale, siltstone, and coal beds) deposited ~50 Ma makes up a
majority of the sedimentary bedrock underlying the glacial uplands below the valley walls
(Mustoe and Gannaway, 1997; WADNR, 2024). Sedimentary rocks of the Chuckanut Formation
are located on the west side of the glacial uplands between east Sedro-Wolley and Lyman and are

mostly covered by glacial deposits with some isolated surficial exposure (Figure 2).

Pleistocene glaciation in the North Cascades likely began sometime in the early
Quaternary after 2.6 Ma (Haugerud and Tabor, 2009). During this time, glacial erosion and
deposition altered the western Cascades and created the modern Skagit River watershed (Riedel
et al., 2007). The valley, as it exists today, was strongly shaped between ~29-11.7 ka during the
last major glaciation that included both alpine glaciers and the Cordilleran ice sheet (Riedel,
2017). The alpine glaciers and continental ice sheets had separate accumulation zones and
advanced and receded in two different stades (Armstrong et al., 1965). Glacier fluctuations and
the advance of alpine glaciers blocked the valley resulting in a large glacier lake forming in the
lower Skagit Valley floor (Riedel et al., 2010). The advance of the continental ice sheet
especially influenced the complex sequence of glacial deposits on the north side of the valley
within the study area mantling the glacial uplands in drift and forming extensive glacial outwash
terraces (Figure 1). The eastern portion of the glacial terrace (Figure 2) is a result of the
damming and glaciation of the valley by the Cordilleran ice sheet (Riedel, 2017). Overall,
however, nearly all the glacial geology in my study area is a result of the Cordilleran ice sheet on

both east and west sides of the study area.

Starting about 29 ka and during the Evans Creek Stade, alpine glaciers dominated most of

the valley’s mountain area outside my study area but started to retreat by 21 ka and were absent
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from the lower Skagit by the time the continental ice sheet arrived during the subsequent Vashon
Stade (Riedel et al., 2010). Between 18-16 ka, the Cordilleran ice sheet advanced into the basin
(initially from the west), depositing advanced glaciolacustrine, advanced glacial outwash, and
glacial till, and by 15 ka began to retreat from the valley leaving behind a complex sequence of
basal till and recessional outwash (Armstrong et al., 1965; Riedel, 2017). Outwash and till are
exposed on the east side of the glacial terraces (Figure 2). Glaciolacustrine deposits are found in
driller well logs in the sub-surface, lower Grandy Creek, along Skagit River near Cape Horn, and
road cuts on Highway 20. The western portion of glacial area, known as the glacial uplands, is
quite different including glaciolacustrine deposits as well as glaciomarine deposits from the

marine waters that flooded the valley to elevations of ~100 m 13.6 ka (Dethier et al., 1995).

The Skagit floodplain also developed with Holocene alluvium. During this development
of the floodplain, the Skagit River cut through the glacial deposits at the end of the ice age likely
from outburst floods (Riedel et al., 2020). In addition to the modern valley shaped by erosion and
deposition related to two episodes of glaciation, the Skagit Valley was also affected by Glacier
Peak volcanic eruptions and lahars. About 13,700 years ago, a lahar discharged to the Puget
Sound via the Stillaguamish River, but did not flow into the Skagit River (Vallance, 2015). Over
the past 6,000 years, there have been two more lahars, one occurring around 6,000 years ago,
rerouting the Sauk River to the Skagit River and depositing ~50 ft of lahar deposits and another
one 2,000 years ago depositing ~30 ft of lahar deposits (Beget, 1982; Dragovich and McKay,
2000; Dragovich et al., 2002). Mt Baker erupted 13,000 and 9,500 years ago, but these had little
apparent effect on the recent history of the Skagit River (Scott et al., 2020).

2.4 Recent Hydrogeologic Studies

Due to the concerns of groundwater withdrawals on instream flows in the basin, several
hydrogeologic studies were conducted near the study area to better characterize groundwater
movement and groundwater-surface water interactions (HDR, 2017 and 2019; Savoca et al.,
2009a; Geoengineers 2003; Hidaka 1973). Due to the 2001 instream flow rule, the basin is
closed to new groundwater wells unless the State Department of Ecology approves a plan for
mitigation or a plan for reliance on an alternative water source during times when the minimum
instream flow requirements are not met. Regardless of how small the effects, new wells could be

denied by the state if they impair minimum instream flows.


https://www.bainbridgewa.gov/DocumentCenter/View/886/Late-Pleistocene-Stratigraphy-and-Chronology-in-SW-British-Columbia-and-NW-Washington-PDF?bidId=

HDR (2017) examined the lower Skagit River basin floodplain in the eastern half of my
study area (Lyman to Grandy Creek) and tested groundwater depletion via a streamflow model
developed to determine streamflow depletion from groundwater pumping to help aid in
Washington State Department of Ecology’s (WADOE) water rights mitigation program (Figure
2). They also used well logs and cross sections to help aid in the development of the groundwater
flow numerical model. HDR (2017) identified two hydrogeologic units in the floodplain, a
surface-level unconfined aquifer defined by near surface alluvial deposits and deeper unconfined
aquifers mostly of sand and gravel and reaching 0-100 ft in depth and about 100 ft thick; and
deep confining unit or confined aquifer defined by fine grained silt-clay lacustrine deposit that is
about 100 ft thick. Nearly all wells simulated in their grounwater model, pumped water from the
unconfined aquifers. HDR (2017) suggested that pumping water 600 ft away from the Skagit
River can result in about 90% of the pumped water being redirected from flowing into the Skagit
River. Wells further away from the Skagit River can pull about 75% of their water from the
Skagit River if no tributaries are nearby, while wells near tributaries get 50-75% of capture from

the tributary (HDR, 2017).

HDR (2019) examined the floodplain near the river to determine if aquifers in the
floodplain and potentially in the glacial terraces are connected to the Skagit River. They created
five cross sections, one near Grandy Creek (Figure 2), and the other cross sections farther east
outside my study area. HDR (2019) reported that the Grandy Creek aquifers in both the
floodplain and glacial terraces, and the four other cross sections are moderately connected, and
do not have large lateral gaps. They concluded that even deeper confined aquifers, though more

disconnected, could still add to some streamflow loss due to leaky confining units (HDR, 2019).

Savoca et al. (2009a) examined the glacial terraces and the floodplain just southwest of
Sedro-Woolley in the Nookachamps sub-basin (Figure 1). They defined many of the same glacial
units found in my study area and created a hydrogeologic framework. Their defined
hydrogeologic units included: 1) unconsolidated aquifers alluvium, advance glacial outwash,
recessional glacial outwash, glaciomarine outwash, and alluvial fan (Figure 2), which typically
consist of moderately to well-sorted alluvial and glacial outwash deposits composed of sand and
cobble gravel, with minor lenses of silt and clay and high hydraulic conductivities; and 2)

confining units that serve as aquitards typically consist of units having low hydraulic



conductivities such as unconsolidated poorly sorted compacted glacial till, and glaciolacustrine
containing mostly fine grained material such as clay and silt with limited sand and gravel and (3)
igneous and metamorphic bedrock unit, that serve as aquicludes and 4) sedimentary aquifer units
consisting of cobble conglomerate and medium coarse grain sandstone with intervals of fine

grained shale, siltstone and even mudstone (Savoca et al., 2009a).

Savoca et al. (2009a) calculated hydraulic conductivities for these units, with
unconsolidated aquifers ranging from 47-48 ft per day, confining units ranging from 13-26 ft per
day, bedrock units about 0.13 ft per day, and sedimentary bedrock aquifer units 0.27 ft per day.
They also determined that the average annual recharge was about 18 inches per year from
precipitation. Of that recharge, about 65% discharges to streams, 32% to the Skagit River and
three percent extracted from wells. They also suggested that large contributions of water from
tributaries to major creeks is groundwater discharging from aquifers overlying shallow bedrock

that exist in the glacial uplands (Savoca et al., 2009a).

Geoengineers (2003) examined the hydrogeology of the Samish River sub-basin
northwest of Sedro-Woolley and determined the groundwater-surface water interaction,
evaluated streamflow conditions, and modeled different types of water usage (Figure 1). They
defined six hydrogeologic units and found that most of the wells tap an unconfined outwash and
alluvium aquifer that is about 10-100 ft thick. They also determined that 80% of water demand
comes from groundwater pumping and is mostly used for irrigation purposes. In particular,
higher elevation areas (glacial uplands) had less groundwater use, while the lower elevation
basin (floodplains) experienced more groundwater usage and instances of streamflow depletion.
Geoengineers (2003) concluded that increased groundwater usage will significantly decrease

Samish River instream flows.

Hidaka (1973) examined streams across Puget Sound to determine how low flow
conditions occur and how geologic, climate, and topographic characteristics can lead to low flow
conditions. Multiple streams were examined using multiple different methods to determine these
characteristics. One of these streams includes Alder Creek in my study area (Figure 2). Hidaka
(1973) determined Alder Creek had groundwater contributing to inflows in the late summer due
to permeable glacial deposits in the subsurface. Precipitation could also easily infiltrate the

surface due to these permeable glacial deposits that were also unconsolidated at and below the



surface. Hidaka (1973) also determined Alder Creek’s head of the stream is found at high

altitudes with a abundance of precipitation contributing to its flows.

2.5 Project Objective

The purpose of my project is to build upon these previous studies in the lower Skagit
River basin to further characterize alluvial aquifers and glacial aquifers in the glacial deposits
forming the glacial uplands and glacial terraces between Sedro-Woolley and Birdsview, WA
(Figure 1 and Figure 2). My findings will serve as a basis to guide future studies regarding water
resource management decisions to sustain instream flows, especially as the climate warms.
Glacial aquifers may be recharging the floodplain aquifers, so groundwater withdrawals in the
glacial aquifers could influence baseflows in adjacent tributaries and the Skagit River.
Conversely, isolated confined glacial aquifers may not influence surface water and may serve as

possible groundwater resources.

3.0 Methodologies

To characterize the aquifer system in the lower Skagit Valley and to determine the
connection between floodplain aquifers and the glacial terrace aquifers, I developed a
hydrogeologic framework using driller well-log data, surficial geologic maps, recent geomorphic
mapping and hydrogeologic studies, deep borehole data, LIDAR, and ArcGIS software tools. I

took these steps to build the framework:

e Created a well log database that includes thoroughly selected and relocated well logs from
the Washington State Department of Ecology database (WADOE, 2023b).

e (Characterized the glacial terraces and glacial uplands using related literature and field visits
and the well-log database.

e Located a site for the drilling of a new 310-foot monitoring well installed to improve
stratigraphic interpretation of the sub-surface.

e Estimated hydraulic conductivity of various geologic and glacial deposits from well log
pump-test data.

e Identified geologic units and hydrogeologic units.
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e Created 2D cross sections and 3D hydrogeologic conceptual models using hydrogeologic
units developed from geologic units.

e Monitored water levels in wells in the glacial terraces and floodplain to observe water table
changes over time.

e Approximated annual recharge of various hydrogeologic units and landcovers throughout the
study area.

e Characterized streams as gaining or losing streams based on seepage run and stream

piezometer data.

3.1 Well Log Database

Most of the sub-surface geology was interpreted from driller well logs acquired from the
well log database maintained by the WADOE (WADOE, 2023Db). A shapefile of Washington
State well locations was downloaded from Ecology’s Geographic Information System (GIS)
Data Download website (WADOE, 2022) and imported into ArcGIS Pro. The WADOE Well
Report Viewer was used to download well reports (logs) that provide the location, ownership,
construction details, and logs of formation materials (grain size) encountered at depths during
drilling (WADOE, 2023b). Some well logs also contain information including screen length,
pumping rate, and drawdown which is useful for estimating the hydraulic conductivities of the

glacial and alluvial deposits.

There is a range of well depths in the floodplain, glacial uplands and glacial terraces and I
attempted to identify as many deep wells as possible to characterize the underlying stratigraphy.
Wells in the floodplain ranged from 10 to 200 ft deep, with an average depth of ~20 ft. Wells in
the glacial terraces and uplands vary from 30-500 ft deep with an average depth of ~60 ft. The
deepest wells selected in the floodplain are greater than 40 ft deep, while the deepest wells

selected in the glacial terraces and uplands are greater than 100 ft deep.

Information collected from each well log included the well ID number, year drilled, name
of owner, depth of well, geology, and grain size at specified depths. Each well log in the database
was checked for locational accuracy by first looking at the township section and range (TSR)
which display the location of a well within a quarter mile square. Each well log also contains
information on the well owner at the time the well was drilled, and some well logs also include

address information. The WADOE used the TSR from the well log to place wells on GIS maps
9
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(WADOE, 2023b). Unfortunately, the TSR recorded well locations were commonly incorrect by
a few feet to thousands of yards from their actual locations. Some wells were even located in the
wrong county. To mitigate these locational errors, addresses from the well logs were used instead
of the TSR. The Skagit County survey site was used to identify the address of each well log
where possible (Skagit County, 2024a). Once an address was located, it was cross referenced
with the tax parcel on the Skagit County IMap tool (Skagit County, 2024b). Once the address
was confirmed, the well location was accurately recorded in ArcGIS Pro for conceptual modeling

(Figure 2).

After verifying locational accuracy and relocating the wells in ArcGIS Pro, the updated
spatial information was included in the database. Wells with incomplete information or material
interpretations, illegible information, or unverifiable locations were not included in the database.
Wells used for hydraulic conductivity estimates (Figure 3) were not relocated due to the
overwhelming number of wells used in these calculations. The well data were then placed in GIS
software overlaying mosaiced 2017 Puget Sound LiDAR digital terrain model (DTM) raster data
(Lowe, 2017), the most recent bare-earth DEM data available. Well elevations were then
recorded using this DTM. Material descriptions were further simplified into different grain sizes,

including gravel, sand, silt, clay, gravel sand, gravel clay, sand clay, and bedrock.

3.2 Field Work and New 310-foot Well

Well logs provided most of the data for the study area, but some locations lacked
domestic well information, particularly in the glacial area between Lyman and Hamilton, WA
(Figure 2). Additional field work was required to better characterize the geology of these areas.
Between April-June 2024, I collected field observations with Jon Riedel to characterize the sub-
surface via exposures along the streams and the glacial area, observations from available surface

map data, gravel pits, and proximity with the other wells.

There were very few deep wells in the glacial terraces of the study area (Figure 2).
Fortunately, the state research budget allowed for the drilling of a new deep well to inform
stratigraphic interpretations and water-level observations. Based on initial ArcGIS screening,
ease of access, and field visits, a location was chosen on Washington State Department of
Natural Resources (WADNR) land near Alder Creek in the central portion of the study area

where deep-well information was lacking (Figure 2). A WADNR permit was secured, and a 310-
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foot-deep monitoring well was hydraulically drilled in late March 2023. The wellhead is at 300 ft
elevation (estimated from LiDAR), placing the bottom of the well 10 ft below sea level and 100
ft below the Skagit River. A professional geologist was on site during the drilling and produced a
highly detailed geological well log (Appendix C) that was later classified into interpreted hydro
stratigraphic units based on textural descriptions (e.g., gravel, sand, silt, and clay). The well log

interpretation is explained in the results.

3.3 Hydraulic Conductivity Estimates

I estimated the hydraulic conductivities of different geologic deposits to group deposits
into hydrogeologic units. When long-term pump test data are not available, an economic
approach is to use drillers pump test data from domestic well logs and the relations below
commonly used by the USGS in regional studies (e.g., Kahle and Olsen, 1995; Gendaszek,
2014). The pump test data from driller well logs (used to estimate specific capacity) were used in
a modified Theis equation (Ferris et al., 1962) to estimate the horizontal hydraulic conductivity
in the vicinity of a well. Well logs in Ecology’s database that contained pump-test data, i.e.,
drawdown, pumping rate, and duration; and well screen length and radius were used in the

analysis. The modified Theis equation is given as:

Q | 2.25Tt
4T r2S

S =

(1)

where s = drawdown (ft), Q = pumping rate (cfm), t = time (minutes), r = well radius (ft), S =
storativity (dimensionless) and T is the aquifer transmissivity (ft*/minute). Equation (1) is
algebraically transcendental, so T is iteratively determined using a root solver in a Python script
(Mitchell, 2023) given an estimated value for the storativity (S). I used well log material
descriptions and whether the well was in an unconfined or confined aquifer to determine the
storativity. Generally, confined aquifers have a storativity coefficient of 0.0001 to 0.001 if
substantial clay or other confining units (like shale or sandstone) are present. Unconfined
aquifers have a storativity coefficient ranging between 0.01 to 0.1 and have sand and gravel grain
sizes throughout the well logs with little clay. The horizonal hydraulic conductivity was

determined from the iteratively resolved T value using the relation below.

T
Ky = 1440 (2)
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Kn = horizontal hydraulic conductivity (ft/day), T = transmissivity (ft>/minute), b = length of well
screen (ft), 1440 = minutes in a day (Kahle and Olsen, 1995).

If no well screen is given in the well log, then the expression below was used to estimate the

horizontal hydraulic conductivity for wells with openings at the end of the well (Bear, 1979).

Q

"~ Amsr

Ky, 1440 (3)

Ky = horizontal hydraulic conductivity (ft/day), Q = discharge (cfm), s = drawdown (ft), r =
radius of the well (ft), 1440 = minutes in a day. Storativity and time are not required for this
equation and this equation assumes that vertical and horizontal conductivity are the same, which

is not likely with unconsolidated deposits (Kahle and Olsen, 1995).

To reduce the influence of outlying K values, geometric means were used for the
generalized mean hydraulic conductivity of a geologic unit. Wells were then mapped and

symbolized based on the geologic unit in which the pump tests were completed (Figure 3).
3.4 Creating Geologic Units and Hydrogeologic Units

Well data were put into the Aquaveo Arc-Hydro Groundwater Subsurface Analyst (3.5.0)
and geologic units were created using well-log interpreted grain sizes (Aquaveo, 2024). These
geologic units were further refined to include similar elevations and depths and the surficial
deposit descriptions on the surficial maps (Dragovich et al., 1999, Riedel 2024a). Following
Freeze and Cherry (1979), multiple geologic units having similar lithologies and hydraulic
conductivities, stratigraphic position, and depth (confined or unconfined) were combined into
hydrogeologic units. Note that the hydrogeologic units will not necessarily match the geologic
units because groundwater flow is determined by grain size (hydraulic conductivity), not by the

geologic unit.

3.5 2D Cross Sections and 3D Hydrogeologic Conceptual Models

I used Aquaveo Arc-Hydro Groundwater Subsurface Analyst (3.5.0) to develop 2D cross
sections and 3D conceptual models of the hydrostratigraphy in the study area. Aquaveo Arc-
Hydro Groundwater Subsurface Analyst is an add-on tool for ESRI’s ArcMap (10.8) that allows
well information to be placed in a 3D environment that can be formatted to display 3D aquifer

units after 2D cross sections are created to connect the well-log stratigraphy (Aquaveo, 2024).
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The final product is a series of 3D conceptual models of the hydrogeologic framework of the
study area. Aquaveo has other add-on tools including MODFLOW (USGS, 2025) that is a 3D
numerical groundwater flow model, but groundwater modeling is beyond the scope of my study.

Below are the steps used to create the conceptual models.

Data for conceptual modeling were gathered and placed into different programs from the
well log database. Three MS Excel files were created that included locational data on each well,
characteristics from each well, and defined hydrogeologic units. In ArcGIS Pro, I created raster
and vector datasets using the North Puget 2017 DTM survey including a point shapefile of the
wells with information on location, elevation, and depth of the well. The data sets were then
placed in an ArcScene project (Lowe, 2017). The tutorial provided by Aquaveo was followed to
place the wells and display their units by depth. Wells were examined and 2D cross sections
pathways were manually created in ArcMap using wells along a desired pathway. The similar
units between the wells were connected in the cross sections and then the 2D cross sections were
placed back into ArcScene as 3D fence diagrams. The 3D conceptual models showing various
hydrogeologic units and their extents were created by interpolating the 2D cross sections. I did
this for four model boundaries across my study area (Figure 2). These boundaries include: Sedro-
Woolley to Cokedale (Boundary A), Cokedale to Lyman (Boundary B), Lyman to West Muddy
Creek (Boundary C), and East Muddy Creek to Grandy Creek (Boundary D; Figure 2). I created
multiple 2D cross sections in each model boundary, about 40 in total. However, only the key
most descriptive cross sections will be discussed further in the results. More information on the

specifics of this process can be found in Aquaveo tutorials (Aquaveo, 2024).

3.6 Well Monitoring

Between April 2023 and May 2024, water levels were measured monthly in four
domestic drinking-water wells volunteered by private landowners. The wells are located along
Grandy Creek with three wells (Monitoring well A-C) in the floodplain, and one (Monitoring
well D) in a glacial terrace (Figure 2). The wells were assumed to be completed in the same
aquifer and were chosen on that basis. The surface elevation, latitude, and longitude of the wells
were determined using the WWU Geology Department’s Emlid Reach RS2+, a survey-grade
GPS.
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The depths to the water surface were determined using a standard engineering measuring
tape with a sensor. In contrast to static water levels from well logs, these monthly data were used
to show monthly changes between the floodplain and glacial terrace water tables. The monthly
monitoring data were also compared to the AgWeatherNet Concrete daily rainfall data for better
understanding of the recharge response times of both areas to major rainfall events and seasonal
changes (WSU, 2024). Additionally, water levels were monitored and measured using a pressure
transducer in the new 310-foot well (Figure 2). Deep well surface elevation and latitude and

longitude was gathered from the 2017 Puget Sound DTM raster data (Lowe, 2017).

3.7 Recharge

I roughly estimated groundwater recharge to generally illustrate its variability in the study
area, not for a thorough water budget or to predict groundwater flow. Recharge in the lowlands is
the amount of precipitation that supplies an aquifer system and is an important element in
estimating water budgets. Recharge is estimated by removing evapotranspiration, soil storage,
and surface runoff from the gross precipitation. Infiltration and runoff are highly controlled by
the hydraulic conductivities of the overlying soils and surficial geologic units. I used recharge to
demonstrate how different hydrogeologic units may respond to rainfall throughout the different
conceptual model boundaries. I used a 30-year normal precipitation with a raster that is set at
800-meter resolution from the PRISM climate group data from Oregon State University for the
annual rainfall within the lower Skagit River Valley (PRISM, 2024). I placed this raster into
ArcGIS and analyzed these values with the surrounding surficial hydrogeology. While recharge
can include water from rivers, streams and glaciers, these factors were not included in my

recharge estimates.

There are multiple methods that can be used to calculate recharge. Some methods are
more complex with numerical based modeling, while others use simplified equations. I used
methods developed by Bidlake and Payne (2001) and used estimates from Vaccaro et al., (1998)
and Pitz (2005). Bidlake and Payne (2001) developed a method for estimating annual recharge
by splitting areas up into individual soil and land-cover groups and using different linear
regression equations for each. Equations are used for each individual soil and land-cover group
and can be found on Table 2. Due to the simplicity of the recharge estimates, runoff from the

valley wall could not be estimated.
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3.8 Seepage Run and Stream Piezometers

Seepage run data can provide insight about whether a stream is a gaining stream
(groundwater is supplying the stream) or is a losing stream (water from the stream is seeping into
the ground). On September 12 and September 15, 2023, seepage run tests were conducted at
Muddy and Grandy Creek by two HDR, Inc. teams: one team downstream, and another team
upstream. Both mechanical (propellor) and electronic streamflow devices were used with a tested
1.5% relative difference between devices. Measurements were taken and the location of the
measurements were recorded with an elevation-less GPS device. Mid-September was selected as
this is typically the driest month of the year, when baseflow conditions are most prevalent in the
Skagit Valley. These results provided some insight into groundwater connectivity between the

glacial terraces and floodplain.

HDR also gathered data from March 2023 through November 2024 from three
piezometers and staff gauge pairs installed in the streambed of Grandy Creek and four pairs in
Muddy Creek. Details of the construction, placement, monitoring, and analyses can be found in
HDR (2024). Vertical hydraulic gradients determined from the piezometers and staff gauge pairs
were used to validate the seepage run results. Generally, if the hydraulic head in the stream
piezometer is higher than the stream level stage (upward vertical gradient) the groundwater is

discharging to the stream (gaining; HDR, 2024).

4.0 Results

4.1 Well-Log Database

While there were some exposures found on the surface across the valley including gravel
pits and stream exposures, the only source of subsurface information used in this study were the
driller well logs. Well logs can contain valuable information including well depth and radius,
screen length, location, pump test data and stratigraphic descriptions (e.g., grain sizes)
throughout the depth. There are over 1000 wells sourced from the WADOE within my study
area, and 133 of those wells were used in the 2D cross sections and the 3D conceptual modeling
(Figure 2; Appendix A). Most of the wells used in conceptual modeling are between Hamilton
and east Sedro-Woolley. Of the 133 wells, about 50 wells from the glacial area and 83 from the

floodplain (Figure 2). Nearly all wells removed from consideration were less than 40 ft deep in
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the floodplain or less than 100 ft deep in the glacial area. Some were also removed because of
missing important locational data. About 198 wells were used for hydraulic conductivity
calculations (Figure 3; Appendix B), with 137 wells located in the floodplain and the rest in the

glacial area.

4.2 Field Investigation:

My field investigations with Jon Riedel were limited to April-May 2024. The areas
explored include the glacial terraces north of the town of Hamilton and the glacial uplands north
of Lyman to eastern Sedro-Woolley (Figure 2). Exposures were limited to steam banks along the
glacial terrace that were mostly vegetated. My observations indicate that the surface of the
glacial terraces north of Hamilton (Boundary C) grades from till and some recessional outwash
on the far west side of the glacial terraces to glacial till in the middle and then to outwash on the
far east side of the glacial terraces (Figure 2). In addition, an east facing exposure at Muddy
Creek revealed that till is overlain by recessional outwash. Further upstream on Muddy Creek,
there is fine-grained glaciolacustrine exposed near the surface which also occurs further north at
Muddy Creek (Figure 2). The Hamilton glacial terraces (Boundary C) are similar to the glacial
terraces in Boundary D but differ from Boundary D because of the Hamilton moraine and
extensive ICSD. Large portions of the southern part of the glacial uplands from Lyman to eastern
Sedro-Woolley (Boundary B to A) are covered with till or glaciomarine drift instead of outwash
as indicated by many ponds that formed during a moderate intensity rainfall event. Also, during
an observation on the floodplain near the glacial uplands, I noted that all the inclines and steep
slopes leading up from the floodplain to the top of the glacial uplands had exposed Chuckanut
Formation at Boundary B. Based on these observations of the glacial uplands in the area
(Boundary B and A) there appears to be significant amounts of till at the surface, and the
Chuckanut Formation runs down from the glacial uplands down to and below the lower

elevations of the floodplain.

The new 310 ft monitoring well near Alder Creek provided higher quality well-log
information as compared to other wells in the valley. The well log includes a foot-by-foot
description of the geologic material recorded by a professional geologist (Figure 4; Appendix C).
The overall sequence of glacial deposits based on depth below the ground surface was

recessional outwash (0-70 ft), glacial till (70-80 ft), advance outwash (80-261 ft), and
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glaciolacustrine (261>310 ft; Riedel 2024a; Figure 4). The 310-foot well is one of the few wells
that reached the glaciolacustrine deposit beneath the glacial terraces and floodplain and is also
one of few wells in the glacial terraces near Alder and Grandy creeks (Figure 2). There were also
three tree bark wood samples collected from this well that were radiocarbon dated. The results of
these radiocarbon dates indicate the calibrated age of these deposits to be 29,237-29,894 BP at
depth of 266 ft, 29,481-30,041 BP at depth of 277 ft, 30,872-31,158 BP at depth of 288 ft (Figure
4). Overall, there is a coarsening up sequence from glaciolacustrine to distal outwash (sand) to

proximal outwash (gravel) and then till, ending in recessional outwash (Figure 4).

4.3 Geologic Units

I used surficial geologic maps (e.g., Dragovich et al., 1999; Savoca et al., 2009a;
WADNR, 2016, Riedel, 2024a), exposures in gravel pits along Boundaries C and D (Figure 2),
and driller well logs to aid in my geologic interpretations. Most driller well log stratigraphic
descriptions vary in quality. Driller well logs are not constructed by geologists, except for the
310-foot well drilled for this project. This required me to make interpretations of the deposits
based on my own judgment. Also because of the limited number of wells in the glacial terraces
and some areas of the glacial uplands, I had to interpolate interpretations across substantial
distance between wells in many locations. As stated in my Background section, when referring to
both glacial terraces and glacial uplands, I will use glacial area or glacial aquifer. Valley walls
include everything at higher elevations above the glacial uplands or glacial terraces. The glacial
uplands and glacial terraces exist between the northern valley walls and the southern floodplain.
For completeness and for further reference, all the geologic symbols I use in the following

descriptions are those used by Dragovich et al. (1999).

4.3.1 Late Holocene Skagit River Alluvium

Late Holocene Skagit River alluvium (Qa) is a surficial deposit located within the
floodplain area deposited from the Skagit River and covers most of the area from Birdsview to
Sedro-Woolley (Dragovich et al., 1999; Figure 2). The alluvium mostly contains sand and gravel
with minor silt and clay. Gravel occurs near Birdsview which grades into sand, silt, and clay,
towards Sedro-Woolley (Riedel, 2023). Alluvium tends to get finer grained farther from the river.
The thickness of this deposit ranges from 5-35 ft and is present at the surface of the floodplain
(Figure 1).
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4.3.2 Alluvial Fan

Alluvial fan (Qaf) is a Holocene tributary stream deposit found between Hamilton and
Sedro-Woolley and is located on both the glacial uplands and floodplain of this area at the base
of drainages (Figure 2). The fans were mostly debris flow and fluvial deposits from the creeks
draining the uplands onto and through the glacial landforms. While this unit is mostly Holocene
in origin, some alluvial fan deposits can be from the late Pleistocene and located higher in
elevation on the glacial uplands (Dragovich et al., 1999). These deposits occur at the northern
edge of the floodplain and glacial upland areas and are usually composed of poorly sorted gravel,
silt, and sand (Savoca et al., 2009a). The well logs show the unit is usually composed of gravel

or gravel with sand with some instances of sand with clay. Thickness ranges from 5-20 ft.

4.3.3 Lahar Deposit or Older Alluvium Deposit

The lahar deposits (Qvl and Qoa) are Holocene deposits sourced from volcanic mudflows
that deposited in the Skagit Valley in the Holocene from Glacier Peak (Dragovich et al., 1999).
Lahar deposits occur mainly on the northern edge of the floodplain near the glacial uplands
between Hamilton and Sedro-Woolley (Figure 2). The towns of Lyman and Sedro-Woolley are
built on lahar deposits. Although well logs do not describe lahar material, the unit is fine sand
with gravel and includes muddy silt and clay runout in these areas (Dragovich et al., 1999). The
lahar deposits are believed to be as thick as 50 ft thick at Sedro-Woolley from the 6.0 ka Glacier
Peak eruption (Dragovich and McKay, 2000). WADNR (2016) describes it as an older alluvium
deposit (Qoa) but mentions nothing of the volcanic origin, while Dragovich et al., (1999)
describes it as a post volcanic alluvium that is intermixed with the lahar deposit. It is hard to

distinguish between the lahar and older alluvium deposits, but I will refer to it as lahar herein.

4.3.4 Glaciomarine Outwash

Glaciomarine outwash (Qgom(e)) occurs between Sedro-Woolley and Lyman at the
surface of the glacial uplands (Figure 2). It is exposed on the glacial uplands between the
mapped northern recessional outwash and mapped southern till. It is mostly composed of gravel,
sand, and silty sand. It also occurs below 400 ft in elevation at the late glacial marine limit
(Dragovich et al., 1999). This is a thin unit ranging from a couple of feet thick to about 25 ft
thick. Due to its similar characteristics to recessional glacial outwash, I interpret that this

outwash is glacial outwash deposited in marine waters during the Skagit Marine Embayment.
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4.3.5 Glaciomarine Drift

Glaciomarine drift (Qgdm(e)) is mapped exclusively north in the glacial upland of Sedro-
Woolley, is mostly exposed at the surface, (Figure 2) and is primarily composed of clay and silt
with local gravel and sand (Dragovich et al., 1999). The unit is somewhat finer-textured than till
as it has less sand and more silt and clay present but has similar elevations and characteristics to
till. It is also present in the lower elevations of the glacial uplands, about 50-100 ft lower in
elevation, yet overlays the glacial till unit (Figure 2). The thickness of this unit ranges from 50-

100 ft. This unit was also deposited in the Everson interstade.

4.3.6 Recessional Glacial Outwash

Recessional glacial outwash (Qgo) was deposited over a period of several hundred years
at the end of the ice age as the ice sheet retreated east up Skagit Valley. Much of the outwash was
deposited by ice-marginal streams flowing between the ice sheet and the north valley wall. Some
of that outwash was deposited into marine waters (Riedel, 2025a). Recessional glacial outwash
extends from Sedro-Woolley to Birdsview in the glacial terrace and glacial upland area (Figure
2). Deposits occurred between ~14,000 years ago and 12,000 years ago, and consist of loose
sand and gravel, with some instances of boulders, cobbles, and lenses of silt (Savoca et al.,
2009a; WADNR, 2016). The thickness of the outwash deposits varies. Outwash ranges from 10-
80 ft thick and is typically present on the surface of the glacial terrace between Hamilton and
Birdsview. Outwash can range from only 10-30 ft thick on the surface in the glacial area between
Hamilton and Sedro-Woolley (Figure 2). It is difficult to determine the outwash thickness in the
glacial terraces between Lyman and Hamilton due to limited well log information, but it could be
thicker in this area compared to the area between Lyman and Sedro-Woolley. Also based on field
investigations, the outwash in the glacial terraces above Hamilton likely has the same

characteristics as in Boundary D.

4.3.7 Glacial Till

Glacial till (Qgt) is usually located directly underneath or adjacent to recessional outwash
(Figure 2). It was likely deposited during the continental ice sheet advance and retreat. It is
composed mostly of silt and clay, with some gravel and sand (Savoca et al., 2009a). Well logs
indicate that till grain sizes vary depending on location, with till on the east side of the glacial

terraces composed of mostly silt and sand with minimal clay while glacial till on the west side
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(glacial uplands) has silt and clay with minimal sand and gravel. There are multiple exposures of
this unit between Sedro-Woolley and Lyman north and south of the recessional outwash deposits.
It also is exposed north of the recessional outwash deposits between Hamilton and Birdsview
(Figure 2). The till thickness can range from 10 to 80 ft (Dragovich et al., 1999). It also could be
stratigraphically below the alluvium and recessional outwash in the floodplain near the glacial
area but would be thin. It should also be noted that based on LiDAR (Figure 3), most of the
surface of the glacial terrace and glacial uplands is occupied by basal till due to the fluted

structures.

4.3.8 Advance Glacial Outwash

Advance glacial outwash (Qga) is located directly beneath the till deposits and is
composed of gravel, sand, silt, and some clay. The unit was likely deposited by ice marginal
streams during the advance of the Cordilleran ice sheet (Dragovich et al., 1999). While there are
some exposures of this unit on the southern edge of the glacial uplands at Lyman, the unit almost
exclusively occurs in the sub-surface of the glacial uplands and glacial terraces between Lyman
and Grandy Creek (Figure 2). The unit ranges from 5-130 ft in thickness, with units at ~130 ft
thick near Alder Creek and on the east side but thin at Lyman with about 5-10 ft in thickness.
This unit is also located directly below alluvium and till deposits in the floodplain based on the

well log data, and ranges from 5-50 ft in thickness.

4.3.9 Glaciolacustrine

Glaciolacustrine (Qgl) deposits are located stratigraphically directly below the advanced
outwash between eastern Lyman and Birdsview and directly below the till just east of Sedro-
Woolley (Figure 2). This unit has silty clay, clayey silt, and silty sand (Dragovich et al., 1999).
This description matches the grains occurring in the well logs near Sedro-Woolley, but this unit
seems to exclusively be silt between the glacial terrace at Jackson and Grandy Creek (Figure 2).
The deposit in the glacial uplands north of Sedro-Woolley is 50-150 ft thick while on the east
side it could range from 30 ft to 130 ft or more thick (Appendix C). It also is in the floodplain
below the advanced outwash and is dominated by clay or silt. It is one of the few units to go
below modern sea level. The glaciolacustrine is likely a result of sediments being deposited into
pro-glacial lakes before the advance of the Cordilleran ice sheet, potentially from alpine glaciers

(Riedel, 2025a).
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4.3.10 Chuckanut Formation

The Chuckanut Formation (Ec(cb)) bedrock underlies glacial uplands between Sedro-
Woolley and Jackson Creek, but outcrops at the surface in boundaries A and B (Figure 2). It is
composed of shale, sandstone, and siltstone. It is unknown how thick the unit truly is as no wells
extend through the Chuckanut Formation. In particular, shale is common near Jackson Creek, but
it is mostly sandstone and some siltstone west of Jackson Creek (Figure 2). There is also some
fracturing noted in the well logs, which serve as a secondary porosity and avenues for

groundwater transmittance.

4.3.11 Darrington Phyllite Bedrock

Darrington Phyllite bedrock, a Jurasic-age (Jph) metamorphosed mudstone, is located on
the walls and top of the glacial valley walls (Figure 2; Dragovich et al., 1999). No wells were

completed in this geologic deposit.

4.4 Hydraulic Conductivity Estimates

About 198 wells were used for hydraulic conductivity calculations (Figure 3; Appendix
B), with 137 wells located in the floodplain and 61 in the glacial terraces and uplands. There
were many usable wells between Sedro-Wolley and Lyman (Boundary A and B) where outwash,
till, lacustrine, marine and lahar deposits are common (Figure 3). The area with the least number
of well logs available is on the east side (Boundary C and D) of the study area where recessional
glacial outwash is found because it is undeveloped state forest land (Figure 3). Using a Python
script (Mitchell, 2023) and the equations described above in section 3.3, I estimated the
hydraulic conductivities at the well location, catalogued the values into the specific deposits and
took geometric means to define a single average hydraulic conductivity for each deposit (Table
3). My values are consistent with hydraulic conductivities measured in similar glacial and
alluvial deposits in Puget Sound aquifers (e.g., Kahle and Olsen, 1995; AESI, 2016; Gendaszek,
2014).

The average hydraulic conductivities of deposits in the floodplain are higher than all the
glacial and bedrock deposits and range from a high of 569 ft/day between Alder and Muddy
Creek to as low as 171 ft/day between Alder and Grandy Creek. Alluvial fan deposits averaged
about 288 ft/day, and lahar deposits averaged about 518 ft/day (Table 3; Figure 3). Average
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hydraulic conductivities of deposits in the glacial area have a range of values. Advance glacial
outwash (eastside) average 267 ft/day and average 38 ft/day on the westside. Recessional glacial
outwash does not have any measured values but is likely high (>100 ft/day) since it is mostly
composed of gravel and sand. All other deposits have generally low conductivities. The
conductivity of continental glacial till and glaciomarine drift is 9 ft/day, glaciolacustrine is 8
ft/day (Table 3; Figure 3). I estimated the hydraulic conductivity of the Chuckanut Formation to
be about 2 ft/day based on values in Whatcom County (Sullivan, 2005; Associated Earth
Sciences, Inc, 2016) and from my own estimates (Table 3). The hydraulic conductivity of the
Darrington Phyllite is assumed to be zero (impermeable) due to not having any wells to measure

this unit, being a metamorphosed mudstone.

4.5 Hydrogeologic Units

Following Freeze and Cherry (1979), multiple geologic units having similar lithologies,
hydraulic conductivities, stratigraphic position, and depth (confined or unconfined) can be
combined to form hydrogeologic units (Table 4). These units range from high hydraulic
conductivity units (100ft/day; aquifers), low conductivity units (10ft/day; aquitard) to very low
conductivity units (1 ft/day; aquiclude). Arc Hydro Groundwater uses “horizons” to distinguish
each hydrogeologic unit and are ranked so the largest number is the “aquifer” at the highest

elevation and the lower the number, the lower down the unit is placed beneath the subsurface.

4.5.1 H5: Recessional Outwash, Glaciomarine Outwash, Alluvial Fan and Coarse Alluvium

Surficial Aquifers

The recessional outwash, glaciomarine outwash, alluvial fan, and coarse alluvium
surficial aquifers are all exposed on the surface. The hydrogeologic conductivity of these units
can range from 40-400 ft/day, the highest conductivities in the study area. While I have no
calculations for the recessional outwash, it likely has similar conductivity since the grain sizes
are coarse sand and gravel dominated. H5 also includes all coarse-grained materials (sand or
gravel) in the alluvial fan, alluvium, and lahar deposits (Table 4). These units were lumped and
make up the coarse alluvium. The aquifers on the surface of the glacial uplands are about 5-50 ft
thick between Lyman and Sedro-Woolley and are 50-110 ft thick in the glacial terraces between
Lyman and Grandy Creek (Figure 2). The coarse alluvium aquifers are located on the surface of

the floodplain ranging from 5-50 ft in thickness throughout the entire study area (Figure 2).
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4.5.2 H4: Glacial Till, Glaciomarine Drift and Fine Alluvium Aquitards

The glacial till and glaciomarine drift (GMD) both occur in similar locations in Sedro-
Woolley in the sub-surface (below the recessional outwash or H5) and on the surface. The glacial
till unit dominates most of H4 as it appears throughout most of the glacial area, unlike the GMD
that is limited in extent to near Sedro-Woolley (Figure 2). The mean hydraulic conductivity of
the till and GMD is about 9 ft/day, representing aquitards. Both units have relatively similar
grain sizes, with a fine-grained matrix mostly of clay and silt with some cobbles and dropstones
present (although the GMD does seem to have more clay). Glacial till and GMD range from
about 10-100 ft thick on the west side to ~50-120 ft thick on the east side. Although they are
aquitards, water can still infiltrate them, but at lower rates compared to the aquifers directly
above and directly below them. H4 also includes all fine grained (silt or clay) alluvial fan,
alluvium, and lahar deposits. These units were lumped into the fine alluvium in H4 (Table 4).
Fine alluvium is also present at the surface and subsurface of the floodplain (Figure 2) and
ranges from 10-50 ft thick but is not nearly as confining in the floodplain compared to other H4

units in the glacial area.

4.5.3 H3: Advance Glacial Outwash Confined Aquifer

The advanced glacial outwash confined aquifer is solely the advanced glacial outwash
geologic unit (Table 4). The unit is located between west Lyman (Boundary B) and Birdsview
(Boundary D) and usually occurs in the subsurface below till (H4), but there are some exposures
north of the study area on the east side, and above Lyman, where it is exposed on the surface
(Figure 2). The hydraulic conductivity is about 38 ft/day on the westside (although it is likely
higher, it is likely this low due to limited well calculations available) and is about 267 ft/day on
the east side (Table 4). This unit is also usually located between the H4 and H2 aquitards. It also
occurs only in the subsurface of the floodplain below the fine alluvium (H4) and is likely
connecting the glacial area with the floodplain. The thickness ranges from 1-10 ft around Lyman
to 80-150 ft between Jones creek and Grandy Creek in the glacial terraces (Figure 2). In the
floodplain subsurface, it is 5-50 ft thick.

4.5.4 H2: Glaciolacustrine Aquitard

The glaciolacustrine aquitard is exclusively composed of the geologic unit dominated by

silt and clay. It exists mostly in the subsurface of the glacial uplands near Sedro-Woolley and the
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glacial terraces between Jones Creek and Grandy Creek and is directly beneath the entire
floodplain in the study area. There are also surface exposures along Grandy Creek, Muddy
Creek, Cape Horn and other areas along the Skagit River. It is located only in the sub-surface and
usually located directly beneath advance outwash between Jones Creek and Grandy Creek and is
located underneath till in Sedro-Woolley (Figure 2). The glaciolacustrine unit has a similar
hydraulic conductivity to till and glaciomarine drift at about 8 ft/day (Table 4). However, this
aquitard is separate from the glaciomarine drift and till aquitard because it usually occurs below
advance outwash. The unit has a thickness between 20-100 ft from the well logs, but it is likely
much deeper. It is also located below the advance outwash in the floodplain. The glaciolacustrine
aquitard likely has more clay on the west side and more silt than clay on the east side based on

field observations.

4.5.5 H1: Chuckanut Formation Aquitard

The Chuckanut Formation aquitard is composed of three main rock types, sandstone and
siltstone between eastern Sedro-Woolley and western Lyman (Boundary A and B), and shale in
middle and eastern Lyman (Boundary B) Figure 2). This unit is also below till or advance
outwash in this area and underlays the whole glacial uplands. While the unfractured rock matrix
does not transmit water, the fractures in the formation can transmit water and I defined the
hydraulic conductivity to be at 2 ft/day based on values in Whatcom County (Sullivan, 2005;
Associated Earth Sciences, Inc, 2016). If my estimate is valid, this unit has the lowest
conductivity out of all measurable units (not including the Darrington Phyllite) and can be
considered an aquitard or potentially an aquiclude (Table 4). The degree of fracturing is unknown

and likely transmits water from the glacial uplands to the floodplain.

4.5.6 HO: Darington Phyllite Bedrock Aquiclude

The Darrington Phyllite aquiclude exclusively defines the northern sections at elevations
above the glacial area in the valley walls (Figure 2 and 3). Because no wells encounter this unit
in my study area, I assume that the hydraulic conductivity is negligible since it is a
metamorphosed mudstone (Table 4). I also assume most of the precipitation runoff flows down

the valley walls into conductive deposits in the glacial area.
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4.6 Hydrogeologic Conceptual Modeling

I used the six hydrogeologic units described above to develop 2D cross sections and 3D
conceptual models using the Aquaveo Arc-Hydro Groundwater Subsurface Analyst (Figure 5).
The model domain was divided into four different areas: Sedro-Woolley to Cokedale (Boundary
A), Cokedale to Lyman (Boundary B), Lyman to West Muddy Creek (Boundary C), and East
Muddy Creek to Grandy Creek (Boundary D; Figure 5). The conceptual models include both the
glacial areas and the northern part of the floodplain to illustrate the connections between deposits
and the Skagit River. The four boundaries were also split into smaller subsections due to the
complex spatial geology and hydrostratigraphy in the glacial terraces, glacial uplands and
floodplain. A distribution of wells was selected in the glacial area and floodplain to capture the
spatial variability of the hydrogeologic system. In some cases, pseudo (fictitious) wells were
created where wells were nonexistent so that hydrogeologic units could be interpolated in the
absence of wells (wells bolded in Appendix A). All wells in the Darrington Phyllite bedrock are
pseudo wells (Figure 2). Some hydrogeologic unit depths were extended beyond their actual well
depths like glaciolacustrine and Chuckanut Formations as these wells did not extend into these
units (highlighted in red in Appendix A). Question marks are placed next to pseudo wells and
assumed conditions in cross sections and in some conceptual models. The following is an

explanation of both 2D cross section and 3D conceptual model key observations.

4.6.1 2D Cross Sections

I created multiple 2D cross sections for each model boundary that included as many deep
wells as available, and as much of the glacial terraces, glacial uplands, and nearby floodplain as
possible. About 38 cross sections were developed in total, but only 11 were selected for viewing
in this thesis. These 11 cross sections show the best general hydrogeologic characteristics found
in each boundary. Each boundary contains at least one cross section that goes from the glacial
area to the floodplain, while one cross section goes longitudinally across the glacial terraces or
glacial uplands. Below I discuss these key 2D cross sections within each model boundary that
highlight the most important hydrogeologic variation through space (Figure 5). The cross
sections are vertically exaggerated by 20x to illustrate subtle topographic variations and

thicknesses.
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Boundary A covers the area from Sedro-Woolley to Cokedale, or west of Wiseman Creek
(Figure 6). Cross section A indicates a thick sequence with HI (Chuckanut Formation)
incorporating much of the glacial uplands subsurface which is about 300-500 ft thick in the
middle of the cross section. H1 is bounded to the east and west by H2 (glaciolacstrine) which
ranges between 100-200 ft thick. The surface of cross section A is mostly dominated by H4
(glacial till and drift) and is thick on the west side (70-120 ft) and gradually thins to the east side
to about 20 ft thick. H5 (recessional and glaciomarine outwash) covers the surface in the middle
of the cross section and is about 65 ft thick (Figure 6). Cross section B illustrates the connection
between the glacial uplands with the floodplain and the lack of highly conductive glacial uplands
deposits in the subsurface in contact with the floodplain (Figure 6). The floodplain is dominated
by H2 at depth (150 ft thick), H3 (advance outwash) lies below H4 (fine alluvium; 20-60 ft thick;
thicker away from glacial uplands), followed by H4 (20-50 ft thick; thicker near the glacial
uplands) with H5 (coarse alluvium) at the surface at about 20 ft thick.

I selected four cross sections to illustrate the geologic complexity in Boundary B, the area
between Cokedale and Lyman (Figure 7). Cross section C has a consistent glacial upland
subsurface dominated by H1 (Chuckanut Formation) that ranges between 300 ft and 500 ft thick
(Figure 7). The west side contains a thin H5 unit (recessional and glaciomarine outwash) at the
surface and is about 5-15 ft thick. Both H5 and H4 (glacial till and glaciomarine drift) units form
thin (30 ft) surface deposits in the middle and east side of cross section C (Figure 7). Cross
section D is similar to cross section C but illustrates thicker surface units of H4 and HS. Across
the profile, H4 ranges between 50-100 ft thick and H5 is thinner at 5 to 50 ft. A 10-20 ft thick
section of H3 (advance outwash) exists between H1 and H4 in the eastern portion of cross

section D (Figure 7).

Cross sections E and F illustrate the connection between the glacial uplands and the
floodplain in Boundary B and the thick sequence of H1 below the glacial uplands. H5
(recessional and glaciomarine outwash) is present at the surfaces at 30 ft thick and H4 (glacial till
and glaciomarine drift) is 70 ft thick below it. Both thin closer to the glacial uplands edge with
H4 found at the edge of the glacial uplands in cross section E, while in cross section F, a
transition into a thick sequence of H3 (advance outwash; 10-50 ft thick) occurs near the edge. H1

(Chuckanut Formation) potentially serves as a groundwater recharge source through fractures to
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the floodplain deposits in this region, although the exposure of the glaciolacustrine (H2) and till
(H4) at the flanks of H1 would have an impact on the rate of recharge to the more conductive H3

and H5 deposits in the floodplain, especially in the areas in the vicinity of cross section F.

Boundary C is an area between eastern Lyman and Hamilton which I illustrate with three
cross sections (Figure 8). Many units have thickness derived from assumptions inferred from
field visits. Cross section G is dominated directly below all units by what is believed to be 150 ft
of H2 (glaciolacustrine) throughout the glacial terraces followed by a thickening and thinning H3
(advance outwash) above it from west to east (believed to be 300- ft thick). H4 (glacial till)
appears to dominate the glacial terrace on the west side believed to be thick (125-250 ft thick),
but thins out to 125 ft thick below HS (recessional outwash) which appears to dominate the
surface on the eastside (10-50 ft thick). Cross section H is similar to cross section G but with
thinner H3-HS5 units located on the floodplain (Figure 8). The H3 is thick in the middle (50-75 ft)
but thins out on both east and west sides (5-10 ft). H4 (fine alluvium) maintains a relatively
consistent thickness (25-75 ft thick) below HS, while the thin H5 (coarse alluvium; 5-10 ft thick)
leaves H4 exposed on some areas of eastern side cross section H (Figure 8). Cross section |
illustrates a potential strong connection between the glacial terraces and floodplain through H3 in
the subsurface (Figure 8). Floodplain and glacial terraces units are similar to those on the east
sides of cross sections G and H. H3 is located in the subsurface of the floodplain and glacial
terraces and connects both areas at similar elevations. H3 is likely a groundwater recharge source
between the glacial terraces and floodplain due to its high conductivity and continuity between
the glacial terraces and floodplain (Figure 8). H4 (glacial till in terrace and fine alluvium in
floodplain) is also at similar elevations in both glacial terraces and floodplain but likely does not

transmit as much water due to its lower hydraulic conductivity.

Boundary D covers Grandy Creek to Muddy Creek (Figure 9). Cross section J has a
consistent subsurface in the glacial terraces with H2 (glaciolacustrine) dominating the bottom of
the glacial terrace at 50-100 ft thick. H3 (advance outwash) overlays H4 and is thick on the west
side (75-150 ft thick) and thins out on the east side (10-30 ft). H4 (glacial till) overlays H3 and is
thick on the west side and the middle (60-150 ft) but thins on the east side to 25-30 ft thick in the
glacial terraces. The surface of the glacial terraces is dominated by HS (recessional outwash)

which is thin in the middle and west side of the glacial terraces (10-30 ft) but thickens on the east
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side near Grandy Creek (50-125 ft; Figure 9). Cross section K illustrates a strong continuity of
the glacial terraces with the floodplain, particularly through the hydraulically conductive H3 unit
(Figure 9). At depth, the floodplain is dominated by H2 (glaciolacustrine;150 ft thick) and is
overlain by H3 (advance outwash; 25 ft thick), H4 (fine alluvium; 10 ft thick), and H5 (coarse
alluvium) at the surface at about 25 ft thick. The area that transitions from floodplain to glacial
terraces is composed of no HS (coarse alluvium on the surface and instead 50 ft of H4 (fine
alluvium) present on the surface that extends up from to floodplain to the glacial terraces H4
(till). Only further north on the glacial terraces is a thin H5 (glacial outwash; 5 ft thick) found on
the surface. The conductive H3 is located at similar elevations in the floodplain and glacial
terraces and likely acts as a recharge source between the glacial terraces and floodplain,
displaying strong subsurface connectivity. H4 (glacial till and fine alluvium) is also at similar
elevations in both glacial terraces and floodplain and on the surface seen in the transition area
between floodplain and glacial terraces in cross section K (Figure 9). H3 likely transmits
groundwater at high rates between the glacial terraces and floodplain due to its high hydraulic
conductivity and gradient. H4 in the east likely transmits groundwater to the outwash at a slower
rate than H3, but higher than the till (H4) on the west side, due to the east side till (H4) being

coarser grained and likely having a higher hydraulic conductivity.

4.6.2 3D Hydrogeologic Conceptual Models

The 3D conceptual models developed in the Aquaveo software in ArcGIS ArcScene
provide a better visual representation of the surface hydrogeologic features and the spatial
variability. The drawback of ArcScene is the lack of a tool to define horizontal and vertical axes.
As such I added numbers to the 3D images to indicate unit thicknesses. Each conceptual model is
composed of multiple cross sections and sub-boundaries and these sub-boundaries were created
due to the spatially varying hydrogeologic sequences and topographic differences. Figure 10
displays all four boundaries used for the 3D conceptual models. Unlike the cross sections, each
3D model is expanded further north to include the valley walls. Consequently, there are also
more pseudo wells added to the north because no wells exist in this part of the lower Skagit

Valley.

The impermeable HO (phyllite) defines the valley walls north and above the glacial
uplands in Boundary A that transitions into the H1 (Chuckanut Formation) and H2
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(glaciolacustrine) at depth toward the floodplain (3D models and 2D cross sections in Figures
11-13). These units are capped with a conductive recessional and glaciomarine outwash (H5) on
the surface of the flanks of the glacial uplands that overlies a less conductive glacial till and
glaciomarine drift (H4). The H4 unit dominates the surface on the lower portion of the glacial
uplands and on the western section of the floodplain as fine alluvium, but is overlain by H5
(coarse alluvium) in the eastern portion of the floodplain of Boundary A. It is possible that the
H4 (glacial till and glaciomarine drift) is recharged by direct precipitation and by shallow
groundwater from the overlying H5 (recessional and glaciomarine outwash) unit on the glacial
uplands and may provide low rates of groundwater recharge to the H5 unit (coarse alluvium) on
the floodplain that likely transmits groundwater along with tributary streams discharging the

glacial area to the Skagit River.

HO (Darington Phyllite) dominates the northern valley walls of Boundary B but
transitions to H1 (Chuckanut Formation) at the base of the glacial uplands to H2
(glaciolacustrine) beneath the floodplain at depth (Figure 14-16). The northern half of the glacial
uplands is overlain by H5 (recessional and glaciomarine outwash) with some H4 (glacial till and
glaciomarine drift) below it that extends to the southern edges of the east and western edges of
Boundary B. H4 however, dominates the middle and western southern half of the glacial uplands
with H1 partially exposed on the surface but primarily exposed on the incline between the glacial
uplands and the floodplain. HS and H3 (advance outwash) dominate the eastern edges of the
glacial upland, with the floodplain overlain by H4 (fine alluvium). The highly conductive H5 and
H3 outwashes on the east side of the glacial uplands in Boundary B is likely providing surface
water and groundwater to the floodplain, and H4 on the west side of the glacial uplands might be
providing limited low rates of recharge to the floodplain as well. In the southern middle of the
glacial uplands of Boundary B, the very low conductive H1 unit is likely not providing much
recharge to the floodplain due to its low conductivity and the overlaying H4 slowly providing
recharge to H1. However, runoff from the surface of H1 may be providing some recharge to the
floodplain. Baseflow to the Skagit is likely supported mostly by the floodplain deposits with

limited connection to the glacial uplands in Boundary B.

HO (Darrington Phyllite) dominates the northern valley walls of Boundary C with H5

(recessional outwash) and H4 (glacial till) on the surfaces of the glacial terraces, followed by H3
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(advance outwash) directly below it, with H2 (glaciolacustrine) at depth in the glacial terraces
and floodplain (Figure 17 and Figure 18). The glacial terraces and floodplain have the same units
at the same elevations only varying with H4 (glacial till) dominating the surface in the western
half and H5 dominating the surface in the eastern half. It is likely that the conductive H5 unit in
the glacial terraces on east side of Boundary C is supplying shallow groundwater directly to the
HS5 (coarse alluvium) on the floodplain below, while the less conductive H4 (glacial till) is
transmitting water on the westside down to the floodplain’s H4 (fine alluvium) but at a much-
lower rate. The conductive sub-surface H3 also is likely supplying groundwater from the glacial
terraces where it is connected to the floodplain Boundary C. Baseflow to the Skagit River is

likely supported by the floodplain and glacial terraces and stream runoff in this region.

HO (Darrington Phyllite) dominates the northern valley walls of Boundary D with H4
(glacial till) and H3 (advance outwash) on the surface of the southern flank of the valley wall
(Figure 19-21). Some H2 (glaciolacustrine) is exposed at the surface, dominating the subsurface
base in both the glacial terraces and the floodplain. The glacial terraces are fairly consistent with
HS (recessional outwash) on the surface throughout, H4 below it, followed by H3 and H2.
However, there are areas such as shown in cross section K that till (H4) might dominate the
surface of the glacial terraces at its edges (Figure 9). The units on the floodplain vary, with H4
(fine alluvium) at the surface in the middle, far west, and east edges of the floodplain while HS
(coarse alluvium) dominates the rest of the surface of the floodplain. Some groundwater is likely
transmitted between the H4 (till and fine alluvium) units as well, but at lower rates compared to
H3. Most subsurface groundwater that is transmitted between glacial terraces and floodplain is
likely transmitted from the highly connected H3 unit. Groundwater likely is sourced from rainfall
recharge mainly into H5 (recessional outwash) and H4 (glacial till), but recharge could also be
from the H3 and H2 units higher near the HO. The baseflow to the Skagit River is supported by
the floodplain and heavily supported by aquifers in the glacial terraces and stream runoft in this

region.

4.7 Groundwater Monitoring Data

I measured water levels monthly between April 2023 and May 2024 in four domestic
wells using a water-level tape. Wells MWA-C are in the Skagit alluvial floodplain and MWD is

in the glacial terrace near Grandy Creek in the eastern portion of the study area (Table 5; Figures
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2 and 22). The four wells are assumed to be completed in the H3 unit (advance outwash; Figure
24). Water levels in the newly installed 310-foot monitoring well west of Grandy Creek in a
glacial terrace (Figure 2) were measured by HDR using a pressure sensor and data logger that

recorded the water table depth three times a day. The well was also screened in the H3 unit.

The water levels in the monitoring wells in the alluvial aquifer floodplain (MWA, B &
C) follow a similar seasonal pattern in response to regional rainfall and were generally highest in
April and lowest in November mimicking rainfall recharge (Table 6; Figure 22 and Figure 23).
MWA has a different pattern than the other two alluvial wells (MWB & C) which may be the
result of MWA being completed in a different hydrogeologic unit, or due to its closer proximity
to the Skagit River. i.e., responding to river stage fluctuations. Although the water levels in
MWD in glacial terrace are more erratic, its overall trend is similar to those in the floodplain
wells and is likely in the same H3 hydrogeologic unit (Cross section L; Figure 24). Note that this
section of the floodplain is mostly covered by H4 (fine alluvium) on the surface and contains a
H3 unit that extends in the subsurface from the glacial terrace to the floodplain. Implications of

this will be covered in the discussion section.

The 310-foot well that is also located in a glacial terrace to the west in Boundary C had
the lowest overall water level fluctuation and responded three or more months after other wells
began to change patterns. The 310-foot well did not begin to sense recharge until February 2024
and water levels continued to rise through May 2024, likely because it is screened between
200—220 ft in the advanced outwash deposit (H3) which is slow to respond to recharge (Table 6,
Figure 22).

4.8 Recharge Results

I roughly estimated groundwater recharge to generally illustrate its variability in the study
area, not for a thorough water budget or to predict groundwater flow. Aquifer recharge occurs
primarily between October and April when rainfall exceeds evapotranspiration rates. I used 30-yr
average gridded precipitation data (800 m) from PRISM and applied the relations developed by
Bidlake and Payne (2001), Vaccaro et al. (1998), and Pitz (2005), to estimate recharge (Table 2).
Recharge values are influenced spatially due to elevation impacts on rainfall (orographic effect)
and by the hydraulic conductivity (infiltration capacity) of the soils and surficial geology type
(Table 2; Figure 25 and Figure 26). Because of the higher elevations of the valley walls and the
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orographic effect, the Darrington Phyllite bedrock unit receives significant precipitation (up to
125 in/yr) but has no or minimal recharge (Vaccaro et al., 1998). The Chuckanut Formation is
believed to be more permeable through its secondary porosity (fractures) than the Darrington
Phyllite yet is overlain mostly by till and is assumed to have a recharge rate of 2 in/yr (Pitz,
2005). Glacial till units receive moderately high rainfall in some areas (up to 88 in/yr) but only
have about ~18 in/yr of recharge because of its low hydraulic conductivity. Exposed outwash and
glaciomarine outwash in the study area receive slightly less rainfall than glacial till (up to 75
in/yr), but average ~36 in/yr of recharge. The higher conductive floodplain alluvium and outwash
units receive the least rainfall (up to 56 in/yr) and averages 30 in/yr of recharge (Table 7, Figure
25).

The Boundary B and Boundary C regions receive the most precipitation and recharge via
HS5 (outwash) located in glacial areas higher in elevations than in other boundaries (Table 7,
Figure 24). Based on the averages for each conceptual model boundaries (without Darrington
Phyllite bedrock and Chuckanut Formation), Boundary D has the highest recharge rate and
precipitation along with Boundary B (Figure 25). Because of the Boundary D overall high
recharge rate and connection to the floodplain aquifers, water levels in the monitoring wells have

similar trends. Boundary A and C have the lowest recharge rate and precipitation (Figure 25).

Overall recharge is higher on the east side of the study area and in areas with higher
glacial terrace or upland elevations and lower on the west side and in areas of lower glacial
terrace or upland elevations and less conductive deposits (Figure 25). Some runoft from the
Darrington Phyllite bedrock may contribute recharge to glacial aquifers along with the
Chuckanut Formation such as at Boundary B and Boundary A (Figure 25) but this would require
further study.

4.9 Seepage Run and Stream Piezometer Results

The seepage run data gathered on September 12 and September 15, 2023, by HDR, Inc.,
indicate variable surface-groundwater interactions (HDR, 2024; Table 8 and Table 9, Figure 27).
It was a relatively dry summer with about 1.3 inches of rain recorded between July 1 and Sept 15
at the Concrete WSU AgWeatherNet station (WSU, 2024). About half of this (0.75 in) occurred
during a single rain event in late August. For the profile illustrated in Figure 25, Grandy Creek

drops about 620 ft to 112 ft over a 3.75-mile distance, resulting in a gradient of about 0.03.
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Along the flanks of the glacial terraces, Grandy Creek is mostly gaining groundwater from the
outwash deposits (H5 and H3). The only area that is not a gaining stream is between the river
miles of 3.25 and 3.79 (Table 8, Figure 27). This could possibly be because there are fine grained
lacustrine deposits exposed on the walls of the glacial terraces that reduce infiltration along this
section of the stream. Between the river miles of 3.25 and 1.66, the stream was a gaining stream
and was also likely supported by baseflow. The gaining stream could be a result of the advance
outwash being exposed at or near the surface of the stream from the glacial terraces walls
allowing water to seep into the stream. Further evidence was supported by water observed
actively seeping out of the glacial terrace walls on the western edges of Grandy Creek (HDR,
2024). Below river miles of 1.66 where the stream enters the floodplain, the stream is either
neutral or losing water. This could indicate that the stream water is supplying water to the Skagit
River or aquifer, as water from here is likely not being seeped out of the saturated glacial terraces
and instead is infiltrating into coarse floodplain deposits (Table 8, Figure 27). Grandy Creek also
appears to flow into the Skagit all year long. This is likely due to the water table being lower
than the stream depth in the floodplain, compared to the water table of the surrounding glacial

terraces which was much higher than the streams depth at higher river miles.

The Muddy Creek profile (Figure 27) is about 3.0-miles and drops 945 ft from the top
measuring point to the floodplain resulting in a gradient of 0.06—twice that of Grandy Creek.
Within the glacial terraces, between river miles of 3.67 and 2.31, the stream is neutral (Figure
26). The stream could be gaining water or losing water. This is also an area where both advance
outwash, till and lacustrine could be exposed and provide both seepage to the stream through the
advance outwash, and a lack of flow in other areas due to lacustrine blocking water access,
causing water to infiltrate back into the soil. At river miles 2.31 and 2.11, the stream is gaining
and likely being supported by baseflow from the advance outwash. From river miles 2.11 and
1.2, the stream is a neutral stream again, which could be caused by till providing both baseflow
in some areas and infiltration in other areas that are completely dry and unsaturated. Within the
floodplain and from the river miles 1.2 and 0.1, the stream is a losing stream, thus stream water
is supplying the aquifer (Figure 27). Baseflow is likely supplying a lot of water to the Skagit
River via glacial terraces at Muddy Creek, but it is likely not as much as at Grandy Creek due to
the large neutral stream river miles of Muddy Creek. Based on these results, it appears Grandy

and Muddy Creek both are losing streams within the floodplain, however, Grandy Creek is
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overall a gaining creek within the glacial terraces, while Muddy Creek is neutral in the glacial
terraces (Table 9, Figure 27). Muddy Creek also has more till and lacustrine exposed near the
surface on the stream banks with the outwash, balancing out water going both into the stream
and infiltrating back into the aquifer. It should also be noted that Muddy Creek was far less

accessible in the glacial terraces to do measurements (in particular between 2.31 and 3.2 river

miles), resulting in potential data gaps. These issues did not exist at Grandy Creek.

Piezometer data were also gathered by HDR at both Grandy and Muddy Creeks between
March 2023 and continued until November 2024 (HDR, 2024; Figure 28 and Figure 29).
However, due to numerous instrument errors the piezometer results were inconclusive- neither
confirming nor denying the seepage run results. For example, a piezometer placed at about river
mile 2.5 at Grandy Creek showed it having a negative head, negative hydraulic gradient, and
having low temperatures despite the seepage run results showing it to be a gaining stream (HDR,
2024; Figure 27 and Figure 28). As this data did not confirm, but only created inconsistencies,

these piezometer measures were disregarded.

5.0 Discussion

My primary objective was to characterize the aquifer systems in the lower Skagit River
Valley and to determine the hydrogeologic connection between Skagit River floodplain aquifers
and aquifers in the northern uplands and glacial terraces. My 2D cross sections and 3D
conceptual models reveal complex subsurface conditions that define a series of aquifers and
aquitards (Table 4). Predominant throughout the study area are hydrogeologic units H5
(recessional outwash, glaciomarine outwash, alluvial fan and coarse alluvium) on the surface
which functions as a thin unconfined aquifer, H4 (glacial till, glaciomarine drift and fine
alluvium) on the surface and in the subsurface acting as an aquitard, and H2 (glaciolacustrine) in
the subsurface which also serves as an aquitard. Less common throughout the study area is H3
(advance outwash) found in the subsurface serving as an aquifer, HI (Chuckanut Formation)
found mostly in the subsurface acting as an aquitard or low-yield aquifer, and HO (Darrington
Phyllite) acting as an aquiclude. All six hydrogeologic units influence the groundwater
connectivity between the glacial area and the floodplain throughout all four model boundaries in

the study area.
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5.1 Glacial Deposits

The surface and subsurface hydrogeologic units are dominated by glacial deposits that
correspond to the glacial history of my study area. Around 29 ka, the valley walls outside my
study area were mostly dominated by alpine glaciers that began to retreat around 21 ka and were
absent before the Cordilleran ice sheet arrived ca 18ka (Riedel et al., 2010). Between 18-16 ka,
the ice sheet deposited advance glaciolacustrine, advance glacial outwash, and glacial till. By 15
ka, the ice sheet was retreating leaving behind basal till and recessional outwash (Armstrong et
al., 1965; Riedel, 2017). While this sequence is mostly consistent throughout the study area,
some of my results suggest some deviations. The new 310-foot monitoring well revealed the
Cordilleran ice sheet depositional pattern in the eastern glacial terrace area (Figure 2 and Figure
4). Radiocarbon dating of wood samples found near the bottom of the 310-foot well, the same
depth as the glaciolacustrine deposit, denote a calibrated age range of 29,000-31,000 BP. It is
possible that the lacustrine deposit is not associated with the Cordilleran ice sheet and is a
fluvial-lacustrine or an alpine glacier lake deposit. However, this is speculative as there is no
moraine present to support this (Riedel, 2025b). The glacial upland was also influenced by
glaciomarine deposits from marine waters flooding the area about 13.6 ka leaving behind
glaciomarine drift (Dethier et al., 1995). While the glaciomarine till is relatively extensive
spatially, the glaciomarine outwash is nearly non-existent at the surface, likely being a few feet
thick instead of tens of feet thick, unlike Dragovich (1999) which reports thicker glaciomarine
outwash. Also, the well logs suggest that the entire floodplain in the study areas appears to have
a glaciolacustrine base 50-100 feet below the surface and 25 feet above sea level. This
glaciolacustrine unit is at similar elevations to the glaciolacustrine found in the 310-foot well in
the glacial area. However, unlike the glacial area glaciolacustrine, the floodplain glaciolacustrine
could be a mix of older glaciolacustrine and floodplain deposits at deeper depths (25 -27 ka) and
advanced glaciolacustrine from the Cordilleran ice sheet at shallower depths (18-16 ka;

Armstrong et al., 1965; Riedel, 2017).

5.2 Hydrogeology of the Skagit River Floodplain

Generally, the stratigraphic sequence in the Skagit River floodplain includes
discontinuous HS5 (coarse alluvium) on the surface, H4 (fine alluvium) on both surface and in the
subsurface underlain by H3 (advance outwash) with H2 (glaciolacustrine) at the base (Figures 6-

21). Unlike the glacial area, H4 is mostly fine alluvium and is consistent throughout the
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floodplain (either at the surface, or in the subsurface below HS5) having silt and sandy with
limited clay, making it a semi-confining unit. The Boundary A region (between east Sedro-
Woolley and Cokedale) has the finest grained surface conditions, with H4 prevalent through
most of this area’s floodplain surface (Figure 6 and Figure 13). Boundary B (between Cokedale
and east Lyman) is similar but mostly has H4 remaining prevalent through most areas (Figure 7
and Figure 14). Boundary C (Hamilton area) has coarser grained surface conditions with H5
found more frequently at the surface (Figure 8 and Figure 17). In Boundary D (between east
Hamilton and Grandy Creek) the coarse grained HS is found more commonly at the surface than
H4 (Figure 9 and Figure 19). Thus, where H5 is found on the surface, it is an unconfined aquifer,
with H4 below it being a semi-confining unit, H3 being the confined aquifer, and H2 at the base

serving as an aquitard.

All areas of the floodplain appear hydrogeologically connected to the Skagit River
through the H5 (coarse alluvium) surficial aquifer or through the confined H3 (advance outwash)
aquifer. While there are areas that appear completely unconfined (HS exposures), most of the
floodplain in the study area is semi-confined, as boundaries like Boundary A and B have high
amounts of H4 (fine alluvium) at the surface (Figure 6 and Figure 7). This is supported by HDR
(2017) which reported that pumping in the floodplain reduces the groundwater flowing into the
Skagit River. HDR (2017) also concluded there are three units in the floodplain; a surficial
aquifer HS, underlain by a 100 ft thick deeper aquifer H3 and a deeper confining unit or confined
aquifer H2 (glaciolacustrine). I define the H2 as an aquitard, but HDR (2017) stated that it could
be a confined aquifer because there are small lenses of sand within this unit in Boundary D
(Figure 9). However, unlike the clay and silt that define H2, the sand was mostly absent or very
thin (1-5 feet) in many of the well logs I examined. Based on these findings, I view H2 as an

aquitard or confining unit instead of a deep aquifer.

Recharge to the floodplain aquifers varies spatially because rainfall magnitudes increase
eastward, and the surface units vary in infiltration capacity. In the western portion of the study
area (Boundary A-C areas), where there is less precipitation and the lower conductive H4 (fine
alluvium) is exposed at the surface, the 30-yr annual recharge is about 26-28 inches (Table 7 and
Figure 25). Further east in the Boundary D area where the more conductive H5 (coarse alluvium)

is exposed at the surface and there is more rainfall due to the orographic effect, the 30-yr annual
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recharge is about 36 inches (Table 7 and Figure 25). The monitoring well data in the floodplain
in Boundary D validates the winter-time recharge by documenting a rise in the water table from
November through April (Table 6). It is also likely that the floodplain aquifers are being

recharged by connecting hydrogeologic units from the glacial area, but quantifying the recharge
rate and magnitude is beyond the scope of my study. In general, groundwater flow in floodplain
aquifers is toward the Skagit River and has a westward component down valley through the H5

and H3 (advance outwash) units.

5.3 Hydrogeology of the Glacial Terraces and Glacial Uplands

The hydrostratigraphic sequence of the glacial area varies both between model
boundaries and within the model boundary. Consistent at higher elevations above the glacial area
is HO, the Darrington Phyllite which outcrops on the valley walls and acts as an aquiclude. The
H4 in Boundaries C and D is glacial till that is coarse with sand, silt, with limited clay, making
H4 less of an aquitard and more conductive to groundwater movement. In the western
Boundaries A and B, H4 is glacial till with a finer-grained matrix and glaciomarine drift and is an
aquitard. Also, HS is mostly just recessional outwash on the east side, with glaciomarine outwash
on the surface of the west side. Regardless, HS5 is still very coarse and conductive in all boundary

arcas.

Boundary D has a sequence that contains H5 (recessional outwash) on the surface,
followed by H4 (glacial till), H3 (advance outwash), and H2 (glaciolacustrine) in the subsurface,
at the base (Figures 3, 9 and 19). Boundary C has a very similar hydrostratigraphic sequence to
Boundary D, with the eastern part containing more H5 on the surface and the western surface
containing H4 on the surface (Figure 8 and Figure 17). Thus, both boundaries have the sequence
of an unconfined aquifer at the surface (H5), semi-confining unit below (H4), a confined aquifer
(H3) below that, and a low conductive aquitard at the base (H2). HDR (2019) illustrates
relatively similar surface and subsurface characteristics in their cross section near Grandy Creek.
However, HDR (2019) also reported in their cross section significant amounts of clay and silt in
the subsurface of the glacial terrace, mostly at depths occupied by H4 (Figure 9). HDR (2019)
likely derived these results from older well logs in the glacial terrace in Boundary D. These well
logs near the 310-foot well describe the subsurface as being all clay, or a gravel to clay gradient,

but this is likely a result of observation error (e.g., well log 84572 in Appendix A). The
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subsurface of this area, especially within the H4 depth range had significantly more sand and silt
in the geologist-logged 310-foot well rather than silt and clay in the older logs (Figure 4;
Appendix C). Given that the 310-foot well stratigraphy is more accurate and detailed, much of
the subsurface in Boundaries C and D is likely silt and sand with limited clay, instead of mostly
silt and clay. However, there is a possibility that some areas in the glacial terrace area near the
310-foot well might have thicker recessional outwash, and other areas that might have thicker silt

and clay units due to glacial erosion causing uneven hilly surface (Riedel, 2025¢).

The drift mantled bedrock uplands areas of Boundaries A and B (east Sedro-Woolley to
Lyman) have far more complex hydrostratigraphy due to their geologic setting and history. Both
contain varying degrees of the hydrogeologic units found in C and D, however, instead of an H2
(glaciolacustrine) base, H1 (Chuckanut Formation) defines much of the base of the glacial
uplands. There is limited information about the hydraulic conductivity of H1. I assigned H1 a
low K value of about 2 ft/day (Table 3) based on evidence from hydrogeologic studies in
Whatcom County (Pitz, 2005; Sullivan, 2005; Associated Earth Sciences, Inc, 2016) and define it
as an aquitard. This value could be higher depending on the fracture network in the Chuckanut
and could be slowly transmitting groundwater to adjacent glacial deposits. Savoca et al. (2009a)
also reported a very low hydraulic conductivity of 0.27 ft/day and referred to the Chuckanut
Formation as a confining unit when overlain by other hydrogeologic units similar to what is

found in Boundaries A and B.

In the Boundary A area, the surface is mostly dominated by H4 (glacial till and
glaciomarine drift) surficial aquitard on the eastern and western locations with H1 (Chuckanut
Formation) as the base. The H5 unit (recessional outwash and glaciomarine outwash) is only
found on the surface and is of limited areal extent in the middle of the boundary and serves as an
unconfined aquifer (Figure 6 and Figure 11). H5 aquifers dominate the surface of the eastern,
northern, and west sides of Boundary B, with an H4 aquitard subsurface and an aquitard H1 base
(Figure 7 and Figure 14-16). There is an H3 (advance outwash) aquifer present on the surface
and subsurface along the east side of Boundary B as well (Figure 16). However, the southern
parts of the boundary area are dominated by H4 on the surface followed by H1 in the sub-surface
(Figure 7 and Figure 14). The hydraulic conductivities and cross sections described in Savoca et

al. (2009a) are similar to what I found in the boundary A area, with an outwash surface, till
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surface or subsurface, advance outwash confined aquifer, and glaciolacustrine below that. While
they found additional units below (older outwash, older till, etc.), their study area had a different

glacial history at the end of the ice age, explaining the differences with boundaries C and D.

Like the floodplain, recharge to the aquifers in the glacial area varies spatially because
rainfall magnitudes increase eastward and with elevation, and the surface units vary in
infiltration capacity. Because HO (Darrington Phyllite) outcrops at the highest elevations, it
receives higher rainfall than the floodplain but is assumed to be impermeable with no recharge
(Table 7, Figure 25). However, precipitation runoff is likely providing some recharge to adjacent
H4 and HS5 units. Recharge to H1 is also minimal, I used a value of 2.0 in/yr estimated by Pitz
(2005) for Chuckanut Formation. The 30-yr annual average recharge to the till and outwash in
the glacial area ranged from 22-39 inches (Table 7 and Figure 25). My recharge estimates match
Savoca et al. (2009a) estimates, as I used the same approach (Bidlake and Payne, 2003; Figure
25).

5.4 Hydrogeologic Spatial Continuity

The hydrogeologic continuity between the glacial terraces, glacial uplands, and the
floodplain is not necessarily controlled by the floodplain as it has a relatively uniform
hydrostratigraphy throughout the study area (at least based on my modeling near glacial area).
Instead, the variability of the hydraulic conductivity of the deposits in the glacial uplands and
terraces significantly influences the groundwater exchange between both areas. The coarse-
grained outwash deposits in the terraces in Boundaries C and D and parts of Boundaries A and B
provide high rates of groundwater recharge to the floodplain aquifers. Upland locations in
Boundaries A and B with lower conductive units likely deliver lower rates of groundwater to the

floodplain.

5.4.1 3D Conceptual Model and 2D Cross Section Evidence

The 3D conceptual models and the 2D cross sections reveal that H3 (advance outwash) is
the most important hydrogeologic unit connecting to the floodplain in the glacial terrace in
Boundaries C and D. The terraces in Boundaries C and D have fairly conductive surficial units
that enhance recharge, and both have thick conductive H3 units that cover the entire lower
subsurface that extend down to the same elevations as the valley floor, contributing groundwater

to the HS (recessional outwash and coarse alluvium) and H3 (advance outwash) units in the
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floodplain (Figure 8-9 and Figure 17-21). Also, the H4 unit (glacial till and fine alluvium) in
Boundaries C and D is more coarsely grained, thinner, and more conductive than in the western
portions of the study area and is likely slowly recharging deposits in the floodplain. However,
due to more of H4 found at the surface of Boundary C, there is likely a lower overall
contribution of groundwater transported to the floodplain in this boundary than in Boundary D,
with maybe slightly more surface runoff in Boundary C than in D. Despite this, the

hydrogeologic units in both boundaries appear to be very well connected to the floodplain units.

Some parts of the glacial uplands in Boundary A and B appear moderately
hydrogeologically connected to the floodplain. The south middle area of Boundary A has
groundwater connectivity between the glacial uplands and the floodplain, mostly occurring
through the H5 unit on the surface. HS (recessional outwash and glaciomarine outwash) is
relatively thick and extends down from the glacial uplands to the floodplain. Much of the
groundwater likely reaches the floodplain from the H5 unit in the glacial uplands, with some
coming from the lower conductive H4 (glacial till and glaciomarine drift) unit (Figure 11). This
is also true for the upper northern side and the east side of Boundary B, as conductive HS5 is
found on the surface along with conductive H3 (advance outwash) units that extend down to the
floodplain. Although the H1 (Chuckanut Formation) aquitard is at the base of the glacial uplands
in this region, the high hydraulic gradients due to the large elevation difference between the
floodplain and the glacial uplands may cause some recharge to the floodplain deposits through
the fracture network in the Chuckanut Formation (H1; Figure 16). The HS surficial aquifer on
the northwest side of Boundary B is likely supplying western streams that could be supporting
recharge in the floodplain aquifers (Figure 14).

The east and west sides of the Boundary A glacial uplands have low connectivity to the
floodplain due to the presence of the low conductive finer-grained H4 (glacial till and
glaciomarine drift) unit on the surface and the H1 (Chuckanut formation) aquitard in the
subsurface. Both units are found at the edge of the boundary at the same elevations as the
floodplain. While some groundwater might be seeping from the H4 unit to the floodplain, it is
likely moving very slowly (Figure 13). As described above, the Chuckanut Formation (H1), may
be also slowly recharging the floodplain aquifers through fractures. A similar connectivity occurs

on the southwest side of Boundary B as low conductive H4 is found on the surface and H1
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aquitard is found in the subsurface (Figure 15). The south middle area of glacial uplands in
Boundary B is likely very disconnected with the floodplain because H1 extends 100-300 feet
above the floodplain and the H4 unit does not reach the floodplain. It is likely that surface-water
runoff is supporting more recharge to the floodplain, than is discharging through the Chuckanut
Formation (Figure 14). As a result, the south middle area of Boundary B appears to have the

slowest flow between the glacial area and the floodplain.

5.4.2 Seepage Run and Groundwater Monitoring Evidence

Although I found HDR’s stream piezometer data to be relatively inconclusive, seepage
run data collected in Muddy and Grandy Creeks in Boundaries C and D support some
connectivity between the glacial terrace area via the streams and the floodplain. Seepage run data
indicate that both creeks are losing water discharged from the upland terraces to the coarse
deposits on the floodplain that deliver water to the Skagit River. Where it cuts through the glacial
outwash terraces, Grandy Creek is a gaining stream via the unconfined H5 (recessional outwash)
unit that extends down from the terrace to the stream along with Alder Creek nearby. The
advance outwash (H3) at higher elevations in the glacial terrace as seen with cross sections J and
K (Figure 9) also could be supplying some groundwater along the incline between the floodplain
and the glacial terrace (HDR, 2024). This can also be seen with WADNR (2016) mapping
exposed advanced outwash along the higher elevation regions of Boundary D (Figure 2).
Although seepage run data indicates that Muddy Creek is nearly all neutral from the top of the
stream to the southern edge of the glacial terrace, it must be gaining water along some reaches to
support its flow—possibly along some reaches that were inaccessible to HDR data collectors,
e.g., river mile 3.2 and 2.3 (Table 8 Figure 8 and Figure 27). Another reason for the neutral
stream results could be the limited exposure of the H5 and H3 units along the glacial terrace
walls to supply water. This is further supported with WADNR (2016) mapping showing minimal
advance outwash exposed along Muddy Creek (Figure 2). There also could be larger amounts of
glacial till or glaciolacustrine along the stream, limiting the water that is seeping into the stream.
While no seepage run or stream piezometer data were gathered from Alder Creek, Boundary C,
or the five other creeks discharging the uplands in Boundaries A and B (Figure 2), they too are
likely losing water to the floodplain aquifers that support flow to the Skagit River. This is
supported by Hidaka (1973) as he reported that Alder Creek is a gaining stream with water

supplied from precipitation accumulated on the valley peaks during the fall and winter,
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groundwater supplying inflow to the stream during the dry summer, and water infiltrating into
the glacial deposits due to having coarse surficial conditions. These are similar characteristics to
what is found in Grandy Creek, so it would be reasonable to assume similar conditions for both

arcas.

The four domestic wells that I monitored all showed similar seasonal patterns, suggesting
that they are all in the H3 unit connecting the upland terrace to the floodplain in Boundary D
(Figure 24). In general, the water levels increased with seasonal rainfall and decreased during
the dry season. MWD in the glacial terrace had the fastest response time to seasonal changes, and
the largest fluctuations in groundwater depth (Figure 22). MWD’s response to precipitation is
relatively quick—possibly due to higher rainfall rates infiltrating rapidly into H3 exposures at
higher elevation valley walls. For example, MWD suddenly increased in water le depth in
December due to November rainfalls, while the response in the wells in the floodplain was
delayed due to the transport time required to reach the floodplain (Figure 2 and Figure 22). The
erratic water levels observed in some of the wells could have resulted from rainfall recharge
fluctuations, human or instrument error, or a delayed well recovery because some wells were
used for irrigation purposes. Although landowners were notified prior to field visits they may

have been operating their wells prior to the measurements.

The 310-foot well responded very slowly to seasonal changes and its water levels
fluctuated minimally (Figure 22). The well is screened in the H3 unit between 200-220 feet
below the ground surface and may be slower to respond to recharge due to the lower conductive
deposits above the screened interval. Because of its depth and the complex geology, it is difficult
to say what controls the recharge and water-level response. Despite this, it is apparent
groundwater is moving from the glacial outwash terraces to the floodplain in Boundary D and

presumably along Boundary C from HS in the surface and H3 in the subsurface.

6. Conclusions and Recommendations

I used information from over 133 driller well logs, geologic mapping, and field visits to
develop 2D cross sections and 3D conceptual models of the aquifer systems of the lower Skagit
River valley. To fully characterize the hydrogeologic framework I also estimated aquifer

hydraulic parameters and annual recharge and identified regions where aquifers in the glacial

42

54



uplands and glacial terraces are connected to and recharging floodplain aquifers. Although my
hydrogeologic framework is the most extensive to date, I recommend more detailed studies
before groundwater management choices are made regarding water resources in the lower Skagit

River Valley.

Although my well-log database is extensive, a limitation of my 2D cross sections, 3D
conceptual models, and interpretations is the inconsistent spatial distribution of drinking-water
wells and the quality of the driller well logs. Boundaries A and B have a significant number of
wells, whereas Boundaries C and D have limited well information due to the lack of housing
development, and some areas being on undeveloped state forest land, hence the decision to drill
the 310-foot monitoring well near Alder Creek. While my project benefited from a new 310-foot
well that provided useful stratigraphic information in Boundary D, the same cannot be said for
Boundary C which has no wells in the glacial terraces (Figure 2, Appendix A). This limited my
interpretations to above ground field observations and the use of pseudo wells in the modeling
software to interpolate between wells. I had to use pseudo wells and infer depths in other areas

due to the lack of wells to support my interpretations (as seen with the ?? on the cross sections).

To better characterize the hydrogeology, I recommend more extensive well monitoring,
long-term pump tests, and groundwater modeling to constrain recharge rates and groundwater
flow directions and rates in the study area. While I am confident that the sub-surface conditions
at Boundary C are similar to Boundary D, drilling some deep wells in the Hamilton glacial
terrace area would confirm my interpretations of the hydrogeologic characteristics and
connectivity of Boundary C’s glacial terrace and the floodplain. Drilling some deep wells in the
floodplain would help determine the extent and thickness of the glaciolacustrine deposit as in
some wells, it appears extraordinarily thick (150+ feet thick). Based on regional geologic
evidence there are likely Olympia and Whidbey interglacial deposits beneath the lacustrine layer
that may serve as alternative aquifers (e.g., Vaccaro et al., 1998; AESI, 2016). Also, performing
some strategically located, long duration well-pumping tests in both the glacial area and adjacent
floodplain areas would validate groundwater connections in the glacial area to the floodplain and
refine the hydraulic attributes of the aquifers, especially in areas where connections are more

suspect.
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Another major limitation resulted from the lack of seepage run and well monitoring data
in Boundaries A and B. There are likely low rates of groundwater flow from the low-conductive
H4 (till and drift) and H1 (fractured Chuckanut Formation) to floodplain deposits in the western
half of the study area, meaning that there may be no truly isolated aquifers in the upland area that
would serve as an alternative water supply. Seepage runs, well monitoring, and pump tests in
Boundaries A and B would help validate this. This is especially true in the in areas where the
Chuckanut Formation (H1) is connected to the floodplain deposits. It remains unclear how the
fracture network is transmitting water but some domestic wells are completed in the formation,

so it has some permeability.

My detailed conceptual models not only provide some evidence of the continuity between
the glacial and alluvial deposits, but they may also serve as a basis for assessing the location of
potential managed aquifer recharge (MAR) sites. The idea of MAR is to enhance groundwater
storage by diverting river water during high-flow periods into engineered detention sites that
infiltrate into unconfined aquifers that connect to the river. With the proper detention volumes,
infiltration rates, aquifer hydraulic conductivity, and travel length, the enhanced groundwater
recharge can augment river flow during the drier, low-flow periods in summer months (e.g.,

Parker et al., 2022).

In terms of modeling, I used Aquaveo’s Arc-Hydro Groundwater Subsurface Analyst to
develop 2D cross sections and 3D conceptual models of the hydrostratigraphy in the study area.
Groundwater modeling would be the next logical step for examining the continuity of the aquifer
systems and for determining recharge rates and groundwater flow directions and rates in the
study area. However, applying Aquaveo’s MODFLOW (USGS, 2025) extension to model
groundwater flow would be challenging using my conceptual framework. I chose to break up the
study area into four separate boundaries to capture and illustrate the complex nature of the
hydrostratigraphy, whereas MODFLOW requires a single modeling domain. Also, the version of
the Subsurface Analyst that I used to develop the conceptual models requires ESRI’s ArcMap
which is being phased out by ESRI. My conceptual models would have to be rebuilt using my
well database and the ArcGIS Pro version of Aquaveo’s Arc-Hydro Groundwater Subsurface

Analyst.
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8. Tables

Table 1: Temperature (°F) and precipitation (inches) for the 1981 — 2020 normal recorded at the
Sedro-Woolley 1 E, WA Coop weather station, Skagit River Valley (Sedro Woolley).

Jan Feb Mar Apr

May Jun Jul

Aug Sep Oct Nov Dec Annual

Temp 409 424 46.1 50.1
Prec 59 3.6 44 38

55,5 59.8 63,5 639 59.1

32 28 15 1.7

51.6 447 39.6 515
48 73 5.0 465

Temp = Mean Temperature
Prec = Precipitation

Table 2: Recharge equations used with the associated geologic units and landcover type.
Equations derived from Bidlake and Payne, 2001, Vaccaro et al., 1998, and Pitz, 2005.

Landcover type

Equation

Geologic Units

“nonforest vegetation on soils
formed on glacial outwash
and other alluvium”

“forest vegetation and soils
formed on glacial outwash
and other alluvium”

“forest and nonforest
vegetation on soils formed on
glacial till or fine-grained

sediments”

Chuckanut Formation

Bedrock

R = 0.806P — 8.87
(Bidlake and Payne, 2001)

R = 0.633P — 6.96
(Bidlake and Payne, 2001)

R = 0.388P — 4.27
(Bidlake and Payne, 2001)

R=2
(Pitz, 2005)

R=0
(Vaccaro et al., 1998)

Alluvium

Recessional Outwash
Advance Outwash
Glaciomarine Outwash

Glacial Till
Glaciomarine Drift

Chuckanut Formation

Darrington Phyllite

R = Recharge (in/yr)
P = Precipitation (in/yr)
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Table 3: Geometric means of hydraulic conductivity (K) estimates of geologic units in the Skagit

River Valley (n = number of wells used in the analysis).

Geologic Unit K (ft/day)
Alluvium between Alder and Muddy Creek 569 (n=10)
Alluvium at Hamilton 543 (n=12)
Lahar 518 (n=24)
Alluvium West of Hamilton 437 (n=17)
Alluvium East of Grandy Creek 293 (n=37)
Alluvial Fan 288 (n=17)
Advance Glacial Outwash (East side) 267 (n =3)
Alluvium between Alder and Grandy Creek 171 (n =40)
Advance Glacial Outwash (West side) 38(n=7)
Till and Glaciomarine Drift 9(n=21)
Glaciolacustrine 8 (n=16)
Chuckanut Formation 2(n=14)

Table 4: Hydrogeologic units in the Skagit River Valley Hydraulic conductivity (K) values are

approximate.
Hydrogeologic Unit Geologic Units K
(ft/day)
H5 Recessional Glacial Outwash, Glaciomarine 171-569
Outwash, Coarse Alluvium
H4 Glacial Till, Glaciomarine Drift, Fine Alluvium 9
H3 Advance Glacial Outwash 38-267
H2 Glaciolacustrine 8
H1 Chuckanut Formation 2
HO Jurassic Darrington Phyllite NA

51

63



Table 5: Well and spatial data of the monitoring wells in the Skagit River Valley.

Elevation Depth Screen
Well (ft) (ft) Length (ft) Longitude Latitude
MWA 156.66 60 5 -121.8952 48.5253
MWB 178.10 70 Open Interval -121.8924 48.5304
MWC 186.08 78? Unknown -121.8928 48.5288
MWD 354.67 125-130 Open Interval -121.8858 48.5382
310-Foot Well 300 310 20 -121.9402 48.5346

Table 6: Monthly water level data from the monitoring wells in the Skagit River Valley.

MWA MWB MWC MWD 310-foot well
Date Depth  Change Depth Change Depth Change Depth Change Depth  Change
from in from in from in from in from in

Surface Depth  Surface Depth  Surface Depth  Surface Depth  Surface  Depth
(ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft) (ft)

4/26/23 0.00 0.00 35.30 0.00 35.10 0.00 83.70 -3.80 131.83 -0.41

5/23/23 33.50 -0.10 38.50 -3.20 38.80 -3.70 84.50 -4.60 131.86 -0.44

6/21/23 34.80 -1.40 37.40 -2.10 40.05 -4.95 86.40 -6.50 132.37 -0.95

7/20/23 36.05 -2.65 38.45 -3.15 41.50 -6.45 87.60 -7.70 132.78 -1.36

8/24/23 37.40 -4.00 39.90 -4.60 43.00 -7.90 88.70 -8.80 133.57 -2.15

9/22/23 38.10 -4.70 40.90 -5.60 44.10 -9.00 90.40  -10.50 133.30 -1.88

10/23/23  38.60 -5.20 41.60 -6.30 45.00 -9.90 91.30 -11.40  133.99 -2.57

11/29/23  38.60 -5.20 42.10 -6.80 45.80 -10.70 86.10 -6.20 134.61 -3.18

12/20/23  36.40 -3.00 41.70 -6.40 45.60 -10.50 87.90 -8.00 134.55 -3.13

1/24/24 35.30 -1.90 40.85 -5.55 44.80 -9.70 82.00 -2.10 135.27 -3.85

2/24/24  34.82 -1.44 39.80 -4.50 43.46 -8.36 82.20 -2.30 135.25 -3.83

3/19/24  33.40 0.00 38.10 -2.80 41.80 -6.70 79.90 0.00 134.70 -3.28

4/30/24  34.70 -1.30 38.10 -2.80 41.05 -5.95 80.80 -0.90 134.26 -2.84
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Table 7: Recharge and precipitation estimates in geologic units within the Skagit River Valley.

Location Glacial Till Alluvium  Outwash  Chuckanut Darrington
(in/yr) (in/yr) (in/yr) Formation Phyllite Bedrock
(in/yr) (in/yr)
Boundary A Precipitation 53.0 44.0 75.0 53.0 125.0
Recharge 16.3 26.6 40.5 2.0 0.0
Boundary B Precipitation 68.0 45.0 72.0 68.0 115.0
Recharge 22.1 27.4 38.6 2.0 0.0
Boundary C  Precipitation 60.0 46.0 62.0 0.0 100.0
Recharge 19.0 28.2 323 0.0 0.0
Boundary D  Precipitation 88.0 56.0 65.0 0.0 105.0
Recharge 29.9 36.3 34.2 0.0 0.0

Table 8: Seepage run data of Grandy Creek in the Skagit River Valley (from HDR, 2024).

Inferred
Reach Inferred Groundwater
Begin Reach End Groundwater Gain/Loss rate  Gaining or
(River (River Gain/Loss (cfs per river losing
Mile) Mile) (cfs) mile)
5.30 5.20 0.03
5.18 4.85 4.53 13.73 Gaining
4.85 4.23 1.08 1.75 Gaining
4.23 3.79 0.21 0.48 Gaining
3.79 3.25 -2.23 -4.13 Losing
3.25 2.88 0.86 2.33 Gaining
2.88 2.84 -0.10 0.00 Neutral
2.84 2.30 1.09 2.01 Gaining
2.30 1.66 3.87 6.04 Gaining
1.66 1.10 -3.93 -7.02 Losing
1.10 0.30 0.16 0 Neutral
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Table 9: Seepage run data of Muddy Creek in the Skagit River Valley (from HDR, 2024).

Inferred
Reach Inferred Groundwater
Begin Reach End Groundwater Gain/Loss rate  Gaining or
(River (River Gain/Loss (cfs per river losing
Mile) Mile) (cfs) mile)
3.7 3.61 0.01 0.00 Neutral
3.61 3.20 -0.05 0.00 Neutral
3.20 2.31 0.10 0.00 Neutral
2.31 2.11 1.20 5.99 Gaining
2.11 1.53 0.00 0.00 Neutral
1.53 1.20 -0.06 0.00 Neutral
1.20 0.98 -0.33 -1.52 Losing
0.98 0.67 -0.48 -1.55 Losing
0.67 0.10 -0.46 -0.81 Losing
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Figure 1: Map of the Skagit River basin and study area in northwest Washington State.
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Figure 2: Map of the surficial geology in the lower Skagit River Valley study area, including the
conceptual model Boundaries A-D, wells used in the conceptual model, and monitoring wells
(geology modified from WADNR, 2016, 100k Surface Geology).
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Figure 3: LiDAR map of the lower Skagit River Valley study area, including the conceptual
model Boundaries A-D, and wells used to estimate hydraulic conductivity values (LiDAR
hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 5: LiDAR map of the conceptual model Boundaries A-D, wells used in the conceptual
models and selected cross sections in each boundary (LiDAR hillshade from Lowe, 2017, Puget
Sound LiDAR digital terrain model).

59

71



Cross Section Features = / [
= Cross Section Pathway 4
= e Wells used in Conceptual Model

["] Model Boundary
DI S S D AVER AU o

Esri NASA, NGA. USGS. FEMA.

Hydrogeologic Units
[l H5:Recessional Glacial Outwash, Glaciomarine Outwash, Coarse Alluvium
[ H4:Glacial Till, Glaciomarine Drift, Fine Alluvium
H3:Advance Glacial Outwash
Il H2:Glaciolacustrine

H1:Chuckanut Formation
[ HO:Darrington Phyllite Bedrock

Elevation (ft)

Elevation (ft)

Disténce (ft)

500

Distance (ft)

Figure 6: LiDAR map and hydrogeology of the selected cross sections in conceptual model
Boundary A in the lower Skagit River Valley study area. Cross sections A-B are vertically
exaggerated by 20x to better display topographic changes (LiDAR hillshade from Lowe, 2017,

Puget Sound LiDAR digital terrain model).
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Figure 7: LiDAR map and hydrogeology of the selected cross sections in conceptual model
Boundary B in the lower Skagit River Valley study area. Cross sections C-F are vertically

exaggerated by 20x to better display topographic changes (LiDAR hillshade from Lowe, 2017,
Puget Sound LiDAR digital terrain model).
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Figure 8: LiDAR map and hydrogeology of the selected cross sections in conceptual model
Boundary C in the lower Skagit River Valley study area. Cross sections G-I are vertically

exaggerated by 20x to better display topographic changes (LiDAR hillshade from Lowe, 2017,
Puget Sound LiDAR digital terrain model).
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Figure 9: LiDAR map and hydrogeology of the selected cross sections in conceptual model
Boundary D in the lower Skagit River Valley study area. Cross sections J-K are vertically
exaggerated by 20x to better display topographic changes. Note, Cross section J is on the
Hamilton moraine on its west side, explaining the uneven topography. (LiDAR hillshade from
Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 10: Full extent of 3D conceptual model of the lower Skagit River Valley, including the hydrogeologic units and conceptual
model Boundaries A-D (LiDAR hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 11: 3D conceptual model of Boundary A in the lower Skagit River Valley, including the hydrogeologic units and selected cross
sections A and B. Conceptual model is vertically exaggerated by 3x and cross sections A and B are vertically exaggerated by 20x to
better display topographic changes (LiDAR hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 12: Eastern and western perspectives of the 3D conceptual model of Boundary A in the lower Skagit River Valley, including the
hydrogeologic units and selected cross sections A and B. Cross sections A and B are vertically exaggerated by 20x to better display
topographic changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 13: Southern perspective of the 3D conceptual model of Boundary A in the lower Skagit River Valley, including the
hydrogeologic units and selected cross sections A and B. Cross sections A and B are vertically exaggerated by 20x to better display
topographic changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 14: 3D conceptual model of Boundary B in the lower Skagit River Valley, including the hydrogeologic units and selected cross

sections C-F. Conceptual model is vertically exaggerated by 3x and cross sections C-F are vertically exaggerated by 20x to better
display topographic changes (LiDAR hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).

68

80



Hydrogeologic Units

I H5:Recessional Glacial Outwash, Glaciomarine Outwash, Coarse Alluvium
"7 H4:Glacial Till, Glaciomarine Drift, Fine Alluvium
H3:Advance Glacial Outwash
Il H2:Glaciolacustrine
H1:Chuckanut Formation
[ HO:Darrington Phyllite Bedrock

Elevation (ft)

Elevation (ft)
Elevation (ft)

125 o

Distance (ft)

Distance (ft)

Distance (ft)

Figure 15: Western perspective of the 3D conceptual model of Boundary B in the lower Skagit River Valley, including the

hydrogeologic units and selected cross sections C-F. Cross sections C-F are vertically exaggerated by 20x to better display topographic
changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 16: Eastern perspective of the 3D conceptual model of Boundary B in the lower Skagit River Valley, including the

hydrogeologic units and selected cross sections C-F. Cross sections C-F are vertically exaggerated by 20x to better display topographic
changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 17: 3D conceptual model of Boundary C in the lower Skagit River Valley, including the hydrogeologic units and selected cross

sections G-I. Conceptual model is vertically exaggerated by 3x and cross sections G-I are vertically exaggerated by 20x to better
display topographic changes (LiDAR hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 18: Eastern perspective of the 3D conceptual model of Boundary C in the lower Skagit River Valley, including the
hydrogeologic units and selected cross sections G-I. Cross sections G-I are vertically exaggerated by 20x to better display topographic
changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 19: 3D conceptual model of Boundary D in the lower Skagit River Valley, including the hydrogeologic units and selected cross
sections J and K. Conceptual model is vertically exaggerated by 3x and cross sections J and K are vertically exaggerated by 20x to
better display topographic changes (LiDAR hillshade from Lowe, 2017, Puget Sound LiDAR digital terrain model).
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Figure 20: Western perspective of the 3D conceptual model of Boundary D in the lower Skagit River Valley, including the
hydrogeologic units and selected cross sections J and K. Cross sections J and K are vertically exaggerated by 20x to better display
topographic changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 21: Eastern perspective of the 3D conceptual model of Boundary D in the lower Skagit River Valley, including the

hydrogeologic units and selected cross sections J and K. Cross sections are vertically exaggerated by 20x to better display topographic
changes. Colored numbers on the conceptual model represent thickness for each individual hydrogeologic unit.
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Figure 22: Groundwater levels from monitoring wells near the lower Skagit River Valley. Water level changes that are more negative
represent an increase in depth of the water table.
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Figure 23: Daily precipitation values at the Concrete Weather Station in the lower Skagit River Basin (Data obtained from Concrete
WSU, 2024, AgWeatherNet station)
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Figure 24: Additional Cross Section L. Map view of Cross Section L, 3D models and screenshot along with Cross Section J included
as well (but mirrored to show more of the glacial terrace that is absent in the Cross Section J pathway). Used for further evidence of
connectivity and groundwater monitoring interpretations (Lidar hillshade from Lowe, 2017, Puget Sound lidar digital terrain model).
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Figure 25: Map of recharge estimates in the lower Skagit River Valley (geology modified from WADNR, 2016, 100k Surface
Geology). The inset map shows precipitation values (Precipitation raster modified from PRISM, 2024, 800m spatial resolution).
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Figure 26: Recharge of various geologic deposits based on Bidlake and Payne, 2001, Vaccaro et al., 1998, and Pitz, 2005.
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Figure 27: Geologic map of the lower Skagit Valley with seepage run results from Muddy and Grandy Creek displayed (geology
modified from WADNR, 2016, 100k Surface Geology).
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Figure 28: Grandy Creek monitoring locations. Proposed deep well already installed (modified from HDR 2024).
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Figure 29: Muddy Creek monitoring locations. Proposed deep well is already installed (modified from HDR 2024).
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Appendix A: Conceptual Model Wells

Well logs used in conceptual modeling in model Boundary A within Skagit River Valley. Rows in red are wells with modified depths

and bolded wells are pseudo wells used for extrapolation purposes. The horizon number is the hydrogeologic unit.

LogID | Top (ft) Bottom (ft) Thickness (ft) Longitude Latitude Elevation (ft) | Horizon
84972 0 110 110 122.1595 48.53624 364 4
84972 110 510 400 122.1595 48.53624 364 1
74328 0 77 77 122.1609 48.53916 436 4
74328 77 477 400 122.1609 48.53916 436 1
453953 0 62 62 122.1564 48.53193 204 4
453953 62 74 12 122.1564 48.53193 204 3
453953 74 75 1 122.1564 48.53193 204 2
453953 75 225 150 122.1564 48.53193 204 2
405696 0 55 55 122.1367 48.53903 413 4
405696 55 455 400 122.1367 48.53903 413 1
74349 0 31 31 122.1629 48.49939 66 5
74349 31 34 3 122.1629 48.49939 66 4
74349 34 58 24 122.1629 48.49939 66 3
74349 58 208 150 122.1629 48.49939 66 2
74419 0 20 20 122.1514 48.51426 71 5
74419 20 26 6 122.1514 48.51426 71 4
74419 26 103 77 122.1514 48.51426 71 3
74419 103 220 117 122.1514 48.51426 71 2
77980 0 9 9 122.1514 48.52958 128 5
77980 9 85 76 122.1514 48.52958 128 4
77980 85 88 3 122.1514 48.52958 128 3
77980 88 89 1 122.1514 48.52958 128 2
77980 89 239 150 122.1514 48.52958 128 2
79374 0 34 34 122.1644 48.50548 66 4
79374 34 57 23 122.1644 48.50548 66 3
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79374 57 207 150 122.1644 48.50548 66 2
80259 0 10 10 122.1513 48.50411 72 5
80259 10 33 23 122.1513 48.50411 72 4
80259 33 57 24 122.1513 48.50411 72 3
80259 57 207 150 122.1513 48.50411 72 2
83477 0 45 45 122.1416 48.52613 99 4
83477 45 66 21 122.1416 48.52613 99 3
83477 66 216 150 122.1416 48.52613 99 2
85231 0 25 25 122.1532 48.49822 73 5
85231 25 42 17 122.1532 48.49822 73 4
85231 42 56 14 122.1532 48.49822 73 3
85231 56 206 150 122.1532 48.49822 73 2
190220 0 10 10 122.1546 48.5224 77 4
190220 10 60 50 122.1546 48.5224 71 3
190220 60 210 150 122.1546 48.5224 77 2
1038821 0 42 42 122.1763 48.50627 60 4
1038821 42 61 19 122.1763 48.50627 60 3
1038821 61 211 150 122.1763 48.50627 60 2
367256 0 33 33 122.1547 48.50934 71 4
367256 33 74 41 122.1547 48.50934 71 3
367256 74 224 150 122.1547 48.50934 71 2
369262 0 27 27 122.1736 48.51531 73 4
369262 27 60 33 122.1736 48.51531 73 3
369262 60 210 150 122.1736 48.51531 73 2
422154 0 39 39 122.153 48.50144 70 4
422154 39 53 14 122.153 48.50144 70 3
422154 53 203 150 122.153 48.50144 70 2
436502 0 96 96 122.1806 48.52941 143 4
436502 96 100 4 122.1806 48.52941 143 3
436502 100 125 25 122.1806 48.52941 143 2
436502 125 250 125 122.1806 48.52941 143 2
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436687 0 34 34 122.1755 48.52691 73 4
436687 34 58 24 122.1755 48.52691 73 3
436687 58 88 30 122.1755 48.52691 73 2
436687 88 91 3 122.1755 48.52691 72.5 1
436687 91 391 300 122.1755 48.52691 72.5 1
441240 0 17 17 122.144 48.5082 75 5
441240 17 35 18 122.144 48.5082 75 4
441240 35 55 20 122.144 48.5082 75 3
441240 55 56 1 122.144 48.5082 75 2
441240 56 206 150 122.144 48.5082 75 2
451887 0 40 40 122.1505 48.50413 72 4
451887 40 57 17 122.1505 48.50413 72 3
451887 57 207 150 122.1505 48.50413 72 2
462712 0 14 14 122.1447 48.51561 76 5
462712 14 27 13 122.1447 48.51561 76 4
462712 27 58 31 122.1447 48.51561 76 3
462712 58 208 150 122.1447 48.51561 76 2
1710326 0 48 48 122.1841 48.5046 64 4
1710326 48 71 23 122.1841 48.5046 64 3
1710326 71 72 1 122.1841 48.5046 64 2
1710326 72 222 150 122.1841 48.5046 64 2
256219 0 65 65 122.149 48.53265 218 4
256219 65 166 101 122.149 48.53265 218 2
256219 166 216 50 122.149 48.53265 218 2
304014 0 5 5 122.1702 48.53801 378 5
304014 5 120 115 122.1702 48.53801 378 1
304014 120 405 285 122.1702 48.53801 378 1
304018 0 108 3 122.1737 48.53457 277 5
304018 108 154 46 122.1737 48.53457 277 4
304018 154 220 66 122.1737 48.53457 277 1
304018 220 454 234 122.1737 48.53457 277 1
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457607 0 105 105 122.1638 48.53501 324 4
457607 105 200 95 122.1638 48.53501 324 1
457607 200 405 205 122.1638 48.53501 324 1
481861 0 115 115 122.1819 48.53214 194 4
481861 115 291 176 122.1819 48.53214 194 2
579452 0 22 22 122.1686 48.53934 406 5
579452 22 220 198 122.1686 48.53934 406 1
579452 220 522 302 122.1686 48.53934 406 1
620346 0 61 61 122.1773 48.53159 226 4
620346 61 124 63 122.1773 48.53159 226 1
620346 124 361 237 122.1773 48.53159 226 1
1972918 0 65 65 122.1917 48.53764 212 4
1972918 65 198.5 133.5 122.1917 48.53764 212 2
1972918 198.5 215 16.5 122.1917 48.53764 212 2
75612 0 17 17 122.1695 48.5414 452 5
75612 17 224 207 122.1695 48.5414 452 1
75612 224 517 293 122.1695 48.5414 452 1
76389 0 2 2 122.1702 48.53775 367 5
76389 2 182 180 122.1702 48.53775 367 1
76389 182 402 220 122.1702 48.53775 367 1
76767 0 62 62 122.1719 48.53584 314 5
76767 62 182 120 122.1719 48.53584 314 1
76767 182 462 280 122.1719 48.53584 314 1
83689 0 60 60 122.1885 48.53065 117 4
83689 60 420 360 122.1885 48.53065 117 2
84433 0 10 10 122.1684 48.53259 215 5
84433 10 74 64 122.1684 48.53259 215 4
84433 74 204 130 122.1684 48.53259 215 1
84433 204 374 170 122.1684 48.53259 215 1
86110 0 92 92 122.1656 48.53569 347 4
86110 92 160 68 122.1656 48.53569 347 1
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86110 160 442 282 122.1656 48.53569 347 1
11111 0 21 21 122.1675 48.53127 161 4
11111 21 171 150 122.1675 48.53127 161 1
11142 0 55 55 122.1369 48.55108 1185 5
11142 55 85 30 122.1369 48.55108 1185 4
11142 85 1085 1000 122.1369 48.55108 1185 0
11143 0 50 50 122.1377 48.54318 646 4
11143 50 650 600 122.1377 48.54318 646 1
11144 0 40 40 122.1915 48.55303 427 5
11144 40 240 200 122.1915 48.55303 427 4
11144 240 440 200 122.1915 48.55303 427 2
11145 0 200 200 122.186 48.56175 1250 4
11145 200 1200 1000 122.186 48.56175 1250 0
11146 0 2500 2500 122.1655 48.56288 2580 0
11147 0 25 25 122.1638 48.55385 1766 5
11147 25 125 100 122.1638 48.55385 1766 4
11147 125 1625 1500 122.1638 48.55385 1766 0
11148 0 2400 2400 122.1322 48.56108 2417 0
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Well logs used in conceptual modeling in model Boundary B within Skagit River Valley. Rows in red are wells with modified depths

and bolded wells are pseudo wells used for extrapolation purposes. The horizon number is the hydrogeologic unit.

LogID | Top (ft) Bottom (ft) Thickness (ft) Longitude Latitude Elevation (ft) | Horizon
86084 0 6 6 122.1122 48.529 437 5
86084 6 64 58 122.1122 48.529 437 4
86084 64 72 8 122.1122 48.529 437 1
86084 72 464 392 122.1122 48.529 437 1
477679 0 34 34 122.1003 48.52681 90 4
477679 34 60 26 122.1003 48.52681 90 3
477679 60 210 150 122.1003 48.52681 90 2
760446 0 6 6 122.0827 48.52723 82 5
760446 6 28 22 122.0827 48.52723 82 4
760446 28 60 32 122.0827 48.52723 82 3
760446 60 80 20 122.0827 48.52723 82 2
760446 80 210 130 122.0827 48.52723 82 2
82864 0 12 12 122.0851 48.5284 90 4
82864 12 65 53 122.0851 48.5284 90 3
82864 65 66 1 122.0851 48.5284 90 2
82864 66 216 150 122.0851 48.5284 90 2
75904 0 15 15 122.0539 48.52535 84 5
75904 15 51 36 122.0539 48.52535 84 3
75904 51 52 1 122.0539 48.52535 84 2
75904 52 202 150 122.0539 48.52535 84 2
954129 0 46 46 122.0573 48.52992 96 4
954129 46 196 150 122.0573 48.52992 96 2
74422 0 4 4 122.0709 48.52996 77 4
74422 4 39 35 122.0709 48.52996 77 3
74422 39 189 150 122.0709 48.52996 77 2
747895 0 22 22 122.1229 48.52575 85 4
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747895 22 74 52 122.1229 48.52575 85 3
747895 74 224 150 122.1229 48.52575 85 2
78410 0 21 21 122.1233 48.51404 74 4
78410 21 58 37 122.1233 48.51404 74 3
78410 58 208 150 122.1233 48.51404 74 2
820529 0 22 22 122.1346 48.53424 305 5
820529 22 105 83 122.1346 48.53424 305 1
820529 105 322 217 122.1346 48.53424 305 1
394181 0 78 78 122.0998 48.53243 395 4
394181 78 130 52 122.0998 48.53243 395 3
394181 130 430 300 122.0998 48.53243 395 1
622925 0 1 1 122.1281 48.53411 407 5
622925 1 5 4 122.1281 48.53411 407 4
622925 5 163 158 122.1281 48.53411 407 1
622925 163 405 242 122.1281 48.53411 407 1
78010 0 65 65 122.1149 48.53052 484 5
78010 65 87 22 122.1149 48.53052 484 4
78010 87 93 6 122.1149 48.53052 484 3
78010 93 493 400 122.1149 48.53052 484 1
82972 0 18 18 122.1273 48.53973 442 5
82972 18 114 96 122.1273 48.53973 442 4
82972 114 514 400 122.1273 48.53973 442 1
85215 0 20 20 122.1147 48.53978 451 5
85215 20 91 71 122.1147 48.53978 451 4
85215 91 491 400 122.1147 48.53978 451 1
86161 0 18 18 122.0982 48.54193 642 4
86161 18 132 114 122.0982 48.54193 642 1
86161 132 518 386 122.0982 48.54193 642 1
86169 0 148 148 122.1149 48.53039 484 1
86169 148 500 352 122.1149 48.53039 484 1
86923 0 107 107 122.1038 48.53983 509 5
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86923 107 127 20 122.1038 48.53983 509 4
86923 127 132 5 122.1038 48.53983 509 1
86923 132 627 495 122.1038 48.53983 509 1
87302 0 16 16 122.1054 48.53986 493 5
87302 16 78 62 122.1054 48.53986 493 4
87302 78 100 22 122.1054 48.53986 493 1
87302 100 578 478 122.1054 48.53986 493 1
372361 0 10 10 122.0545 48.53495 290 5
372361 10 81 71 122.0545 48.53495 290 4
372361 81 87 6 122.0545 48.53495 290 3
372361 87 88 1 122.0545 48.53495 290 1
372361 88 387 299 122.0545 48.53495 290 1
467261 0 66 66 122.0492 48.53697 294 5
467261 66 112 46 122.0492 48.53697 294 4
467261 112 119 7 122.0492 48.53697 294 3
467261 119 121 2 122.0492 48.53697 294 1
467261 121 419 298 122.0492 48.53697 294 1
84239 0 15 15 122.0558 48.54386 363 5
84239 15 38 23 122.0558 48.54386 363 4
84239 38 400 362 122.0558 48.54386 363 1
285101 0 18 18 122.0754 48.54007 480 5
285101 18 37 19 122.0754 48.54007 480 4
285101 37 200 163 122.0754 48.54007 480 1
285101 200 537 337 122.0754 48.54007 480 1
479791 0 36 36 122.0692 48.53941 374 5
479791 36 242 206 122.0692 48.53941 374 1
479791 242 436 194 122.0692 48.53941 374 1
84238 0 2 2 122.0558 48.54386 363 5
84238 2 20 18 122.0558 48.54386 363 4
84238 20 205 185 122.0558 48.54386 363 1
84238 205 420 215 122.0558 48.54386 363 1
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1949988 0 32 32 122.0606 48.54111 409 5
1949988 32 205 173 122.0606 48.54111 409 1
1949988 205 432 227 122.0606 48.54111 409 1
84237 0 8 8 122.0558 48.54386 363 5
84237 8 34 26 122.0558 48.54386 363 4
84237 34 140 106 122.0558 48.54386 363 1
84237 140 434 294 122.0558 48.54386 363 1
315155 0 4 4 122.0542 48.54456 375 5
315155 4 11 7 122.0542 48.54456 375 4
315155 11 120 109 122.0542 48.54456 375 1
315155 120 411 291 122.0542 48.54456 375 1
1057400 0 9 9 122.0711 48.53827 403 4
1057400 9 106 97 122.0711 48.53827 403 1
1057400 106 409 303 122.0711 48.53827 403 1
493345 0 50 50 122.0779 48.53739 400 5
493345 50 101 51 122.0779 48.53739 400 4
493345 101 106 5 122.0779 48.53739 400 1
493345 106 501 395 122.0779 48.53739 400 1
814463 0 72 72 122.0712 48.53757 421 4
814463 72 102 30 122.0712 48.53757 421 3
814463 102 104 2 122.0712 48.53757 421 1
814463 104 502 398 122.0712 48.53757 421 1
76732 0 87 87 122.1102 48.52929 408 5
76732 87 96 9 122.1102 48.52929 408 4
76732 96 487 391 122.1102 48.52929 408 1
11112 0 23 23 122.1243 48.52988 423 4
11112 23 423 400 122.1243 48.52988 423 1
11113 0 300 300 122.116 48.52644 238 1
11114 0 350 350 122.11 48.5281 343 1
11115 0 30 30 122.0969 48.53027 320 4
11115 30 330 300 122.0969 48.53027 320 1
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11116 0 30 30 122.0896 48.53333 352 4
11116 30 60 30 122.0896 48.53333 352 3
11116 60 360 300 122.0896 48.53333 352 1
11117 0 30 30 122.0792 48.53282 298 4
11117 30 60 30 122.0792 48.53282 298 3
11117 60 360 300 122.0792 48.53282 298 1
11118 0 30 30 122.0692 48.53225 149 3
11118 30 230 200 122.0692 48.53225 149 1
11119 0 20 20 122.0534 48.5324 202 3
11119 20 220 200 122.0534 48.5324 202 1
11120 0 30 30 122.047 48.53612 266 5
11120 30 70 40 122.047 48.53612 266 4
11120 70 80 10 122.047 48.53612 266 3
11120 80 330 250 122.047 48.53612 266 1
11139 0 1000 1000 122.0576 48.55458 1054 0
11140 0 70 70 122.1055 48.54431 887 4
11140 70 700 630 122.1055 48.54431 887 1
11141 0 1500 1500 122.127 48.55648 1684 0
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Well logs used in conceptual modeling in model Boundary C within Skagit River Valley. Rows in red are wells with modified depths
and bolded wells are pseudo wells used for extrapolation purposes. The horizon number is the hydrogeologic unit.

LogID | Top (ft) Bottom (ft) Thickness (ft) Longitude Latitude Elevation (ft) | Horizon
315160 0 15 15 122.034 48.51622 86 4
315160 15 53 38 122.034 48.51622 86 3
315160 53 108 55 122.034 48.51622 86 2
315160 108 203 95 122.034 48.51622 86 2
78784 0 7 7 121.9989 48.5358 167 5
78784 7 21 14 121.9989 48.5358 167 4
78784 21 94 73 121.9989 48.5358 167 3
78784 94 244 150 121.9989 48.5358 167 2
74851 0 74 74 121.9998 48.53402 152 4
74851 74 80 6 121.9998 48.53402 152 3
74851 80 230 150 121.9998 48.53402 152 2
85489 0 75 75 121.9993 48.53388 151 4
85489 75 80 5 121.9993 48.53388 151 3
85489 80 230 150 121.9993 48.53388 151 2
86008 0 15 15 121.9968 48.53448 157 5
86008 15 70 55 121.9968 48.53448 157 4
86008 70 80 10 121.9968 48.53448 157 3
86008 80 230 150 121.9968 48.53448 157 2
334092 0 25 25 122.0254 48.5373 151 4
334092 25 78 53 122.0254 48.5373 151 3
334092 78 228 150 122.0254 48.5373 151 2
235250 0 3 3 122.0276 48.5382 149 5
235250 3 15 12 122.0276 48.5382 149 4
235250 15 77 62 122.0276 48.5382 149 3
235250 77 227 150 122.0276 48.5382 149 2
77211 0 15 15 122.0021 48.53343 139 5
77211 15 58 43 122.0021 48.53343 139 4
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77211 58 72 14 122.0021 48.53343 139 3
77211 72 222 150 122.0021 48.53343 139 2
190520 0 32 32 122.0033 48.53345 135 4
190520 32 69 37 122.0033 48.53345 135 3
190520 69 219 150 122.0033 48.53345 135 2
83754 0 15 15 122.0221 48.53654 134 5
83754 15 54 39 122.0221 48.53654 134 4
83754 54 60 6 122.0221 48.53654 134 3
83754 60 210 150 122.0221 48.53654 134 2
78897 0 19 19 122.0198 48.51756 91 5
78897 19 22 3 122.0198 48.51756 91 4
78897 22 49 27 122.0198 48.51756 91 3
78897 49 199 150 122.0198 48.51756 91 2
366218 0 5 5 122.0234 48.50959 90 4
366218 5 54 49 122.0234 48.50959 90 3
366218 54 204 150 122.0234 48.50959 90 2
487474 0 25 25 122.0294 48.52571 89 4
487474 25 41 16 122.0294 48.52571 89 3
487474 41 45 4 122.0294 48.52571 89 2
487474 45 191 146 122.0294 48.52571 89 2
77414 0 28 28 122.0088 48.52849 94 5
77414 28 49 21 122.0088 48.52849 94 3
77414 49 199 150 122.0088 48.52849 94 2
1955145 0 8 8 122.0398 48.5246 83 4
1955145 8 42 34 122.0398 48.5246 83 3
1955145 42 44 2 122.0398 48.5246 83 2
1955145 44 192 148 122.0398 48.5246 83 2
1029542 0 18 18 122.0395 48.53369 95 4
1029542 18 28 10 122.0395 48.53369 95 3
1029542 28 178 150 122.0395 48.53369 95 2
190222 0 18 18 122.0308 48.52836 86 5
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190222 18 40 22 122.0308 48.52836 96 3
190222 40 190 150 122.0308 48.52836 96 2
982843 0 11 11 122.0283 48.52788 87 4
982843 11 35 24 122.0283 48.52788 87 3
982843 35 36 1 122.0283 48.52788 87 2
982843 36 185 149 122.0283 48.52788 87 2
823221 0 10 10 122.0198 48.5248 88 5
823221 10 56 46 122.0198 48.5248 88 3
823221 56 206 150 122.0198 48.5248 88 2
111 0 100 100 122.0331 48.55404 566.5 4
111 100 450 350 122.0331 48.55404 566.5 3
111 450 516.5 66.5 122.0331 48.55404 566.5 2
111 516.5 600 83.5 122.0331 48.55404 566.5 2
222 0 30 30 122.0069 48.54754 387 5
222 30 200 170 122.0069 48.54754 387 4
222 200 280 80 122.0069 48.54754 387 3
222 280 337 57 122.0069 48.54754 387 2
222 337 430 93 122.0069 48.54754 387 2
333 0 5 5 121.9846 48.54666 395 5
333 5 155 150 121.9846 48.54666 395 4
333 155 345 190 121.9846 48.54666 395 2
11121 0 80 80 122.0404 48.53862 204 4
11121 80 160 80 122.0404 48.53862 204 3
11121 160 310 150 122.0404 48.53862 204 2
11122 0 30 30 122.0277 48.5395 258 5
11122 30 100 70 122.0277 48.5395 258 4
11122 100 200 100 122.0277 48.5395 258 3
11122 200 350 150 122.0277 48.5395 258 2
11123 0 10 10 122.016 48.53781 185 5
11123 10 90 80 122.016 48.53781 185 4
11123 90 160 70 122.016 48.53781 185 3

96

108



11123 160 310 150 122.016 48.53781 185 2
11124 0 5 5 121.9959 48.53758 242 5
11124 5 150 145 121.9959 48.53758 242 4
11124 150 220 70 121.9959 48.53758 242 3
11124 220 370 150 121.9959 48.53758 242 2
11136 0 100 100 121.9846 48.56705 1135 4
11136 100 200 100 121.9846 48.56705 1135 3
11136 200 1000 800 121.9846 48.56705 1135 0
11137 0 1800 1800 121.9857 48.57912 1913 0
11138 0 1000 1000 122.0347 48.56126 1193 0
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Well logs used in conceptual modeling in model Boundary D within Skagit River Valley. Rows in red are wells with modified depths

and bolded wells are pseudo wells used for extrapolation purposes. The horizon number is the hydrogeologic unit.

LogID | Top (ft) Bottom (ft) Thickness (ft) Longitude Latitude Elevation (ft) | Horizon
472381 0 30 30 121.9495 48.52794 160 4
472381 30 54 24 121.9495 48.52794 160 3
472381 54 204 150 121.9495 48.52794 160 2
86839 0 28 28 121.9482 48.52505 143 5
86839 28 35 7 121.9482 48.52505 143 4
86839 35 57 22 121.9482 48.52505 143 3
86839 57 207 150 121.9482 48.52505 143 2
1038808 0 10 10 121.956 48.52373 112 4
1038808 10 40 30 121.956 48.52373 112 3
1038808 40 190 150 121.956 48.52373 112 2
285270 0 14 14 121.9544 48.52121 112 4
285270 14 19 5 121.9544 48.52121 112 3
285270 19 169 150 121.9544 48.52121 112 2
79907 0 6 6 121.9117 48.53022 149 5
79907 6 42.5 36.5 121.9117 48.53022 149 3
79907 42.5 43.5 1 121.9117 48.53022 149 2
79907 43.5 192.5 149 121.9117 48.53022 149 2
315211 0 11 11 121.9069 48.53014 153 4
315211 11 82 71 121.9069 48.53014 153 3
315211 82 85 3 121.9069 48.53014 153 2
315211 85 232 147 121.9069 48.53014 153 2
372155 0 40 40 121.8991 48.5297 150 4
372155 40 69 29 121.8991 48.5297 150 3
372155 69 219 150 121.8991 48.5297 150 2
87698 0 42 42 121.8971 48.52449 148 5
87698 42 45 3 121.8971 48.52449 148 4
87698 45 95 50 121.8971 48.52449 148 3
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87698 95 245 150 121.8971 48.52449 148 2
81381 0 30 30 121.9022 48.51898 147 5
81381 30 31 1 121.9022 48.51898 147 4
81381 31 83 52 121.9022 48.51898 147 3
81381 83 233 150 121.9022 48.51898 147 2
800269 0 25 25 121.9013 48.52075 147 4
800269 25 78 53 121.9013 48.52075 147 3
800269 78 228 150 121.9013 48.52075 147 2
81224 0 32 32 121.9313 48.52273 127 4
81224 32 40 8 121.9313 48.52273 127 3
81224 40 190 150 121.9313 48.52273 127 2
542322 0 90 90 121.8894 48.52778 165 4
542322 90 95 5 121.8894 48.52778 165 3
542322 95 245 150 121.8894 48.52778 165 2
403191 0 6 6 121.8898 48.52404 155 5
403191 6 67 61 121.8898 48.52404 155 4
403191 67 86 19 121.8898 48.52404 155 2
403191 86 217 131 121.8898 48.52404 155 2
84560 0 25 25 121.9169 48.51667 135 5
84560 25 75 50 121.9169 48.51667 135 3
84560 75 153 78 121.9169 48.51667 135 2
84560 153 225 72 121.9169 48.51667 135 2
75973 0 15 15 121.9166 48.52306 135 5
75973 15 38 23 121.9166 48.52306 135 3
75973 38 188 150 121.9166 48.52306 135 2
83221 0 26 26 121.9174 48.52848 143 5
83221 26 48 22 121.9174 48.52848 143 3
83221 48 198 150 121.9174 48.52848 143 2
85521 0 23 23 121.9222 48.53145 141 5
85521 23 27 4 121.9222 48.53145 141 3
85521 27 35 8 121.9222 48.53145 141 2
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85521 35 177 142 121.9222 48.53145 141 2
85860 0 40 40 121.8783 48.52041 143 4
85860 40 100 60 121.8783 48.52041 143 3
85860 100 250 150 121.8783 48.52041 143 2
342227 0 24 24 121.8766 48.5223 152 4
342227 24 59 35 121.8766 48.5223 152 3
342227 59 209 150 121.8766 48.5223 152 2
76609 0 40 40 121.8784 48.5241 155 4
76609 40 47 7 121.8784 48.5241 155 3
76609 47 197 150 121.8784 48.5241 155 2
87268 0 60 60 121.8831 48.52587 165 4
87268 60 210 150 121.8831 48.52587 165 2
441246 0 41 41 121.8845 48.52764 172 4
441246 41 125 84 121.8845 48.52764 172 3
441246 125 178 53 121.8845 48.52764 172 2
441246 178 275 97 121.8845 48.52764 172 2
454844 0 35 35 121.8857 48.52825 174 4
454844 35 131 96 121.8857 48.52825 174 3
454844 131 180 49 121.8857 48.52825 174 2
454844 180 281 101 121.8857 48.52825 174 2
81670 0 37 37 121.8894 48.53142 182 5
81670 37 60 23 121.8894 48.53142 182 4
81670 60 95 35 121.8894 48.53142 182 3
81670 95 245 150 121.8894 48.53142 182 2
372700 0 15 15 121.9609 48.52721 103 5
372700 15 22 7 121.9609 48.52721 103 4
372700 22 80 58 121.9609 48.52721 103 3
372700 80 100 20 121.9609 48.52721 103 2
372700 100 230 130 121.9609 48.52721 103 2
419463 0 16 16 121.9568 48.52086 112 5
419463 16 60 44 121.9568 48.52086 112 3
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419463 60 210 150 121.9568 48.52086 112 2
76276 0 22 22 121.9752 48.52896 99 5
76276 22 40 18 121.9752 48.52896 99 3
76276 40 190 150 121.9752 48.52896 99 2
80464 0 13 13 121.9692 48.52508 105 5
80464 13 40 27 121.9692 48.52508 105 3
80464 40 190 150 121.9692 48.52508 105 2
285103 0 10 10 121.9872 48.52096 100 5
285103 10 28 18 121.9872 48.52096 100 4
285103 28 58 30 121.9872 48.52096 100 3
285103 58 208 150 121.9872 48.52096 100 2
87030 0 19 19 121.9885 48.52854 102 5
87030 19 39 20 121.9885 48.52854 102 3
87030 39 189 150 121.9885 48.52854 102 2
83642 0 43 43 121.9871 48.53177 115 4
83642 43 63 20 121.9871 48.53177 115 3
83642 63 213 150 121.9871 48.53177 115 2
1883595 0 25 25 121.9868 48.52339 97 5
1883595 25 40 15 121.9868 48.52339 97 4
1883595 40 60 20 121.9868 48.52339 97 3
1883595 60 71 11 121.9868 48.52339 97 2
1883595 71 210 139 121.9868 48.52339 97 2
190506 0 1 1 121.9815 48.53888 251 5
190506 1 137 136 121.9815 48.53888 251 4
190506 137 199 62 121.9815 48.53888 251 3
190506 199 349 150 121.9815 48.53888 251 2

310 0 27 27 121.9402 48.53469 300 5

310 27 104 77 121.9402 48.53469 300 4

310 104 261 157 121.9402 48.53469 300 3

310 261 310 49 121.9402 48.53469 300 2
611775 0 26 26 121.9293 48.53644 308 5
611775 26 68 42 121.9293 48.53644 308 4
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611775 68 78 10 121.9293 48.53644 308 3
77349 0 40 40 121.9226 48.53445 310 5
77349 40 153 113 121.9226 48.53445 310 4
77349 153 163 10 121.9226 48.53445 310 3
77349 163 313 150 121.9226 48.53445 310 2
87284 0 109 109 121.8855 48.53947 337 5
87284 109 149 40 121.8855 48.53947 337 4
87284 149 199 50 121.8855 48.53947 337 3
87284 199 349 150 121.8855 48.53947 337 2
403 0 68 68 121.8858 48.53829 334 5
403 68 120 52 121.8858 48.53829 334 4
403 120 125 5 121.8858 48.53829 334 3
256214 0 88 88 121.8893 48.535 322 5
256214 88 117 29 121.8893 48.535 322 4
256214 117 138 21 121.8893 48.535 322 3
2014318 0 116 116 121.8912 48.53353 299 5
2014318 116 143 27 121.8912 48.53353 299 4
2014318 143 160 17 121.8912 48.53353 299 3
2014318 160 310 150 121.8912 48.53353 299 2
84572 0 50 50 121.9194 48.53594 316 5
84572 50 192 142 121.9194 48.53594 316 4
84572 192 204 12 121.9194 48.53594 316 3
84572 204 362 150 121.9194 48.53594 316 2
11125 0 5 5 121.9746 48.53076 239 5
11125 5 100 95 121.9746 48.53076 239 4
11125 100 180 80 121.9746 48.53076 239 3
11125 180 330 150 121.9746 48.53076 239 2
11126 0 5 5 121.9586 48.52717 242 5
11126 5 100 95 121.9586 48.52717 242 4
11126 100 180 80 121.9586 48.52717 242 3
11126 180 330 150 121.9586 48.52717 242 2
11127 0 20 20 121.9351 48.53005 263 5
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11127 20 100 80 121.9351 48.53005 263 4
11127 100 220 120 121.9351 48.53005 263 3
11127 220 370 150 121.9351 48.53005 263 2
11128 0 20 20 121.9051 48.53205 253 5
11128 20 100 80 121.9051 48.53205 253 4
11128 100 220 120 121.9051 48.53205 253 3
11128 220 370 150 121.9051 48.53205 253 2
11129 0 70 70 121.8931 48.5316 261 5
11129 70 150 80 121.8931 48.5316 261 4
11129 150 250 100 121.8931 48.5316 261 3
11129 250 400 150 121.8931 48.5316 261 2
11130 0 100 100 121.8789 48.55286 777 3
11130 100 400 300 121.8789 48.55286 777 2
11131 0 100 100 121.8806 48.56299 1219 4
11131 100 200 100 121.8806 48.56299 1219 3
11131 200 1200 1000 121.8806 48.56299 1219 0
11132 0 2500 2500 121.8792 48.57808 2548 0
11133 0 100 100 121.9677 48.55399 618 3
11133 100 400 300 121.9677 48.55399 618 2
11134 0 100 100 121.9729 48.5645 1074 4
11134 100 200 100 121.9729 48.5645 1074 3
11134 200 1000 800 121.9729 48.5645 1074 0
11135 0 1800 1800 121.981 48.5789 1857 0
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Appendix B: Wells and well data used to estimate hydraulic conductivities.

Chuckanut Formation

Well ID  Diameter (in) Screen Pumping Drawdown Time Storativity Screened Open End
Length (ft) Rate (gpm) (ft) (hr) (0.1-0.0001) Hydraulic Hydraulic
Conductivity Conductivity
(ft/day) (ft/day)

85684 6 44-48 1.5 23 6 0.0001 3.51

75172 6 195-198 1.3 8 1 0.0001 10.87

655490 6 140-150 24 130 0.5 0.0001 3.53

86161 6 94-98 3 74.6 6 0.0001 2.08

820529 6 90-105 8.2 80 3 0.0001 1.44

86110 6 96-100 5 126 6 0.0001 2.05

80338 6 - 0.09 39 1 - 0.14
579452 6 210-220 4 180 12 0.0001 0.46

235246 6 116-128 5 123 0.5 0.0001 0.56

669830 6 - 0.5 56 1 - 0.55
457607 6 150-160 1 51 15 0.01 0.41

87302 6 - 0.5 12 2 - 2.55
80266 6 - 3 10 8 - 18.38
412092 6 28-32 2 26 4 0.001 4.06

Number of Wells 10 4
Arthrometric Mean 2.90 541
Arthrometric Mean Combined 3.61
Geometric Mean 1.80 1.38
Geometric Mean Combined 1.67

gpm= gallons per minute
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Till and Glaciomarine Drift

Well ID Diameter Screen Pumping  Drawdown  Time  Storativity Screened Open End
(in) Length Rate (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) (gpm) Conductivity Conductivity
(ft/day) (ft/day)
77084 6 38-43 4.5 25 6 0.0001 8.35
78010 6 82-92 6 22 6 0.01 4.43
235249 6 21-26 10 17 1 0.01 17.04
87632 6 33-38 12 18 2 0.01 21.17
441234 6 67.5-72.5 1.5 7 1 0.001 7.15
814463 6 99-102 5 16 2 0.001 19.25
481861 6 52-56 1.5 26 8 0.0001 3.14
1940179 6 47-51 3 36 3 0.001 3.53
83284 6 60-69 15 20 6 0.0001 21.27
84086 6 55-60 7.6 31.04 4 0.001 9.42
315145 6 60-70 1 7.5 4 0.001 243
86919 6 64-66 10 82 75 0.001 9.29
86168 6 95-100 12 1 8 0.0001 731.61
1571080 6 36-41 9 35 1 0.001 8.74
372361 6 82-87 6.5 32 1.5 0.001 7.02
86172 6 27-37 12 30 1 0.0001 8.62
79460 6 - 17 7 1 148.81
86915 6 33-38 1 36 6 0.001 0.90
87649 6 18-22.5 0.38 7.2 2 0.001 1.81
86923 6 - 10 80 .67 7.66
82972 6 108-118 5 35 8 0.001 2.78
Number of Wells 19 2
Arthrometric Mean 46.73 78.23
Arthrometric Mean Combined 49.73
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Geometric Mean
Geometric Mean Combined

8.05

9.22

33.76
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Advance Glacial Outwash (Westside)

Well ID  Diameter Screen Pumping Drawdown  Time  Storativity Screened Open End
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) Conductivity Conductivity
(ft/day) (ft/day)
304025 6 18-20 8 11 2 0.001 58.28
377643 6 28-33 4 5 2 0.01 2591
792802 6 40-42 1 1.89 24 0.001 62.05
530984 6 39-44 18 18 1 0.001 38.52
357499 6 42-47 15 14 2 0.001 43.99
315205 6 32-37 18 20 2 0.01 29.50
315206 6 41-49 3.75 3 2 0.01 26.47
Number of Wells 7 -
Arthrometric Mean 40.67 -
Arthrometric Mean Combined 40.67
Geometric Mean 38.44 -
Geometric Mean Combined 38.44
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Glaciolacustrine

Well ID Diameter Screen Pumping Drawdown  Time  Storativity Screened Open End
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) Conductivity Conductivity
(ft/day) (ft/day)
457606 6 70-80 5 26 9 0.001 3.88
457608 6 70-75 7 29 1 0.0001 10.00
481865 6 314-319 10 260 1 0.001 1.06
514404 6 78-83 14 9 0.5 0.001 58.62
452816 6 74-79 15 50 2 0.001 11.05
452818 6 112-117 20 40 3 0.001 19.94
452820 6 153-158 18 90 2 0.001 7.09
1972918 6 188-199 16 118 1.5 0.001 2.05
315149 6 - 4.5 32 4 - 8.62
75309 6 90-95 18 22.5 2 0.01 25.90
315146 6 89-94 12 17 4 0.001 29.62
315148 6 102-97 2 24 4 0.001 2.90
84084 6 110-115 15.5 63.8 4.5 0.001 9.43
84085 6 205-210 15 80 5 0.001 7.18
84083 6 142-147 6.5 33.25 4.5 0.001 7.45
85455 8 328-336 50 222.5 18 0.001 5.79
Number of Wells 15 1
Arthrometric Mean 13.46 8.62
Arthrometric Mean Combined 10.03
Geometric Mean 8.19 8.62
Geometric Mean Combined 8.22
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Advance Glacial Outwash (east side)

Well ID Diameter Screen Pumping Drawdown Time  Storativity Screened Open End
(in) Length (ft) Rate (ft) (hr) (0.1-0.0001)  Hydraulic Hydraulic
(gpm) Conductivity  Conductivity
(ft/day) (ft/day)
373546 6 - 12 6 2 122.55
84572 6 - 126 17.5 6 441.18
84548 6 15 75 3.75 4 0.001 352.81
Number of Wells 1 2
Arthrometric Mean 352.81 281.86
Arthrometric Mean Combined 90.67
Geometric Mean 352.81 232.52
Geometric Mean Combined 267.19
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Alluvium west of Hamilton

Well ID Diameter Screen Pumping Drawdown  Time  Storativity Screened Open End
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) Conductivity Conductivity
(ft/day) (ft/day)
87736 6 33-38 18 3 2 0.1 188.40
80731 6 25-30 10 6 2 0.01 58.08
84075 6 45-50 25 1 2 0.01 1096.27
760446 6 no 50 15 2 204.25
87283 6 10 3 2 204.25
1661863 6 32-37 15 0.4 1.5 0.1 1372.64
451887 6 52-57 12 0.15 2 0.001 4413.79
Number of Wells 5 2
Arthrometric Mean 1425.84 204.25
Arthrometric Mean Combined 1076.81
Geometric Mean 591.95 204.25
Geometric Mean Combined 436.77
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Lahar

Well ID Diameter Screen Pumping Drawdown  Time  Storativity Screened Open End
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) Conductivity Conductivity
(ft/day) (ft/day)
1682014 6 21-26 16 0.5 1 0.01 1356.12
74391 6 28-33 14 8 1 0.01 57.19
315150 6 - 10 3 2 204.25
463265 6 33-38 20 1 1 0.01 816.49
760535 6 - 10 1 2 612.74
760475 6 - 10 1 2 612.74
86838 6 - 10 1 2 612.74
1940032 6 32-37 17 0.5 1 0.1 1187.17
462712 6 48-58 40 1 1 0.001 1013.28
81379 6 - 20 2 1 612.74
190220 6 - 10 2 2 306.37
86510 6 33-38 15 3 0.5 0.01 169.41
837460 6 33-38 15 10 1 0.001 59.81
235252 6 10 6 2 102.12
335374 6 - 60 4 2 919.12
351444 8 screen? 80 3 1 0.001 904.00
430325 6 - 75 3 2 1531.86
303897 6 32-37 20 1 1.5 0.01 843.31
450955 6 32-37 30 2 1 0.001 711.88
441240 6 49-54 20 2 1 0.001 461.30
1681981 6 33-38 17 1 1 0.001 813.77
1025473 6 32-37 18 3 1 0.001 266.71
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892569
2120755

6

32-37 13 0.5
33-38 16.5 0.3
Number of Wells

Arthrometric Mean
Arthrometric Mean Combined
Geometric Mean
Geometric Mean Combined

0.01
0.01

1084.01
2429.05
15 9
811.57 612.74
737.01
544.76 476.58
518.12
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Alluvial Fan

Well ID  Diameter Screen Pumping Drawdown  Time  Storativity Screened Open End
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) Conductivity Conductivity
(ft/day) (ft/day)
79732 6 55-60 10 2 1 0.001 219.25
482978 6 49-54 17 12 1.5 0.01 47.22
86174 6 29-34 12 2.5 8 0.01 206.31
33.2- 0.001
392159 6 38.2 7.9 0.5 0.5 716.62
385654 6 - 10 1.5 6 408.50
346680 6 - 10 3 2 204.25
424813 6 32-38 15 0.48 1 0.001 1298.40
Number of Wells 5 2
Arthrometric Mean 497.56 306.37
Arthrometric Mean Combined 442 94
Geometric Mean 288.18 288.85
Geometric Mean Combined 288.37
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Alluvium between Alder and Muddy

Well ID Diameter Screen Pumping Drawdown  Time  Storativity Closed Open Hydraulic
(in) Length  Rate (gpm) (ft) (hr)  (0.1-0.0001) Hydraulic Conductivity
(ft) Conductivity (ft/day)
(ft/day)
1007517 6 33-37 15 1.5 1 0.01 481.54
351464 8?7 34-39 100 4 4 0.1 915.09
285103 8 24 3 6 367.65
87281 6 - 20 1 2 1225.49
235497 6 - 20 4 2 306.37
80051 6 - 45 3 1 919.12
304027 6 - 10 7.5 2 81.70
760506 6 - 20 3 2 408.50
83196 6 - 20 3.5 2 350.14
351489 8 - 108 1.7 3 2919.55
Number of Wells 2 8
Arthrometric Mean 698.31 82231
Arthrometric Mean Combined 797.51
Geometric Mean 663.81 506.45
Geometric Mean Combined 568.73
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Alluvium Between Alder and Grandy

Well ID Diameter Screen Pumping Drawdown Time  Storativity Hydraulic Open Interval
(in) Length (ft) Rate (ft) (hr)  (0.1-0.0001) Conductivity = Conductivity
(gpm) (ft/day) (ft/day)
441246 6 71-76 20 0.5 1 0.001 2026.56
450951 6 176-181 20 32 4.5 0.001 26.22
86846 6 - 10 2 3 306.37
0.01 96.96
2140884 6 53-57 15 6.5 1
76291 6 - 7 20 2 21.45
0.1 512.24
561270 6 53-58 17.5 1.25 4
304036 6 - 30 7 2 262.60
87698 6 - 40 21 2 116.71
76795 6 50-55 10 5 3 0.001 88.90
87279 6 - 10 2.5 2 245.10
87280 6 - 10 2 2 306.37
304038 6 - 20 8 2 153.19
701796 6 - 30 3 2 612.74
256216 6 - 20 2 2 612.74
285271 6 - 20 1.1 2 1114.08
2184513 6 53-58 15 4 1 0.01 132.17
2184524 6 53-58 15 11 1 0.01 43.41
2184550 6 52-57 15 53 1 0.01 97.08
304033 6 - 30 6 2 306.37
235259 6 55-60 10 10 2 0.01 33.13
152.1- 0.01
349582 6 155.1 15 3.7 2 255.57

115

127



304037
315163
2142364
79913
342228
87049
87298
403191
342844
81039
414241
83571
760515
1972916

84560
796585
800269

87268
472381

[) W) Nle) Sie) Mo e N e e e e e e ) i NN

AN O O &N X©

30
10

52.5-57.5 9

10
26
10
10
15
10
70
10
10
25

72-77 18.6

141-150 12
53-58 16

15
10

53-58 32

Number of Wells
Arthrometric Mean

11
3.5

W W = =

105
15.5
0.7

14

Arthrometric Mean Combined

Geometric Mean

Geometric Mean Combined

— N W = N NN =N

—_ N = = N

0.01

0.01
0.001

0.1

0.01

343.55

113.49
2.16

23.66

76.76

15

258.12

88.82

328.97

171.24

167.11
175.07

612.74
531.05
204.25
408.50
131.30
76.59
214.46
612.74
81.70
382.97

1313.02
102.12

25
362.85

253.90
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Alluvium east of Grandy Creek

Well ID  Diameter Screen Pumping  Drawdown Time Storativity Closed Open Hydraulic
(in) Length Rate (ft) (hr) (0.1-0.0001) Hydraulic Conductivity
(ft) (gpm) Conductivity (ft/day)
(ft/day)
343745 8 - 30 4 2 344.67
342211 6 - 10 2 2 306.37
87029 6 - 30 4 3 459.56
304034 8 - 10 1.5 2.5 306.37
379471 6 - 30 15 1 122.55
325 tto 0.001
87036 6 335 15 2.6 1 127.852
86856 6 - 20 7 2 175.07
235257 6 - 10 4.5 2 136.17
256082 6 - 15 3.5 2 262.6
256083 6 - 10 7 2 87.535
256215 6 39-44 10 3 1 0.01 116.167
338588 6 - 3 8 4 22.978
407118 6 - 10 6 2 102.12
407119 6 - 50 6 1 510.62
79178 6 121-126 60 6 3 0.01 421.65
386468 6 - 20 10 2 122.55
79305 6 - 12 2.5 4 294.12
79397 6 73-78 15 0.85 1 0.001 846.89
315214 6 33-38 10 0.25 1 0.01 1724.51
453436 6 72-77 20 1 4 0.001 1058.42
368654 6 - 22 2.5 2 539.22
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81007
625200
304032
116585

86976

83474

87282

87294

87262
315209

87026

85793

86864

87303
190568
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(o) N Nle) Hle e Yo N e e e e o) e o) N o N

10

32.5-37.5 30

53-58

10
10
30
15
10
10
10
14
10
10
10
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20

52.9-57.9 20

Number of Wells
Arthrometric Mean
Arthrometric Mean Combined
Geometric Mean

w W W .

4
0.25
0.3

Geometric Mean Combined

—_—
—_
()]
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0.001

0.01
0.01

306.37

3119.11
175.07
204.25
306.37
612.74
612.74
87.535
87.535
190.63
204.25
204.25
204.25
153.19

3631.74

2986.5

9 28
1559.20 255.06
572.28
883.35 205.30
292.79
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Hamilton Alluvium

Well ID Diameter Screen  Pumping  Drawdown  Time Storativity Closed Open
(in) Length Rate (ft) (hr)  (0.1-0.0001) Hydraulic Hydraulic
(ft) (gpm) Conductivity ~ Conductivity

(ft/day) (ft/day)
504757 6 32-37 15 0.5 1 0.01 1264.97
982843 6 29-34 18 4 1 0.01 161.36

36.5- 0.01

1955145 6 41.5 18 0.2 1 4120.53

190222 6 - 10 3 2 204.25
2120021 6 32-37 15 2 1 0.1 223.50
1055237 6 32-37 16 0.5 1 0.01 1356.12
246996 6 52-57 30 3 1 0.001 461.30
1029542 6 23-28 14 0.5 1 0.01 1174.25
407257 6 69-74 16 2 1 0.001 363.17

372701 6 - 10 4.5 2 136.17
79398 6 32-37 15 0.5 1.5 0.001 1531.44

342212 6 - 10 2 2 306.37

Number of Wells 9 3
Arthrometric Mean 1184.07 215.60
Arthrometric Mean Combined 941.95
Geometric Mean 751.88 204.25
Geometric Mean Combined 542.82
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Appendix C: 310-foot Well Log

GROUNDWATER LOG BHO1 GW

YON

By O TAL GEUF

PROJECT NUMBER C2022013_HDR_SR_GW  Drilling Date J/28/2023 - 3/30/2023
PROJECT NAME Skagil River Basin GW Study  Total Depth 31042el

CLIENT WELU-WDOE & HDR Inc. Depth To Water 125.08-fest

DRILLER: Heit Driling CAZING Schedule BD PVC [2° diameter)
DRILLING EQUIPMENT Sceic (1200 PSSAS84)  SCREEN 0010

COORDIMATES 4853488, -121.04020
COORD S¥YS MADEI (HARN)
COMPLETION Casing Installed on 1/31/2023
SURFACE ELEVATION 300-1 NAVDER
WDOE Unitque Tag BPWOTD

al Dhara Road, Hamillon WA,

COMMENTS On the southem side of a comer on e DNR Rd ~1.28 miles from gabe al the end

LOGGED BY Jalf Minnemann, LHE

CHECKED BY Ryan Cooper

- —_
=
'E Material Description Well Diagram g
& w
] £
3 3 g
- oL Organic SILTS, some Fine lo Coarnss Sands and Fine -
B Gravels, light brown to dark brown, dry, loose, roots, no B
' odoriweathering lop Sail. B
i concrete  [* 208
3 SW-BM | Silty Fine lo Medium SAND with Fine to Coarse Gravel, seal 3
- light broam, dry, loose, rools, no odorweathering o
- - sap
[ Fine SAND with Fine Gravel, light brown lo greenish [
L3 grey, dry, loose, no arganicsiodorweathering L oa7
.—4 - 296
-5 L 25
[ g facios i 204
- ‘,aﬂ oW Fine lo Coarse Sandy Silty Fine to Coarse GRAVEL, I
F s & oy -GM light broam Lo dark brown, dry, loose, no anganicaiodar, -
r EI 2 some redaximarphic [redox) fealures, cobble. B
-7 By " - 23
L = [
L L Ty L
L EI & B
[ 8 gﬂﬂﬁ L ooz
o G backfll [
L 'l'P [ {puick B
! E @ grout) -
a s L zat
3 Fine lo Coarse SAND with Fine Gravels, olive grey, |
B maisl, laoss, no anganicalodar’weathaning. B
[ . . L 200
L Clean Fine 1o Medium SAND, olive grey, dry, looss, no -
i organicaiodariweathering. B
" Grading from fine lo medivm dean sand than back 1o [ RO
B fine sand. B
L 12 facee L 2s6
- Qd&.t oW Fine io Medium Sandy Fine lo Coarse GRAVEL, light 3
N L By grey Io reddish lan, dry, loase, no organics/odor, some B
i h‘:‘;é weathering (redox). B
13 ' 0y § L 27
L = R
L b L
B E o L
[ 14 q*‘ﬁ 266
L =5 5
5 Lo Ty L
3 ﬂ“n o |
o B [ e
Disclaimer This bore log is indended for environmental nol gealechnical purposes. Page 1of 18

produced by ESkog. ESdat.net an 19 Apr 2023
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GROUNDWATER LOG BHO1 GW
YON

R IR ERTA L DRI
g e €
H g = Material Description Wiell Diagram g
g |£|8|E
L :
o | # d
- 16 - 284
SRGW 25M - L
r Fine 1o Coarse Gravelly Fine io Coarsa SAND with [
B Cabbles, olive grey Io tan, dry 1o maisl, looss, no B
- I r, some weathering {redox), moist G 18-t |- 183
- wel @ 18.9-L -
- L 262
- - 281
- SILT with Fine Sands, tan lo yellowish orangs, wel, -—23[:
B medium siiff, Podkel Penetrometer (PP)=0.5-lon/sgll, no B
[ organicsiodariwealbaring. B
- Silly Fine SAND lo Sandy SILT, tan 1o yellowish arange, [ g
[ wat, medium silf (FP=0.75-ondsqit), no N
- organiceiadariwealbaring, sil conbant variahle -
N throughout kayer. B
5 e 27R
= L 277
L backfl B
= (gquiick 276
L grout} B
- - 275
- L 274
"_ Lean CLAY, tan, dry o moist, medium sl "_ 973
L [PP=0.8-lonisqft), no organiceiadarfweathearing. L
- . . - - 272
- Fine SAND wilh clasts of claysilt {2-4" chucks), tan 1o S
i olive grey, dry, loass, no arganicaiodoriweathesing. B
- -am
30 | L 270
B :.‘ =P Silty Fine SAND, tan to iight brown, wed, loose, no -
N _“}. -SM organicsiodarfwealbering, B
a1 ] Perched groundwates from 30,5 io 32.6-feet. [ o6
G L
- a2 FHE - 26
L 8 i L
s B -
b L
Disclaimer This bore log is intended for environmental nol gealschnical purposes. Page 2of 18
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GROUNDWATER LOG BHO1 GW

- —_
=
‘E = Material Description Well Diagram g
& § 5
= 25T
- Silty Fine SAND with Fine to Coarse Gravel, 1an o lighl -
: brown, dry, dense very compaclicemented, no :
s organicsiodarfweathering. |
34 - 266
= 35 |- 265
- Silty Fine SAND with Fine to Coarse Gravel, tan fo lighl -
B brown, dry, loose, no organics/odorfweathesing. B
- 36 L 264
=37 K |- 263
~ 38 - 262
30 261
[ Silty Fine SAND with Fine o Coarse Gravel, tan io ight C
= 40 brown, dry, medium dense, no = 250
r organicsiodarfweathering. [
L 21 [ 250
- Fine SAND with Trace Silts, tan 1o light grey, dry, loose, I
i no arganicsodoriwsathering. B
[ backfill [
— 42 |- 258
L 43 L 257
i %gt GW Fine lo Coarse Sandy Fine o Coarse GRAVEL, (gravel i
r y & oy BW clasts are sub-rounded)) tan o lighl grey, dry, loose, no [
L 24 E a?: organicsiodarfweathering. | 256
L s s
L EA R
L =Y s
L | R
=45 |1y |- 255
L =D B
L EE R B
- - |
L = B
46 |§9 [ 254
L. ] . . L
[ = @ 46-Nt some moishure and redox wealbering. [
L y T 0y |
3 & o |
- 47 |0 - 253
! o’ 5
L =0 B
I s oy B
'_43 pg‘ GW Fine io Coarse Sandy Fine o Coarse GRAVEL, (gravel [ 53
N y o Gy AW clasts are sub-angular possibly broken from sonic N
L aﬁﬂ o driling], lighl grey ba whilish, dry, kely cemented before d
[ . sonic driling. no crganics'odoniweathering. [
“a
e | 2o 251
. E‘lﬂé _
L ?'Dan t i
:-SD L o © :- 250
o
L B 5 =
A [
Disclaimer This bore log is intended for envirenmental nol gealeschnical purpases. Page 3 of 18
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GROUNDWATER LOG BHO1 GW

g e €
] § = Material Description Wiell Diagram g
i |£|38|E
L :
o | # E &
5T Sy
Dry | Fine Gravely, Silty, Fine SAND, (gravel clasts ams L
M | sub-rounded) tan to ight grey, dry to moisl, looss 1o B
[ 5o medium dense, no arganicsiodonweathenng. Silts [ oup
L conlent increasas lo 25%-30% than decrease again o L
- less than 5%. -
53 L 247
54 - 246
Dry | Fine Gravely Fine SAND with sits, igravel dasts are L
- 55 sub-rounded) tan io ight grey, dry, dense, no - 245
[ organicsiadariwealbering. [
Dry 56 Fine Gravely Fine SAND wilh sits, (gravel dasts ars -_ T4
B sub-rounded) tan to ight grey, dry, loase, mo -
r organicsfodarfweathering. B
57 243
SRGW 5562 58 242
5o L 341
s backfl |
ory L ap Fine Gravely Fine SAND wilh sits, (gravel clasts are (quick .
Bl - sub-roundedsub-angular] tan lo ight grey, dry, looss, grout) 3
B no organics'odoriweathering. B
= 81 - 250
&2 [ 28
- 53 - 237
[ 64 [ 236
a5 [ 235
- 56 L 250
L Cobible @ 81 L
- 67 - 133
B8 |- 252
Dry | Fine Gravely Fine SAND with sits, igravel dasts are -
B sub-roundedisub-angular) tan o ight grey, dry, dense, B
[ i no crganicsodorwesathering. [
Disclaimer This bore log is intended for environmental nol geolechnical purposes. Page 4 of 18
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GROUNDWATER LOG BH01 GW
YON

R IORRERTE L RO
- - i" -
'E E = Material Description Well Diagram
3 §12|%
U] ;
o | #
T =5
L 70 [ 230
¥ s -
71 L 220
Dry [ Fine Gravely Fine 1o Coarse SAND, (gravel dasls are [
L 72 sub-rounded) tan to ight grey, dry, loase, mo | 228
o organicsfodarfweathering. 8
:-?3 [ 2T
[ 74 L 226
75 - 125
-?B L. 24
77 [ 223
[ backfl |
L I:ﬂ.lld. L
:-?!- grout) u 2F
L 78 [ 221
F (@ T8.5 bo B0.5 (Star of new day and top of sample -
[ corlained siufl. Collapse from previous night may have [
| a0 disrupled the sequence. Dificulty with drilling due 1o [ 220
®i0 ] densily. -
Dry | ‘,gt GW Coarse Sandy Fine lo Coarse GRAVEL with Silts, [
=81 L o Y ISP [gravel clasts are sub-roundedisib-angular) whilish o - 218
r E Dﬂ?: light grey, dry, cemenled, no organicsiadarfwealbering. [
L o B
L =a ) [
82 p= 0] Cobbles al 82 51 218
o :
o i
- 83 L;nﬁ-:- Ircreasing fines with depth. - 217
L ad L
S -
L = a 'E R
- 84 'E = L 216
5 M| |
o gcs Grades inlo: -
a5 p e B ) o 215
8 noaz W Fine o Coarse Gravelly Silly Fine to Coarse SAMND, |
B 05 | -5M [gravel clasts are sub-roundedisub-angular) whilish o B
i @ a5 ] ight grey, dry, cemenlsd, no organicsiadariwealbering. B
L L= B
= 86 g -0 o =214
Mor [
Disclaimer This bore log is intended far enviranmental nal gealechnical purposes. Page 5 of 18
produced by ESlog.ESdal.nel on 19 Apr 2023

136



GROUNDWATER LOG BHO1 GW

YON'

ERVIBCRMENTAL SROUP
] - .
E|E g =
] g = Material Description Wiell Diagram g
i ||| E £, 2
3 |5|S|e|k|5 ]| ¢
o | # =] g
— AT i Fine I Coansa Gravelly Silly Fine ta Coarse SAND, =213
- W [gravel clasts are sub-rounded/sub-angular), whitish 1o B
[ -5M ight grey, maist, loase, na onganics/odorweathering. [
BB fme—s - =212
M du‘“‘t GW Fine o Coarse Sandy Sity Fine to Coarse GRAVEL, I
B b & ©y -GM [gravel clasts are sub-roundedisib-angular) whilish o B
[ ﬁlﬁuﬂi Eght grey, dry, cemenlad, no organicaiadariwealbearing. [
L 8o | L 211
L * - 1: B
L =1 B
B LY 5
F ) Q-;E . i I . -
— 90 = o Ratbe: Difficulty drilling in this inberval, sub-angular is 210
&1 - ;qu.t Busly due io breaking through hard layers. F
3 () -
L o Bag blew out and lost Sample 90-100-feel. Spil pile B
= 91 Dp' i locks similar lo sample above. - 200
[ p=o [
L EA B
S [ [
-9z |9 e - 208
L o0 L
L kel [
L rqn'q‘:; Some of the core was dropped dawn the borehole and L
i re-drilled, size and sirat cl B
L a3 "E.{:-"t size and siratigraphy suspe L 207
r b= & i
o '
[ O B
=94 ;2 Prp— - - - 206
- AEGN Silty Fine o Medium SAND w Fine Gravels, (gravel -
i N clasts are sub-rounded) whilish 1o kght grey, dry, loose, B
L no organicsiodoniweathering. B
a5 | Losl sample | 205
N Backfil [
:-'QB [ 204
a7 L 203
- 98 - 202
M " Silty Fine to Coarse SAND w Fine Gravels, (gravel - an
i clasts are sub-rounded), tan o light grey, moist, dense B
: almost cement for =05 than loosans, no :
ool organicefadarfweatharing. | o0
w2 - 5
M = Fine i Coarse Sandy Fine GRAVEL with Silts, (gravel B
- bt O -GM clasts are sub-rounded), Lan lo olive grey, moisl, loose I
- 101 E-P o 1o medium denss, no arganicsiodorweathering L 100
- 9 -
RS :
- P ..pﬁn i
T [ E: L 106
TR Fine SAND with Sils and Fine Gravels, (gravel dasts a7
B are sub-rounded), tan i olive grey, moist, medium B
3 denss, no anganicaiodor, same irg (redax). i
I I~ 106
Disclaimer This bore log is intended far enviranmental nal gealechnical purposes. Page 6 of 18
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GROUNDWATER LOG BHO1 GW

R IRGREERTA L TR

YON

- —_
[
‘E Material Description Well Diagram g
a s
Fine lo Coarse Gravelly Fine lo Coarse SAND with L 105
Caobbles, (gravel clasts are sub-rounded o -
sub-angular), tan ba light grey, maisl, medium [
densaffractured clasts, no organicsiodor, some L
weaathering (redox). = 194
L 123
“Bilty Fine to Coarse Gravelly Fine 1o Coarse SAND, [
[grawel clasts are sub-rounded), an io ight grey, most i
o damg, medium dense, no organicsiodor, wealhered __ o2
[redox). |
On Z297033 he deplh 1o waber was measured al B
108351, hawever (his was inferpreled as nol the [~ 191
regional groundwaber lable and mone likely refleclts a L
small penched saluraled zone. B
Silty Fine ta Medium SAND with Fine Gravels, (gravel [ 100
clasts are sub-rounded), tan to alive grey, damp o wel, 3
medium dense, no organicsiodor, some weathering B
(redox). i
|- 188
L 188
- 187
- 186
|- 185
- Silty Fine Gravelly Fine 1o Coarse SAMND, (gravel clasts 3
i are sub-ounded), tan 1o Eight grey, moist, loose, no -
N organcaiodariweathering. N
#iBe 5 Gravelly Fine 1o Coarse SAND with Sils and Cobbles, : b
B [grawel clasts are sub-rounded), dark grey Lo ofive grey, B
[ damg, medium dense, no oganicsiodonweathering. [
- - 183
- Grading o coarss sand than back to medium sand. -
'— [ 182
" [Gravely Medium SAND wilh Sills, {gravel dasls are C
F sub-roundsd),dark grey o olive grey, damp, medium B
B denss no arganics/odorfwaathenng __ 181
- Silty Fine lo Coarse SAND with Fine Gravels, [gravel I
B clasts are sub-rounded), dark grey o dlive grey, damp, B
[ loose, no organicelodar, some weathering (redox) [
L Embeadided clasts of medium clean sand. L 180
L L 170
- = 178
SP-EM | Medum SAND with Sils, (gravel clasts are -
sub-rounded), olive grey, maist to damp, leose, no A
Disclaimer Ths bore log is inftended far envirsnmental nol gealschnical purpases. Page 7 of 18
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" -
=
‘E € Material Description Wiell Diagram é
@ § ﬁ B
3 g g
- ¥ L -
— 123 |- 177
N [ -
L 12‘?' L 176
[ SW-BM | Silty Fine lo Coarse Gravelly Fine o Coarse SAND, [
. (gravel clasts are sub-rounded), olive grey, moist o 175
3 damp, loosa, no arganicsiodorfweatheing L
- 174
- =173
- [ 172
- =171
o L 170
- . JJC=an Medium SAND lerse, alive grey, moist io damp, -
N loose, no organics/adarfwealbearing. [ 180
s SW-BM | Silty Fine to Coarse Gravelly Fire o Coarse SAND, -
- GW-GM| [gravel clasts are sub-rounded), olive grey, moist o -
[ damyp, Iooss, no arganicsiodor, with some wealbering [
- (redox ) in the: lower parlion of the uril b= 1ER
= - 167
- - 166
E L 165
L Fine Grasely Medium SAMD, (gravel dasis ans L
" sub-rounded), ofive grey, damp, loose, no "
N onganicafadariwealtbering. B
- - 164
- Groundwaler was measure i 135.08 on the 47325, i
[ afer the well had stabilized aver the weekend. [
- - 163
i : : : [ 162
- =& o GW-GM | Fine lo Coarse Sandy Fine io Coarss GRAVEL with 3
- L & By Sills, {gravel dasls are sub-rounded) alive grey, moist -
[ - ﬂ"; 1o wet (i@ 1410, loose, no organicalodarweathering. [
=1 = 161
g AR :
L =Y L
L E| ] B
e Fraciured cobile. L 160
L =0 L
L B 0y B
aal ol
Disclaimer This bore log is interded for environmental nol gealechnical purposes. Page & of 18
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- - —_
E|l e g =
- 5 = Material Description Wiell Diagram g
5 r é t w B
N EEHIHER
o | # El d
- ] -
- 141550 - 158
[ Some wealhering (redox). B
! . . L 158
- Fine o Coarse Gravelly Medium SAND with Sils, -
- (gravel clasts are sub-rounded), oive grey, damp-wetl, -
[ loase, no ofganicsiodar, some weathering (redox). [
- - 157
N Silly Fine ba Coarse Gravelly Mediuvm bo Coarse SAND, "
N [gravel clasts are sub-rounded), oive grey, damp-wet, L 158
o loose, no organicsiodar, some weathering {redox). -
N Gravel and moisture increasing around 1460, B
o L 155
[ [ 154
- = 153
o [ 152
- : : [ 454
L Medium o Coarse Sandy Fine lo Coarse GRAVEL with -
- Sills, {gravel dasts are sub-rounded), slive grey 1o backfil - L
M reddish and light grey, damg o wel, loose, na B
L E f, some weathering {redos) == 150
[ Grading Coarser 21
[ Coarse Sandy Fine lo Coanse GRAVEL with Sills, [
N [gravel clasts are sub-rounded), olive grey 1o lan, wel, B
= loose, no organicsiodar, some weathened [redox). - 148
- 147
- Medium SAND with Fine Grawvels (Clean), [gravel clasts I
i are sub-rounded), lighl grey, wel, loose, no B
[ organicaiadariwealbaring. B
= - 146
L Fine SAND (Clean), tan-olive grey, damg, loose, no +
~ organicsiodariwealbering. B
SRGW 5563 n 145
'_ Layer of medium dense, damg bo wel. -_ 144
- = 143
- L 14z
Disclaimer This bore log is infended for environmental nol gealechnical purposes. Page B of 18
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YON

R IO RERTAL SRR
5 Ele =
£ é = Material Description Wiell Diagram g
8 = % o 3
IR E g
o | # El i
= 1 - 141
= 164 - 140
[ {Comse Gravelly Medium o Coarse SAND with Sits, [
3 SWSM (gravel clasts are sub-rounded), light grey- olive grey, 3
— 161 wet, loose, no organicslodar, some weathering. - 130
- 163 - 138
164 L 137
[ s ] Grades o o 136
SRGW S5#d L GW-GM | Medium I Coarse Sandy Fine ta Coarse GRAVEL with -
B Sills, {gravel dasis are sub-rounded), light grey- alive B
[ grey, damp o wel, lose, no crganicslodar, some B
- 165 waathering (redox). - 135
168 - 1534
- SP-5M | Silty Coarse Gravelly Fine SAMD, (gravels are I
B sub-rounded), dark grey. olive grey, damp, medium B
N denss, no afganicsiodorweathering. (strongly gleyed B
- 1674 layer] L 133
[ - backfll B
L i GW-GM | Medum i Coanse Sandy Fine o Coanse GRAVEL with {iuiic -
o ) Sills, {gravels are sub-rounded), light grey- dark grey, grout) [ 550
0 "‘-"Duz damg-wel, laose, no organicsiadar, some weathering B
L e 0 [redox). L
- & a 1: n
- T 0y 5
= 169 opC ©f - 131
[ nvg"ii [
L 2a (] .
L T L
= 1702 2 - 130
- :g i -
L f= C
2%l -
- Clean Medium SAND, (gravels are sub-rounded), olive - 120
B grey, damp, loose, no organicsiodon’ weathesing. -
L - 128
- L 127
- Clean Fine SAND, (gravels are sub-rounded), olive -
- grey, damp, medium dernse, no B
[ organiceiodariwealbering. B
= - 126
8 _ _ L 125
- Coarse GRAVEL with Coanse Sands and Trace Sills, -
B [gravels are sub-rounded), light grey, damp, lboss, no B
[ organicsiodarfwealbaring. [
— |- 124
Disclaimar This bore log is intended for environmental nol gealschnical purposes. Page 10 of 18
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- - -
g E [~ g (]
B g g g Material Description Well Diagram 5
8 — % g Ll
IHHHIHHE :
o |# 8 > [+
- dl o t o
= . - 1
SRGW 5585 RN - 123
E [ 122
DWW GW-GM | Fine 1o Coarse Sandy Fine to Coarse GRAVEL with K
E sSwW Silts, (gravels are sub-rounded), light grey- olive grey, - 121
3 damp, locse, no organicsiodor, some weathesing 3
; (red) :
#25 5 - 120
E [ 110
£ L 118
E @182.5 damp 1o wet [
[ Grading into -
- - 117
E SWIGW | Fine lo Coarse Gravelly Fine lo Coarse SAND with trace B
L Silts, (gravels are sub.rounded), light grey- olive grey, 118
g wet, loose, no crganicsiodor/weathering. 3
E L 115
K backSll i
L (quick 5
L grout) L
- - 114
» @186.5 weathering (redox) K
- L 113
[ - 112
.- 111
- -1
#26 5 E 10
B [ 100
- - 108
- -
L - 107
E 5
= - 106
Disclaimer This bore log is i ded for | not geolechnical purposes. Page 11of 18
produced by ESlog.ESdat.net on 19 Apr 2023

142



GROUNDWATER LOG BHO1 GW

YON

ERVIBCRMENTAL GIGUT
- - .
=
'E e | § g Material Description Well £
3 i § w
EHE 5| & s
o [# [ = =] [T
L 125 L 105
— 1ol backfill |- 104
N {uick -
o SW-5M | Fine lo Coarse Gravelly Fine lo Coarse SAND with race graut} l
B . Sills, {gravel dasts are sub-rounded), ght grey- alive B
- 157 grey, wel, ibose, no oganicsiodorseathering. - 103
‘_1“, Decreasing fines wilh depth. 3 Fat -—'II:IZ
SRGW S586 - ! : 5
- =W Fine lo Coarse Grawvelly Medium 1o Coarse SAND with B
L ool lrace Sills, (gravel clasls aresub-rounded), olive grey, L 101
o wel, loose, no erganicsiodar/wealhering. -
200 L 100
[ 201 [ o0
i @301 weathering (redox) B
L 203 L o
[ WVarying medium 1o coarse sand quanlities. Generally [
- coarss sand with a lense of medium sand betwesn -
- 20 03t and 204401 o7
209 o5
- @ 205 saluraled 3
20" e
L 207 L o3
- 4 __ [ 00
L A .E (=1} Silty Fine to Coarse Sandy Fine to Coarse GRAVEL, L
B .1 T ML [gravel clasts are sub-rounded), olive grey, wel, medium B
[ E P densaimedium stiff {PP=0.5), no arganicsiodor, some [
- 209 V)05 9 weathering {redox). Lo
L ey L
- b tE 3
o i
- 210 o ':t - %0
L e et L
| N B
- 211) =7 1] ]
L =19 -
L b e B
- [5IPF i
5 s |
.—21 . Qt -— Ba
Pl :
Disclaimer This bore log is intended for environmental nol gealschnical purposes. Page 12 of 18
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R IEOREERTAL GROUF
g il €
- 5 Material Description Wiell Diagram g
5 b é oW B
i 8|53 :
a | # =] d
-213 L BT
Wk SW-EM | Fine Io Coarse Gravelly Fine 1o Coarse SAND with Sits, [
- 214 IGW-GM| [(gravel clasis are sub-rounded), greenish grey- olive - B&
N grey, wel, loose, no organicsiodor, some weathesing B
[ (redo). [
= B5
L 214 L a4
27 s
R - L 5o
=21 - 81
[ -
WDy P Clean Fine Gravelly Madium SAND, [gravel clasts are X
- sub-rounded), ight grey, wel 1o damp, loose, no -
- erganicaladarfiwealbering. -
= 78
L L 7
L L 7
- L 75
WDy SWIGW | Clean Fine o Coarse Gravelly Fine lo Coanse SAND, -
i [gravel clasts are sub-rounded), greenish grey- olive B
o grey, wel ba damp, loose, no organics/odar/wealbaring. o 74
o [ 73
3 Beds af higher sand conlent are inler-badded within the 3
| — |
L L 72
SREW 3387 - @728 (bed ~0.5-R thick) -
L L 71
[ @20 3 (bad=0.4-M hick) B
- - 70
#20 L 8
Disclaimer This bore log is infended for environmental nol gealechnical purposes. Page 13 of 18
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ERVIBCRMENTAL GIOUR
- L— —_
El e z =
i % £ Material Description Well Diagram g
a r— g E w ]
3 |8|5(s|B|s) 8
o | & = é
=231 - 69
[ Gravel conlent decreasss and grades inlo a Fine io [
o Coarse Sand. |
3 W Clean Fina o Coarse SAND, gresnish grey. olive grey, 3
- wel o damp, loase, no organicsiodortweathering. -
- - &7
L L 6
- - 65
- - it
= il
= L 62
- P Fine SAND with irace Silts, greenish grey (gleyed), wel [ &1
SRGW 3588 - medium denss, no organicsiodorfweatheing -
- collapsed |
- 60
= L 50
[ Grading 1o [
[ Silty Fine SAND, greenish grey jgleyed), wet, medium [
- SP.5M | dense, no organicsiodor, some weathering (redax). - 58
- e 57
L L 55
3 sP Clean Fine Gravelly Fine 1o Medum SAND, (grawvel 3
- clasts are sub-rounded), tan-light brown, damp-wel, -
[ lase, no ofganicaladar, with weathesing (redax). B
- - 54
r Clean Fine o Coarse Gravelly Fine to Medium SAND, [
L SPICW [gravel clasts are sub-rounded(, lighl grey 1o gresnish B
- grey, dampewel, loose, no onganicsiodar, with I
o waathering {redox) e
- P Cle=an Fine Gravelly Fine 1o Medum SAND, (grawel I
B clasts are sub-rounded), tan-light brown, damp, |loose, B
[ no arganicsiodor, with weathering (redox). [ o
Disclaimar This bore log is intended for environmeantal nol gealschnical purposes. Page 14 of 18

produced by ESkg. ESdatnel an 10 Apr 2023

133

145



GROUNDWATER LOG BHO1 GW

CANYON

CNVIROAMENTAL G30UP

» - -
g E [ g (A
B g =3 Material Description §
IHEHHHE
o | # El e
D[ Clean Fine Gravelly Fine to Medium SAND, gravel i
L 24 clasts are sub-rounded, light grey-greenish grey, damp, - 51
- loose, no organics, with sulfuric odor and thering -
g (redox). L
= - 50
31 3 3
B Grading to K
L SWIGW L
= Clean Fine o Coarse Gravelly Fine to Coarse SAND, . 49
: gravel clasts are sub.rounded, clive grey-gresnish grey, K
Je damp, loose, no organics, with sulfuric odor and N
- weathering (redox). L
= - 48
[ 5 L a7
- 2 - 46
= 2 mSM Grading to [ 45
- Fine Coarse Gravelly Fine lo Madium SAND with Silts, L
K sub-rounded, ight grey.greenish grey, damp, loose, no B
- ceganics, with sulfuric odor and weathering (redax). L 4
[ 257 L 43
- o
o o
-.2 - 42
E 41
E Grades 1o [
B - - 40
#32 - sP Clean Fine SAND with Fine Gravels, gravel clasts are 3
[t sub-ounded, ight grey-greenish grey, damp, loose, no E
i crganicsiodariweathering [&
SR e sP Clean Fine SAND, light grey.dark grey, damp, riigd
& losadow/medium dense, no crganics, with sulluric odor -
£ and weathering (redox). B
- 2621 - 38
- 263 - 37
[ 264 - 36
[ 264 35
_-26% @ 265 crganic debris found ::“
Disclaimer This bore log is indended for envi | not g hnical purposes. Page 150f 18
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GROUNDWATER LOG BHO1 GW

ERAIRCRIERTA L GRTAF

- " 3
‘E‘ e | § g Material Descri Wil 5
2 E £ scription Diagram é
3 5 i .
L 5| ¢ :
o[£ = 2 o
- |Irreasing fines with depth. -
- 267 - 33
= - 32
L L 31
SRGW 3589 - s
B - — - 30
- Fine SAND with Sills, light grey-dark grey, wel, loose-law I
B medum dense, no arganics, with sulfuric odor and B
r weathering {redox). [
- - 29
[ Increasing fines with depth. [
- - 28
=~ - 27
- - 26
B 275 organic debris found B -
L L 24
- E2TT organic debris found -
- Silty Fine SAND, lighl grey-dark grey, wetl-damp, -
N laoss-low medium dense, no organics, with sulluric odor N
b and weathering (redax) b o3
- E@2TR organic debris found -
L L 22
: Clean Medium SAND, gravel clasts are sub-rounded, :
- dark grey, damp, loose, no organicsfweathering, sulfuric L 29
- odor. I
= - 20
- - 19
- - 15
-2 - 17
-2 = 16
Disclaimer This bore log is intended for environmental nol gealeschnical purposes. Page 16.of 18
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ER IRORMERTA L SRR

g Ele g
£ 5 Material Description Wiiell Diagram g
N . :
E o | &# > &
2855 - - u 15
- / CL Silty Clay, lighl grey, damp, very stilf 1o hard (PP=+5.0(, I
- organics, weathering {redox), and sulfuric odor. -
L 2 % - 14
- 23?/ L 43
5 % @286 Organic debris 12
- 28 L L]
L / L 10
:mé s
[ m% - B
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1

Introduction

The Washington State Joint Legislative Task Force on Water Supply identified
information on groundwater (GW) resources as a major gap limiting management of
water resources in the Skagit River Basin (Basin). The Washington State University,
Water Research Center (WRC) conducted a synthesis study covering water-resources
availability and use in the Basin and developed specific knowledge gaps associated with
various disciplines, including GW (Yoder et al. 2021). As an outcome of the synthesis
study recommendations, the WRC authorized Western Washington University and HDR
Engineering, Inc., (HDR) to conduct a three-part study seeking to gain understanding of
GW resources with a focus on the lower Skagit River Valley, between Sedro-Woolley
and Cape Horn, in Skagit County (Figure 1). This study area was selected because of its
significant GW resources and future development pressure.

Only a few GW studies have been undertaken in Skagit County upstream of Sedro-
Woolley. Glacial outwash terraces suspected to contain abundant GW (aquifers) are
common in the Skagit River Valley between Sedro-Woolley and Cape Horn, but the
largest accumulations of sand and gravel, and therefore potential aquifers, are located
on the north side of the valley (Riedel 2017). A study by the United States Geological
Survey (USGS) (Hidaka 1973) identified Day and Alder Creeks as having significant GW
input from large glacial outwash terrace aquifers during low-flow periods in late summer.
It is suspected that other tributary streams are also fed by these aquifers, including
Muddy, Red Cabin, Jones, and Grandy Creeks, but data characterizing these
interactions and their hydraulic dynamics are limited.

The first part of the study is to characterize aquifers in the upland glacial outwash
deposits in the study area by evaluating well records and constructing hydrogeologic
cross-sections and a three-dimensional framework (Tasks 200 and 500). The second
part of the study is to quantify baseflow by comparing existing streamflow gage records
(Task 300). The third part of the study is to evaluate surface water (SW) and GW
interaction in a subset of the aquifer characterization study area. This report pertains to
this third part of the study, the evaluation of SW and GW interaction.
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1.1

Study Goals and Objectives

The goal of this study is to evaluate GW-SW interactions on select Skagit River tributary
streams within the focus area between Sedro-Woolley and Cape Horn, in conjunction
with the local aquifer characterization. These GW-SW interactions were evaluated by
measuring the hydraulic gradient between paired GW (instream piezometer with level
logger) and SW (stream gage with level logger) elevations over the course of at least one
month during the low flow season (i.e., late summer and early fall) at select tributary
locations. The GW-SW interactions along these select Skagit River tributary streams
were also evaluated with seepage run (synoptic stream discharge) surveys. These
results will be compared to previous findings within the Lower Skagit River basin. The
objectives of this study are to develop the following information:

e Infer reaches gaining flow, reaches losing flow, and overall SW flow balance in
tributary streams with synoptic seepage run surveys

e Develop continuous hydraulic gradient estimates at up to six locations in tributary
streams that are also undergoing seepage run evaluation
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2.1

Methods

This section describes the study design, seepage run, and hydraulic gradient materials
and methods, and the evaluation.

Study Design

The study paired hydraulic gradient measurements with seepage run surveys along two
tributary streams to the Skagit River. Streams selected for the study were limited to those
discharging to the north bank of the Skagit River between Sedro-Woolley and Concrete,
where a glacial terrace occurs. Grandy and Muddy Creeks were selected because they
were relevant for fisheries and where hydrogeologic cross-sections were being
constructed (part 1 of the overall study, as described in Section 1). Cross-sections were
developed in the eastern portion of the study area in the Grandy Creek, Alder Creek, and
Muddy Creek watersheds. The eastern portion of the glacial terrace is where the glacial
outwash deposits (Qgo) are the most prevalent and thick. Furthermore, the streams must
have access that accommodates meaningful seepage run measurements. Grandy and
Muddy Creeks met this criterion, but Alder Creek was ruled out because of poor access
for conducting a seepage run. Therefore, Grandy and Muddy Creeks were selected for
hydraulic gradient and seepage run measurements.

Seepage run surveys occurred during periods of relatively low flow during fall 2023. The
seepage run study extent was from the upstream extent of the glacial outwash deposits
(Qgo) to the confluence with the Skagit River. Mainstem (Grandy and Muddy Creeks)
and associated tributary flows were measured. These measurements allowed for
development of a water balance so that GW gain or loss could be inferred.

Hydraulic gradient measurements were made between seepage run locations, to confim
the inferred streamflow gain or loss from the seepage run surveys. The hydraulic
gradient measurements quantified local GW head over time. Hydraulic gradient
measurements were made with paired instream piezometer and stream gage monitoring
stations to collect time series of shallow GW levels and paired stream SW elevations.
Results were analyzed for a continuous record of hydraulic gradients between shallow
GW and SW to assess durations of losing or gaining conditions at each established
monitoring site. Hydraulic gradient was measured with installation of instream
piezometers and paired stream gage, in proximity to each other. Reconnaissance
surveys in September 2022 and January 2023 identified hydraulic gradient monitoring
locations for Grandy Creek (Figure 2) and Muddy Creek (Figure 3). Three locations per
stream were selected and located between proposed seepage run flow measurement
locations.
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2.2

2.21

Seepage Run

Synoptic seepage run (or stream discharge) surveys at Grandy and Muddy Creeks
occurred from the upstream extent of the glacial outwash (Qgo) formation to near the
confluence with the Skagit River. Flows were measured during one synoptic survey at
Grandy Creek and one at Muddy Creek to infer GW gain or loss between monitoring
locations. Flows at tributaries were measured and accounted for in the analysis of reach
gains/losses. GW gain was inferred when stream discharge is higher at downstream
transects than discharge at the upstream transects. GW loss was inferred when stream
discharge is higher at upstream transects than discharge at the downstream transects.
Neutral water balance was inferred with the difference.

Seepage run survey data can provide insight about whether a stream is a gaining stream
(GW is supplying the stream) or a losing stream (water from the stream is seeping into
the ground). On September 12 and September 15, 2023, two teams conducted seepage
run tests at Muddy and Grandy Creeks: one team downstream and another team
upstream. Both mechanical (propeller) and electronic streamflow devices were used with
a tested 1.5 percent relative difference between devices. Measurements were recorded
and the locations of the measurements were recorded with a Global Positioning System
(GPS) device. Mid-September was selected as this was the driest month of the year, and
when baseflow conditions were most prevalent. These results will provide some insight
into GW connectivity between the glacial terraces and floodplain.

Seepage Run (Stream Discharge) Locations

The locations on the mainstem of Grandy and Muddy Creeks were spaced apart
systematically and located within the constraints of access. All tributaries defined on a
1:24,000 quad map were measured. Grandy Creek seepage run measurements were
started downstream of the outlet of Grandy Lake and ended near the confluence with the
Skagit River (Figure 2; Table 1). Muddy Creek seepage run measurements were started
at the upper Medford Road crossing and ended near the confluence with the Skagit River
(Figure 3; Table 1). Two teams collected the measured flow concurrently for each
stream, respectively. Grandy Creek flow measurements were collected on September
12, 2023. Muddy Creek flow measurements were collected on September 15, 2023.

Table 1. Seepage run monitoring locations

Grandy 5.30 Mainstem 5.28 48.560867 -121.821056
Grandy 5.33 (tributary) ~Tributary 5.33 48.561076 -121.819035
Grandy 5.20 Mainstem 5.18 48.560264 -121.822489
Grandy 4.90 (tributary) = Tributary 4.90 48.560882 -121.829586
Grandy 4.90 Mainstem 4.85 48.560402 -121.83029

Grandy 4.04 (tributary) ~Tributary 4.40 48.560346 -121.833853
Grandy 4.20 Mainstem 4.23 48.560174 -121.837815
Grandv 3.80 Mainstem 3.79 48.5562 -121.845945
Grandy 3.30 Mainstem 3.25 48.553247 -121.854756
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Grandy 2.90 Mainstem 2.88 48.551552 -121.862967
Grandy 2.90 (tributary) Tributary 2.90 48.551552 -121.862967
Grandy 2.80 Mainstem 2.84 48.550854 -121.863333
Grandy 2.30 Mainstem 2.30 48.54748629 -121.8750747
Grandy 2.22 (tributary) = Tributary 2.22 48.547281 -121.876007
Grandy 1.70 Mainstem 1.66 48.541293 -121.88225
Grandy 1.10 Mainstem 1.10 48.532889 -121.884298
Grandy 0.30 Mainstem 0.30 48.522053 -121.879657
Muddy 3.70 Mainstem 3.67 48.564907 -121.974695
Muddv 3.60 Mainstem 3.61 48.564485 -121.974893
Muddv 3.20 Mainstem 3.20 48.55907921  -121.9772939
Muddv 2.30 Mainstem 2.31 48.546951 -121.982619
Muddv 2.10 Mainstem 2.11 48.545487 -121.985622
Muddv 1.50 Mainstem 1.53 48.54078 -121.996236
Muddv 1.20 Mainstem 1.20 48.538926 -121.997559
Muddy 1.00 Mainstem 0.98 48.533611 -121.998515
Muddy 0.70 Mainstem 0.67 48.529792 -121.998968
Muddy 0.10 Mainstem 0.10 48.52592674  -122.0055841

Methods for Measuring Stream Discharge

Stream discharge was measured at each location using the mid-section method (Ecology
2018a). Each discharge measurement was conducted with two field staff in wadable
locations that have relatively laminar flow, are single-thread channels, are free from
obstructions with no eddies, and have no undercut banks. A cross-section perpendicular
to flow was defined with a measuring tape and secured to each bank with stakes.
Detailed methods are defined in the Study Plan (HDR 2023). Flow was calculated
according to the following equation:

Q= Z(a x v)
where:

Q = total measured discharge
a = area of individual cell
v = mean velocity of individual cell, normal to the cross-section

A water balance spreadsheet was developed that subtracts the flow of each mainstem
station from the next downstream station. Positive differences indicate reaches with
gaining GW conditions. Negative differences indicate reaches with losing GW conditions.
Differences in flow equal to or less than field duplicate measurements were considered
neutral. Tributary flow between mainstem stations was included in the upstream flow
term. This water balance is represented by the following:
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2.3

2.3.1

S = Qd - Qu - SUM(T) + SUM(W)
where:
S = net seepage loss/gain
Qd = downstream flow
Qu = upstream flow
T = tributary inputs

W = known water withdrawals (out-of-stream diversions)

Hydraulic Gradient

Hydraulic gradient measurements were made with instream piezometers and paired
stream stage gaging sites at three locations in Grandy Creek and Muddy Creek,
respectively. The piezometers were driven at least 3 to 5 feet below the streambed mud
line. The piezometers were screened within the bottom 6 inches. This screened depth
below the streambed was assumed to represent the local GW and therefore a positive or
negative hydraulic pressure would result in a greater or lesser water surface elevation in
the piezometer, relative to the adjacent stream water surface elevation. Gaging sites
were selected in a fluvial geomorphic area where it was suspected that hyporheic
influence would be at a minimum, i.e. areas of large drops directly upstream or directly
downstream were avoided, when possible. The piezometers and stream gages had level
loggers installed that measured and recorded pressure, that equates to water depth
above the loggers. Pressure and depth were corrected with local barometers. Hourly
depths from the paired piezometer and stream gage level loggers were used to calculate
their relative water surface elevations. The relative water surface elevations between
piezometer and stream gage depth data were calculated by measuring the water surface
elevation in the piezometer and stream gage relative to a common benchmark while the
level loggers were recording depths. Subsequent depth measurements were then
transformed to relative elevations, based on the same relationship. The GW and tributary
stream level elevation data were continuously monitored for at least 1 month during the
low-flow season. Some sites were also measured in the spring.

Hydraulic Gradient Locations

At Grandy Creek, the most upstream piezometer and staff gage pair (Grandy 1) was
installed at the upstream extent of the seepage run survey, at river mile (RM) 5.3
(Figure 2, Table 2). The second-most upstream piezometer and staff gage pair (Grandy
2) was installed between seepage run sites at RM 3.7. The most downstream piezometer
and staff gage pair (Grandy 3) was installed between seepage run sites at RM 2.5. All
locations will be in reaches surrounded by uplands of glacial outwash (Qgo).

At Muddy Creek, the most upstream piezometer and staff gage pair (Muddy 0) was
installed at RM 2.3, at a seepage run site and at the upstream extent of the Qgo in the
stream valley (Figure 3, Table 2). The next pair (Muddy 1) was installed between
seepage run sites at RM 2.1. The next pair (Muddy 2) was installed between seepage
run sites at RM 1.69. The most downstream pair (Muddy 3) was installed between
seepage run sites at RM 1.46. Muddy 3 was located near the entrance of the Muddy
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Creek Valley and confluence with the Skagit River floodplain. All locations were in
reaches surrounded by uplands of glacial outwash.

Table 2. Approximate piezometer and stream gage locations proposed for hydraulic
gradient measurements

Hydraulic site . . Monitoring period(s)

Grandv 1
Grandyv 2
Grandy 3

Muddv 0
Muddv 1
Muddv 2
Muddy 3

2.3.2

2.3.3

5.30 48.56080221 -121.8212789 3/2023-8/2023
3.74 48.55575696 -121.8463 3/2023-9/2023
2.53 48.54936411 -121.8700853 3/2023-7/2023

8/2024-9/2024
2.30 48.546951 -121.982619 8/2024-9/2024
2.20 48.54637057 -121.9839896 3/2023-8/2023
1.69 48.54249327 -121.9934914 3/2023-7/2023
1.46 48.53997621 -121.9965304 8/2024-9/2024

Hydraulic Gradient Field Methods

Piezometers were installed directly into the streambed, within a few feet of the paired
stream gages, respectively. Each piezometer was installed with 6-inch drive-point
piezometer tip and 1-inch coupled piping. The piezometers were driven into the
streambed by hand with a piezometer drive-head assembly and slide hammer. The
piezometer tip was driven at least 3 to 5 feet into the streambed. Once each piezometer
was installed, pre-launched level loggers were installed (Ecology 2019). Solinst
Levelogger 5 units were installed inside the piping by suspending the unit with braided
metal cable near the piezometer tip and attached to the cap.

Stream gages were installed instream, within a few feet of the instream piezometers. The
gages were installed in a stable pool or cut bank. A T-post or rebar was driven into the
streambed or fixed onto woody debris. A 1-inch-diameter polyvinyl chloride (PVC) pipe
was attached to the T-post or rebar. Solinst Levelogger 5 units were installed inside the
piping by suspending the unit with braided metal cable at the bottom of the pipe and
attached to the cap.

For each pair of piezometers and stream gages, the relative elevations were surveyed,
without tying them to an elevation datum. The vertical difference between the top of the
piezometer casing and the staff gage PVC pipe casing was surveyed with a transit,
relative to a common station elevation (Figure 4). The vertical distances from the top of
the casing to the water level in the piezometer and outside of the piezometer were
measured during survey and while the level logger was recording (Ecology 2018b).

Hydraulic Gradient Calculations

Field measurements defined the vertical distance from the top of the casing to the level
logger for both the piezometer and stream gage, respectively, according to the following
relationship:
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Distance from TOC to level logger = DTW + Di
where:

TOC = top of casing

DTW = depth to water from TOC

Di = depth of water measured above the level logger

Once this relationship was established, the DTW could be calculated with unattended
monitoring of the depth of water over the level logger (Dx) using the following equation:

DTW = distance from TOC to level logger - Dx
where:
Dx = depth of water measured above the level logger hourly while unattended

The relative difference in SW elevation between the piezometer and stream gage (dh)
was calculated by accounting for the relative difference in height between the piezometer
and stream gage top of casing:

dh = (station - TOCp - DTWp) - (station - TOCg - DTWg)
where:

dh = hydraulic head; elevation difference between the stream water level and
monitoring well water level

Station = common benchmark elevation defined by transit during installation
TOCp = top of casing of piezometer

DTWp = depth to water in piezometer

TOCg = top of casing in stream gage

DTWg = depth to water in stream gage

Vertical hydraulic gradients (iv) were derived by dividing the hydraulic head (dh) by the
vertical distance between the streambed elevation and the elevation of the screened
piezometer tip (dl). Converting raw field measurements to hydraulic gradient values
normalizes for differences in screen depth and screen interval length, thereby enabling
direct comparisons to be drawn among paired gage sites. This relationship assumes that
the bed level does not significantly change over the course of the monitoring period. The
following equation was used to calculate vertical hydraulic gradients:

iv=dh/dl
where:
iv = vertical hydraulic gradient

dh = difference in head between the stream water level and monitoring well water
level

dl = distance from the streambed surface to the midpoint of the monitoring well
screen
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Continuous water levels were periodically downloaded from the level loggers installed in
each piezometer and staff gage. During each download, the distances from the surveyed
top of piezometer and gage casings to their respective water levels were measured. The
level loggers were inspected, cleaned, and checked for battery life. Some manufacturing
errors in the firmware and hardware caused some of the data to be corrupted during the
2023 monitoring period. As a result of these issues, some additional monitoring was
done for a month in 2024 at Grandy 3, Muddy 0, and Muddy 3. The results were
compared to the calculated results from the level logger results as a quality control
check.
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3.1

3.2

Results

This section describes the seepage run and hydraulic gradient results for Grandy Creek
and Muddy Creek, respectively.

Quality Control

Discharge field duplicate measurements were within 0.1 cubic foot per second (cfs) of
each other (Appendix A), suggesting that longitudinal seepage run measurements less
than 0.1 cfs difference are unlikely to be actual measurable differences.

Hydraulic gradient estimates were compared between those derived from manual tape-
down measurements (i.e., measurements from top of casing to the static water level) and
those derived from level logger measurements collected at the same time (Appendix A).
These paired measurements generally corresponded well, indicating that the site setup,
level logger measurements, and calculations were functioning as intended.

Grandy Creek

On September 12, 2023, Grandy Creek had a dry stream channel with residual wetted
pools downstream of Grandy Lake to approximately RM 5.2, where flow was first
detected (Table 3; Figure 5; Appendix B). The dry channel conditions were presumably
due to zero flow being allowed to discharge from Grandy Lake at that time. The creek
then gained flow to the entrance of the Grandy Creek Valley at approximately RM 1.7,
except for a 0.5-mile-long losing reach between RM 3.8 and RM 3.3. After exiting the
valley and entering the Skagit River Valley floodplain alluvium, Grandy Creek lost
streamflow and then had a neutral reach, before discharging to the Skagit River.

Table 3. Seepage run data of Grandy Creek in the Skagit River Valley

Reach begin | Reach end Infer_'red — Inf e G o .
RM RM gain/loss gain/loss rate | Gaining or losing
() (RM) (cfs) (cfs per RM)
5.3 5.2 0.0

52 4.9 4.5 13.7 Gaining
4.9 4.2 1.1 1.7 Gaining
4.2 3.8 0.2 0.5 Gaining
3.8 3.3 -2.2 -4.1 Losing
3.3 29 0.9 23 Gaining
29 2.8 -0.1 0.0 Neutral
2.8 2.3 1.1 2.0 Gaining
23 1.7 3.9 6.0 Gaining
1.7 1.1 -3.9 -7.0 Losing
1.1 0.3 0.2 0.0 Neutral
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Figure 5. Geologic map of the Lower Skagit River Valley with seepage run results from
Muddy and Grandy Creeks displayed (geology modified from DNR 2016, 100k Surface
Geology)
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Hydraulic gradient measurements generally corroborated with inferred seepage run
results, with limitations. Grandy 1 (RM 5.3) had a positive hydraulic gradient in the spring
and early summer of 2023, indicating a gaining reach, which matched the seepage run
(Figure 6: Appendix C; Appendix D). However, when the stream went dry in late summer,
the hydraulic gradient could not be calculated. It is possible that some flow was
hyporheic, but that was not measured or it was below our piezometer.

Grandy 2 was located in alosing reach, as indicated by the seepage run results, and had
a negative hydraulic gradient from spring through fall, which matches the seepage
results.

Grandy 3 did not agree with the seepage run results. Grandy 3 was in a gaining reach for
the seepage study, but had negative hydraulic gradient results for the gradient study,
indicating a losing location. The Grandy 3 piezometer was reinstalled three times
because the depth to water measurements indicated very little water occupying the
piezometer, suggesting that water may not be entering the piezometer. Possibly the only
water to get enter the piezometer was during the installation of the pipe. However,
corroborating results with all three installations suggest that this location has a very
negative hydraulic gradient, the screen was clogged, or the location sediments did not
allow for GW communication (i.e., clay).

Water temperature results at all hydraulic gradient locations indicate that water in the
piezometer generally tracked SW but with muted variation, indicating a representation of
more hyporheic conditions (Figure 7). Grandy 2’s temperature did not show the muted
variation, likely indicating that this station was more influenced by SW than GW.
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Figure 6. Groundwater head (dh) and hydraulic gradient (iv) at locations Grandy 1 (top left), Grandy 2 (top right), and Grandy 3 (bottom left and bottom right)
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Figure 7. Water temperature in stream gages (X_X_G) and piezometers (X_X_P) at locations Grandy 1 (top left), Grandy 2 (top right), and Grandy 3 (bottom left and bottom right)
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3.3

Muddy Creek

On September 15, 2023, Muddy Creek was in a seep-like condition at RM 3.7, with flows
barely measurable at 0.1 cfs (Table 4; Appendix B). Flows continued to be in that seep-
like condition until RM 2.3, where flows started to gain. The stream gained flow from GW
forthe next 0.2 mile to approximately RM 2.1. Flows were then neutral to the entrance of
the valley, around RM 1.2. After exiting the valley, Muddy Creek lost flow as it crossed
over the creek’s alluvial fan and the Skagit River Valley alluvium.

Table 4. Seepage run data of Muddy Creek in the Skagit River Valley

- Inferred GW | Inferred GW
Reac(:gh?)egm Re?g:w;md gain/loss gain/loss rate | Gaining or losing
(cfs) (cfs per RM)
3.7

3.61 0.01 0 Neutral
3.61 3.20 -0.05 0 Neutral
3.20 2.31 0.10 0 Neutral
2.31 211 1.20 5.99 Gaining
2.11 1.53 0.00 0 Neutral
1.53 1.20 -0.06 0 Neutral
1.20 0.98 -0.33 -1.52 Losing
0.98 0.67 -0.48 -1.55 Losing
0.67 0.10 -0.46 -0.81 Losing

Hydraulic gradient measurements generally corroborated with inferred seepage run
results, with limitations. Muddy 0 (RM 2.3) was at a transition to recessional outwash and
the beginning of the gaining reach This location had a neutral hydraulic gradient in the
late summer (Figure 8; Appendix C; Appendix D). Muddy 1 (RM 2.2) was in a short
gaining reach, as indicated by the seepage run results, and had a positive hydraulic
gradient from spring through late summer. Muddy 2 (RM 1.7) was in a neutral reach, but
had positive hydraulic gradient results from March through July, indicating a gaining
location. Muddy 3 (RM 1.5) was in a neutral reach, but had slightly negative hydraulic
gradient results in the late summer. Water temperature results at Muddy locations 1, 2,
and 3 indicate that water in the piezometer generally tracked SW but with muted
variation, indicating a representation of more hyporheic conditions (Figure 9). Muddy 0
had cooler and steady water temperature in the piezometer, indicating more
representative GW conditions.

174



This page intentionally left blank

175



7.0 20 7.0 2.0

5.0 1.5 50 15
£ £
= 10 = = 10 »
< 30 = < 30 =
- o - [y
g 05 & g _—— 05 .
g 10 S g 10 B
5 COEOPoRgEaEIeRLeEO00C0000000000 00 o 5 009
% -1.0 = % -10 =
= 05 ™ = 05 ®
S = g =

-3.0 > -3, >
E -1.0 T E 30 10 T
0 )

5.0 15 -5.0 -1.5

7.0 2.0 7.0 2.0

8/6/2024  8/16/2024  8/26/2024  9/5/2024  9/15/2024  9/25/2024 1/24/2023  3/15/2023  5/4/2023  6/23/2023 8/12/2023  10/1/2023

—e—dh (ft) —e—iv —o—dh (ft) —e—iv

7.0 2.0 7.0 2.0

5.0 1.5 5.0 1.5
=) 'ﬂ!"—-_ _
—_ . > 1.0 =
< 30 10 2 c 30 =
= — - -
. S = 5 =
=] 05 @ S 05 @
L 1.0 E T _ 10 2
5 00 © g < STE93 9999959090 IVIIEIEIPSIIVITS 009
% -10 % z 10 %
2 -05 ® 2 05 ®
c - = =

-3.0 > o -3.0 >
o 10 £ 5 10
[

-5.0 15 -2.0 -1.5

7.0 2.0 7.0 2.0

1/24/2023  3/15/2023  5/4/2023  6/23/2023 8/12/2023  10/1/2023 8/6/2024 8/16/2024 8/26/2024 9/5/2024  9/15/2024 9/25/2024

—e—dh (ft) —8—iv —o—dh (ft) —e—iv

Figure 8. Groundwater head (dh) and hydraulic gradient (iv) at locations Muddy 0 (top left), Muddy 1 (top right), Muddy 2 (bottom left) and Muddy 3 (bottom right)
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4

Discussion

The seepage run survey and hydraulic gradient data indicate variable GW-SW
interactions. Grandy Creek is gaining GW mostly from the outwash deposits. The water
table of the surrounding glacial terraces was much higher than the Grandy Creek
streambed elevation in the valley. At various locations within the Grandy Creek study
reach, Darrington Phyllite bedrock was observed in geologic cross-sections (part 1 of this
study) (HDR 2024), particularly around RM 3.8 to RM 4.5. The areas where bedrock was
near the surface could also cause the stream to be a gaining reach via inputs for the
outwash along the banks and slopes of the valley wall. The tributary at RM 4.4
discharged into a bedrock channel. The only area in the confined valley that was not a
gaining stream is between RM 3.3 and RM 3.8. This could possibly be because fine-
grained lacustrine material is exposed on this part of the glacial terrace walls, preventing
water seepage to this part of the stream, or it could be that the riverbed is underlain by
outwash deposits and not bedrock, which would result in a recharging of the GW.
Between RM 3.25 and RM 1.66, the stream was a gaining stream and was also likely
supported by baseflow. The gaining stream is likely a result of the advance outwash
being exposed at or near the surface of the stream and along the valley walls of the
glacial terraces, allowing water to seep into the stream. If bedrock is near the surface
along the reach that would also contribute to gaining reaches from SW from tributaries
and GW seeps from the valley wall. This mechanism was supported by observations of
water actively coming out of the glacial terrace walls on the western edges of Grandy
Creek. Below RM 1.66, where the stream enters the floodplain, the stream is either
neutral or losing water, indicating that the stream was discharging water to the Skagit
River alluvial aquifer. This is likely because the water table is lower than the streambed
elevation in the floodplain. These results in the Skagit River floodplain do not necessarily
corroborate with streamflows previously collected by HDR (2017) that indicated a gaining
reach between approximately RM 1.2 and RM 0.3. The differences could be due to
seasonal fluctuations in Skagit River flows and the local alluvial GW elevation.

Muddy Creek was neutral between RM 3.7 and RM 2.3. As the stream passed through
glacial terraces, the stream could have been gaining or losing water. Little is known
about the character of this reach as neither the seepage run nor the hydraulic gradient
measurements could evaluate this length of river because of inaccessibility. This is also
an area where both advance glacial outwash and glaciolacustrine deposits could be
exposed and providing both seepage to the stream through the outwash, and a lack of
flow in other areas because of the glaciolacustrine deposits limiting water flow. The
geological cross-sections from the 3D Hydrogeologic Framework Study (part 1 of this
study) (HDR 2024) indicate that glacial outwash in the Muddy Creek vicinity is relatively
shallow, which would limit the input and may cause the reach to maintain from initial
inputs. At RMs 2.3 and 2.1, the stream is gaining and likely being supported by baseflow
from the advance outwash. From RMs 2.1 and 1.2, the stream is a neutral stream again,
which could be caused by till providing both baseflow in some areas and infiltration in
other areas that are completely dry and unsaturated. Very few tributaries were observed
along this reach, and this seems to indicate that the glacial outwash that blankets the
surface of the terrace likely was able to infiltrate most of the precipitation into GW. The
thickness of the outwash below the stream may have varied in such a way as to cause
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the stream to be both gaining and losing through this reach, which may have resulted in
the neutral base flow between longitudinal measurement locations. Within the floodplain
and from RMs 1.2 and 0.1, the stream is a losing flow (thus stream water is supplying the
aquifer). These results corroborate with streamflows previously collected by HDR (2017)
that lost 1.31 cfs between approximately RM 2.1 and RM 1.0. Bedrock seems to play
less of a role in Muddy Creek than Grandy Creek, but in the upper portions of the reach
bedrock was observed around RMs 3.67 and 3.61.

Based on these results, it appears that both Grandy and Muddy Creeks are losing
streams within the floodplain during the low-flow period. Grandy Creek is a gaining
stream overall within the glacial terraces, and Muddy Creek is neutral in the glacial
terraces. Muddy Creek has more glacial till, glaciolacustrine deposits, and Chuckanut
Formation exposed near the surface on the stream banks with the outwash, apparently
balancing out water going both into the stream and infiltrating back into the aquifer. It
should also be noted that Muddy Creek was far less accessible in the glacial terraces to
take measurements (in particular between RM 2.31 and RM 3.20), resulting in potential
data gaps; such issues did not exist at Grandy Creek.
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Appendix A. Quality Control Results
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Table A-1. Seepage run discharge measurement field duplicate

Location: Grandy8
Date: 9/11/2023
Field Crew:
Cheyenne Ginther
MB OTT
Velocit
Distance Depth y Flow
(ft) (ft) (ft/s) | (ft3/s)
20.6 0 0.00 0.00
19 0.4 0.00 0.00
18 0.5 -0.01 0.00
16.8 0.4 0.33 0.13
16 0.5 0.22 0.10
15 0.7 0.01 0.01
14 0.8 0.03 0.02
13 0.7 0.40 0.28
12 0.7 0.43 0.30
11 0.8 0.32 0.25
10 0.9 0.11 0.10
9 1 0.05 0.05
8 1.1 0.34 0.38
7 1.3 0.41 0.53
6 1.5 0.48 0.72
5 1.5 0.63 0.95
4 1.4 0.46 0.64
3 1.3 0.55 0.54
2.5 1.2 0.73 0.48
1.9 0 0.00 0.00
Total 5.48
%RPD 1.5

SR
Location: Grandy8
9/11/202
Date:
Field Crew:
Jeff Ninneman
Swoffer
Velocit
Distance Depth y Flow
(ft) (ft) (ft/s) | (ft3/s)
20.6 0 0.00 0.00
19 0.4 0.00 0.00
18 0.5 0.00 0.00
16.8 0.4 0.35 0.14
16 0.4 0.24 0.09
15 0.4 0.00 0.00
14 0.8 0.00 0.00
13 0.7 0.39 0.27
12 0.7 0.48 0.34
11 0.7 0.30 0.21
10 0.8 0.08 0.06
9 0.9 0.00 0.00
8 1.1 0.29 0.32
7 1.3 0.47 0.61
6 1.5 0.50 0.75
5 1.5 0.66 0.99
4 1.4 0.38 0.53
3 1.3 0.63 0.61
2.5 1.2 0.71 0.47
1.9 0 0.00 0.00
Total 5.39
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Table A-2. Hydraulic gradient field checks

Date/ Time Location Measure-Down Level Logger Notes
4/4/23 11:41 Grandy 1 1.03 1.07

8/17/2313:53 | Grandy 1 -0.67 0.99 Stream is dry; residual pool
4/4/23 12:08 Grandy 2 -0.05 -0.05

9/12/2312:00 | Grandy 2 -0.58 -0.14

4/4/23 12:24 Grandy 3 (2023) -1.62 -1.62

7/26/23 10:00 | Grandy 3 (2023) -1.54 -1.53

9/16/24 10:00 | Grandy 3 (2024) -1.13 -1.13

8/16/2415:30 | Muddy O 0.00 -0.01

9/16/2411:00 | Muddy 0 -0.08 -0.08

4/4/23 9:30 Muddy 1 0.51 0.51

4/4/23 13:30 Muddy 2 1.04 1.04

7/26/23 11:00 | Muddy 2 0.41 1.15

9/16/24 12:25 | Muddy 3 -0.13 -0.12
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Appendix B. Photos of Flow Sites
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Figure B-1. Grandy Creek at RM 5.3. No flow. Residual pool at piezometer 1.
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Figure B-2. Dry tributary to Grandy Creek at RM 5.3 (Grandy Trib 1.1)

188



Figure B-3. Grandy Creek at RM 5.2; first measurable flow

8.4
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Figure B-4 Tributary to Grandy Creek at RM 4.9
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Figure B-5. Grandy Creek at RM 4.9
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Figure B-6. Dry tributary to Grandy Creek at RM 4.4
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Figure B-7. Grandy Creek at RM 4.2
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Figure B-8. Grandy Creek at RM 3.8
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Figure B-9. Grandy Creek at RM 3.3
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Figure B-10. Grandy Creek at RM 2.9
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Figure B-11. Grandy Creek at RM 2.8
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Figure B-12. Grandy Creek at RM 2.3
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Figure B-13. Tributary to Grandy Creek at RM 2.2
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Figure B-14. Grandy Creek at RM 1.7
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Figure B-15. Grandy Creek at RM 1.1
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Figure B-16. Grandy Creek at RM 0.3
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Figure B-18. Muddy Creek at RM 3.6
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Figure B-19. Muddy Creek at RM 3
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Figure B-20. Muddy Creek at RM 2.3
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Figure B-21. Muddy Creek at RM 2
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Figure B-22. Muddy Creek at RM 1.5
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Figure B-23. Muddy Creek at RM 1.2
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Figure B-24. Muddy Creek at RM 1.0, downstream of Hamilton Cemetery Road
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Figure B-25. Muddy Creek at RM 0.7, downstream of Highway 20
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Figure B-26. Muddy Creek at RM 0.1
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Appendix C. Hydraulic Gradient Station Setup
Calculations
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Table C-1. Grandy 1 site setup and tape down measurements (2023)

Piezometer Gage
(ft below (ft below Piezometer minus
Feature station) station) Gage Height (ft)
Top of Casing (TOC) -2.88 -4.99 2.11
di (ft) | 4.31 |
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dh (ft) iy
3/13/23 17:00 -1 -3.34 4.45 1.03
3/14/23 14:10 -0.88 -3.40 4.63 1.07
4/4/23 11:41 -0.98 -3.31 4.44 1.03
8/17/23 13:53 -8.31 -3.30 -2.90 -0.67
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOCto LL (ft)
3/14/23 14:10 4.80 0.88 5.68
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
3/14/23 14:10 1.58 3.40 4.98
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Table C-2. Grandy 2 site setup and tape down measurements (2023)

Piezometer Gage
(ft below (ft below Piezometer minus
Feature station) station) Gage Height (ft)
Top of Casing (TOC) -2.43 -4.36 1.93
dl (ft) 3.1
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dh (ft) iy
3/13/23 13:02 -2.80 -0.81 -0.06 -0.02
3/14/23 14:10 -3.12 -1.00 -0.19 -0.06
4/4/23 12:08 -3.32 -1.24 -0.15 -0.05
9/12/23 12:00 -5.7 -1.97 -1.80 -0.58
10/13/23 12:00 -5.77 -1.95 -1.89 -0.61
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOC to LL (ft)
4/4/23 12:08 2.91 3.32 6.23
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOCto LL (ft)
4/4/23 12:08 1.39 1.24 2.63
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Table C-3. Grandy 3 site setup and tape down measurements (2023)

Gage
Piezometer (ft below Piezometer minus
Feature (ft below station) station) Gage Height (ft)
Top of Casing (TOC) -2.81 -4.51 1.70
dh (ft) 3.4
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dl (ft) iy
3/13/23 14:50 -8.16 -1.25 -5.21 -1.53
3/14/23 14:22 -8.56 -1.35 -5.51 -1.62
4/4/23 12:24 -8.69 -1.47 -5.52 -1.62
7/26/23 10:00 -8.75 -1.83 -5.22 -1.54
7/26/23 10:00 1.70 0.50
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOC to LL (ft)
4/4/23 12:24 0.23 8.69 8.92
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
4/4/23 12:24 1.54 1.47 3.01
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Table C-4. Grandy 3 site setup and tape down measurements (2024)

Gage
Piezometer (ft below Piezometer minus
Feature (ft below station) station) Gage Height (ft)
Top of Casing (TOC) -1.95 -2.18 0.23
dh (ft) 3
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dl (ft) iy
8/16/24 11:20 -5.2 -2.59 -2.38 -0.79
9/16/24 10:00 -6.19 -2.58 -3.38 -1.13
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOC to LL (ft)
9/16/24 10:00 0.07 6.19 6.26
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
9/16/24 10:00 0.03 2.58 2.61
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Table C-5. Muddy 0 site setup and tape down measurements (2024)

Gage
Piezometer (ft below Piezometer minus
Feature (ft below station) station) Gage Height (ft)
Top of Casing (TOC) -1.6 -1.87 0.27
dl (ft) 4.25
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dh (ft) iy
8/16/24 15:30 -2.66 -2.41 0.02 0.00
9/16/24 11:00 -2.65 -2.06 -0.32 -0.08
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOCto LL (ft)
9/16/24 11:00 1.75 2.65 4.40
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
9/16/24 11:00 0.58 2.06 2.64
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Table C-6. Muddy 1 site setup and tape down measurements (2023)

Piezometer Gage
(ft below (ft below Piezometer minus
Feature station) station) Gage Height (ft)
Top of Casing (TOC) -2.56 -2.44 -0.12
dh (ft) | 3.95 |
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dl (ft) iy
3/12/23 13:02 -4.02 -2.11 -2.03 -0.51
3/12/23 14:10 -5.18 -2.29 -3.01 -0.76
4/4/23 9:30 -1.97 -4.09 2.00 0.51
9/15/23 14:00 -2.42 -2.55 0.01 0.00
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOCto LL (ft)
4/4/23 9:30 4.12 1.97 6.09
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOCto LL (ft)
4/4/23 9:30 1.24 4.09 5.33
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Table C-7. Muddy 2 site setup and tape down measurements (2023)

Piezometer Gage
(ft below (ft below Piezometer minus
Feature station) station) Gage Height (ft)
Top of Casing (TOC) -12.76 -14.86 2.10
dl (ft) 2.25
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dh (ft) iy
3/14/23 12:20 -6.56 -1.75 -2.71 -1.20
3/14/23 12:35 -6.55 -1.75 -2.70 -1.20
3/14/23 13:30 -4.03 -1.77 -0.16 -0.07
4/4/23 13:30 -1.00 -1.25 2.35 1.04
7/26/23 11:00 -3.33 -2.15 0.92 0.41
9/15/23 15:24 -4.91 -2.14 -0.67 -0.30
10/13/23 15:24 -5.01 -2.15 -0.76 -0.34
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOC to LL (ft)
4/4/23 13:30 0.13 1.00 1.13
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
4/4/23 13:30 0.82 1.25 2.07
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Table C-8. Muddy 3 site setup and tape down measurements (2024)

Gage
Piezometer (ft below Piezometer minus
Feature (ft below station) station) Gage Height (ft)
Top of Casing (TOC) -1.51 -2.45 0.94
dl (ft) 2.75
Tape Down Measurements
Piezometer Gage
Date (ft DTW) (ft DTW) dh (ft) iy
8/16/24 13:27 -4.76 -2.22 -1.60 -0.58
9/16/24 12:25 -3.47 -2.18 -0.35 -0.13
Correction Factor:
Piezometer
LL Depth Piezometer
Date Piezometer (ft) (ft DTW) TOC to LL (ft)
9/16/24 12:25 2.84 3.47 6.31
Correction Factor: Gage
LL Depth Gage
Date Gage (ft) (ft DTW) TOC to LL (ft)
9/16/24 12:25 1.01 2.18 3.19
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Appendix D. Hydraulic Gradient: Photos of Sites
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Figure D-2. Hydraulic gradient site Grandy 2
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Figure D-3. Hydraulic gradient site Grandy 3
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Figure D-4. Hydraulic gradient site Muddy 0
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Figure D-7. Hydraulic gradient site Muddy 3
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1.1

Introduction

Determination of the baseflow component of the streamflow hydrograph is the primary
concern of this part of the Skagit River Basin Groundwater Study, as described in this
Task 300 Hydrograph Separation Report.

Streamflow in rivers can be separated into a relatively steady component, or baseflow,
that is the portion of streamflow consisting of delayed subsurface flow that is generally
maintained by groundwater (GW) discharge and represents reliably available surface
water (Konrad 2022). Because baseflow (or GW discharge) typically accounts for most of
the streamflow during dry periods, it plays a crucial role in maintaining and controlling
water quality and aquatic ecosystems (Kang et al. 2022). Baseflow can be estimated
through a variety of techniques that separate a streamflow hydrograph into stormflow (or
quickflow) and baseflow components. The components of flow making up the streamflow
hydrograph are used by hydrologists and hydrogeologists for quantifying GW discharge,
GW recharge, estimating flooding potential, calibrating models, and assessing impacts of
water development (Bradley et al. 2013), and are used as part of rainfall-runoff modeling
(Jakeman and Hormnberger 1993).

This section summarizes the background for the study as a whole and identifies the
objectives for the specific efforts conducted under Task 300, Hydrograph Separation.

Background

The Washington State Joint Legislative Task Force on Water Supply identified
development of information on GW as a major gap limiting management of water
resources in the Skagit River basin (Basin). Subsequently, the Washington State Water
Research Center (WRC) conducted a synthesis study covering water resources
availability and use in the Basin and developed specific knowledge gaps associated with
various disciplines, including GW (Yoder et al. 2021). As a result, Western Washington
University and HDR, Inc. (HDR) have been authorized to conduct a three-part study
seeking to gain understanding of GW resources in the Basin.

The first part of the study characterized the upland glacial outwash deposits in the lower
Skagit River valley, between Sedro-Woolley and Birdsview in Skagit County, by
evaluating well records, drilling and logging of a new deep borehole with installation of
relatively deep well and GW-level monitoring and constructing hydrogeologic cross
sections — see the Task 200 (HDR 2023) technical memorandum and Williams (2025).
The second part of the study quantified GW discharge (baseflow) by performing
hydrograph separation of existing streamflow gage records, as well as comparing
baseflow to GW recharge and precipitation estimates, thereby providing an improved
assessment and comparison of Basin water budget components (the Task 300 study
documented herein). The third part of the study evaluated surface water (SW) and GW
interaction in the same study area as the first part of the study — see the Task 400 HDR
(2025) report.

This report is focused on the second part of the study, centered on hydrograph
separation to quantify baseflow within an expanded study area (compared to the first and
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1.2

third parts of the study), including the Basin upstream of Mount Vernon within the United
States, and another 43 subbasin drainage areas upstream of Mount Vernon (Figure 1).
The additional subbasins, located outside of the study areas of the Tasks 200, 400, and
500 study area (green box on Figure 1), were analyzed to be comprehensive in terms of
the water balance across the Basin since there is no field requirement for data collection
and the analyses are relatively easy to repeat for a large number of gages.

Objectives

The primary objective of this Hydrograph Separation task was to quantify baseflow, as a
proxy for GW discharge, over time at a variety of scales and sites using recorded
streamflow at gaged locations across various parts of the Basin, including the Basin
upstream from Mount Vernon, both on the Skagit mainstem and tributaries. A second
objective was to calculate respective baseflow indices (BFI), calculated as the ratio of
total volume of baseflow to total volume of streamflow, over the period of record at each
site. A third objective was to compare the estimated long-term mean baseflow (GW
discharge) rates to GW recharge and precipitation rate estimates for the 30-year period
from 1/1/1981 through 12/31/2010, which were generated as part of the WRC synthesis
study (Yoder et al. 2021). An additional, fourth objective was to compare results of
baseflow separation between two different types of techniques, including performing a
sensitivity analysis to help decide on the most appropriate digital filter parameter value to
adopt for a commonly used hydrograph separation technique, namely the Lyne-Hollick
(1979) one-parameter digital filter.

In addition to the stated objectives, this study also provides discussion about the results,
particularly comparisons between the GW discharge and BFI estimates from the different
baseflow separation techniques, as well as the possible causes for differences between
GW discharge and GW recharge estimates (and precipitation), including methodological
and temporal differences, along with potential accuracy concerns and possible influences
caused by reservoir releases on the highly regulated Skagit and Baker Rivers.

Furthermore, to conclude the report, a discussion of possible future studies is presented.
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Figure 1. Drainage basins and streamflow gages analyzed for baseflow within the Skagit River Basin, with the study area from
Tasks 200, 400, and 500 shown as a green rectangle.
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2

Data Collection

This study utilized publicly available streamflow datasets from the United States
Geological Survey (USGS) and the Washington State Department of Ecology (Ecology),
in addition to spatial datasets of historic GW recharge and precipitation (1/1/1981
through 12/31/2010) generated as a part of the Skagit River Basin Water Supply and
Demand Synthesis Study (“Synthesis Study”) by Yoder et al. (2021), culminating in an
ESRI Story Map Series. HDR downloaded daily streamflow data for the gages listed in
Table 1.

Collection of daily streamflow data was initially limited to the time period of January 1,
1980, through December 31, 2021, regardless of current monitoring status (active or
inactive). Gaging stations were screened to meet these criteria, barring a single outlier:
USGS station 12196000 (Alder Creek near Hamilton); although the Alder Creek gage
records end in 1971, an exception was made due to its location within the study area of
the first and third parts (Tasks 200, 400, and 500) of the larger Skagit River Basin
Groundwater Study.

The selected gaging stations were subsequently used to create two sets of streamflow
data to serve different purposes. The first set of data includes available data for 44
gaging stations (1908 through 2021) to be used in the evaluation of BFl and comparison
of two hydrograph separation techniques. More recent 2022 through 2023 data were
mostly published as “provisional” and are therefore subject to revision and were not used
in the analysis. A second set of data was created to compare the baseflow values
directly against the long-term GW recharge estimates generated as a product of the
Synthesis Study (Yoder et al. 2021). This comparison only utilized gages that have
streamflow data records from 1/1/1981 through 12/31/2010. This date range was chosen
to be consistent with that of the Synthesis Study to allow a direct comparison of baseflow
(GW discharge) to GW recharge (and precipitation). A summary of the gages included in
the second set of datais provided in Table 2. A total of six gages are located within the
Tasks 200, 400, and 500 study area, including: 03J100, 12197700, 12197680,

12197040, 12197110, and 12196000, all of which have their station codes listed in bold
in Table 1 and Table 2.

For the GW recharge to GW discharge comparison, there was a need to develop the
subbasin boundaries associated with the analyzed gaging stations. The subbasin
boundaries were generated using the USGS StreamStats interactive web interface
(https://streamstats.usgs.gov/ss/) in most cases, and also a basin shapefile downloaded
from the USGS Streamgage NHDPIlus Version 1 Basins 2011 for Region 17
(https://water.usgs.gov/GlS/metadata/usgswrd/XML/streamgagebasins.xml). Gage
location sources include those reported from USGS data downloads and also from the
NHDPIus dataset. The two Ecology gaging station locations were used as reported from
the Ecology website (Freshwater DataStream:
https://apps.ecology.wa.gov/continuousflowandwag/).
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https://apps.ecology.wa.gov/continuousflowandwq/

Table 1. Summary of all streamflow gaging stations analyzed for baseflow.

Drainage Area as Percentage of the

Duration of Records

Station Code Station Name Stream Name Agency Monitoring Status Reported Period of Record Analyzed Period of Record with
(mi?) e Measurements
12196000 Alder Creek near Hamilton, WA Alder Creek USGS Inactive 10.7 09/01/1943 — 09/29/1971 28.1 100
Bacon Creek below Oakes .
12179900 Creek near Marblemount, WA Bacon Creek USGS Active 49.7 08/01/1943 — 12/31/2021 785 39
Baker River above Blum Creek . .
12190400 e b g\ Baker River USGS Active 75.4 09/30/2012 — 12/31/2021 93 100
Baker River at Henry Thompson . .
12193400 S G, WA Baker River USGS Active 297 09/11/1910 — 12/31/2021 111.4 74
12193500 Baker River at Concrete, WA Baker River USGS Inactive 297 10/01/1910 — 04/30/2009 98.6 71
Bear Creek below Tributaries .
12192600 near Concrete. WA Bear Creek USGS Inactive 14.4 04/01/1982 — 09/29/1986 45 100
Big Beaver Creek near . ; _
12172000 Newhalem. WA Big Beaver Creek USGS Active 63.2 03/01/1940 — 12/31/2021 819 23
12197680 Black Creek near Minkler, WA Black Creek USGS Inactive 0.86 05/01/1975 — 06/30/1980 5.2 100
Carpenter Creek near Bacon Rd .
12200684 near Mount Vernon. WA Carpenter Creek USGS Inactive 20 04/01/2007 — 09/29/2008 15 100
12200690 Carpenter C'e\fv';‘"ear Conway, Carpenter Creek USGS Inactive o 09/30/2006 — 04/01/2007 05 100
Sf Cascade R at S Cascade Gl . .
12181100 ear Marblemount. WA Cascade River USGS Inactive 236 07/01/1957 — 09/29/1993 363 92
Cascade River at Marblemount, . .
12182500 WA Cascade River USGS Active 172 10/01/1928 — 12/31/2021 933 71
Elliott Creek at Goat Lake outlet . .
12185300 near Monte Cristo. WA Elliott Creek USGS Inactive 303 10/22/1982 — 09/29/1993 10.9 100
12200701 Fisher Creek near Conway, WA Fisher Creek USGS Inactive 6.48 09/30/2006 — 09/29/2008 20 100
03J100 Rl CUEE el SEslie Hansen Creek Ecology Active 06/09/2005 — 10/01/2022 87
Woollev. WA 9.66 17.3
12184200 Ly el Cresh meer lllabot Creek USGS Inactive 09/01/1982 — 09/29/1983 100
Rockport. WA 28.71 1.1
12184500 lllabot Creek near Rockport, WA lllabot Creek USGS Inactive 42.4 08/23/1943 — 09/29/1985 42.1 10
12197110 Minkler Creek near Lyman, WA Minkler Creek USGS Inactive 57 05/01/1974 — 06/30/1980 6.2 100
12178100 Newhalem Creek near Newhalem Creek USGS Acti 02/01/1961 — 12/31/2021 100
Newhalem, WA ewhalem tree ctive 26.9 - 61.0
Nookachamps Creek at Baker .
12199600 Heights. WA Nookachamps Creek USGS Inactive 25 51 07/07/2006 — 09/29/2008 29 100
East Fork Nookachamps Creek .
03G100 at Beaver Lake Rd Nookachamps Creek Ecology Active 20.5 09/21/2000 — 10/01/2022 220 99
Park Creek at Upper Bridge .
12190718 FeEr CanEe . R Park Creek USGS Inactive 105 06/01/1982 — 10/29/1990 8.4 100
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Station Code

12173500

12181200

12186000

12187500

12189500

12178000

12179000

12179800

12181000

12194000

12199000

12200500

12181090

12177500

12188380

12191800

12190710

12197040

12175500

12192700

12186450

12197700

Station Name

Ruby Creek below Panther
Creek near Newhalem, WA

Salix Creek At S Cascade Gl
near Marblemount, WA

Sauk River above White Chuck
River near Darrington, WA

Sauk River at Darrington, WA
Sauk River near Sauk, WA

Skagit River at Newhalem, WA

Skagit River above Alma Creek
near Marblemount. WA

Skagit River above Bacon Creek
near Marblemount. WA

Skagit River at Marblemount,
WA

Skagit River near Concrete, WA

Skagit River near Sedro
Woollev. WA

Skagit River near Mount Vernon,
WA

South Cascade Middle Tarn
near Marblemount. WA

Stetattle Creek near Newhalem,
WA

Suiattle River above All Creek
near Darrinaton. WA

Sulphur Creek near Concrete,
WA

Swift Creek near Concrete, WA

Tank Creek near Lyman, WA

Thunder Creek near Newhalem,
WA

Thunder Creek near Concrete,
WA

White Chuck River above
Crystal Creek near Darrington,
WA

Wiseman Creek near Lyman,
WA

Stream Name

Ruby Creek

Salix Creek

Sauk River

Sauk River
Sauk River

Skagit River

Skagit River

Skagit River

Skagit River
Skagit River

Skagit River

Skagit River

South Cascade River

Stetattle Creek

Suiattle River

Sulphur Creek

Swift Creek

Tank Creek

Thunder Creek

Thunder Creek

White Chuck River

Wiseman Creek

Agency

USGS

USGS

USGS

USGS
USGS

USGS

USGS

USGS

USGS
USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

USGS

Monitoring Status

Active

Inactive

Active

Active

Active

Active

Active

Inactive

Active

Active

Active

Active

Inactive

Inactive

Inactive

Inactive

Inactive

Inactive

Active

Inactive

Inactive

Inactive

Drainage Area as
Reported
(mi?)

206

0.08

152

293
714

1175

1274

1289

1381
2737

3015

3093

1.72

22

283

8.36

36.35

25

105

224

66.4

Period of Record Analyzed

10/01/1948 — 12/31/2021

07/01/1961 — 03/20/2020

10/01/1917 — 12/31/2021

07/01/1914 — 09/29/2016

04/01/1911 — 12/31/2021

12/21/1908 — 12/31/2021

10/01/1950 — 12/31/2021

04/27/1977 — 10/25/1983

09/01/1943 — 12/31/2021

10/01/1924 — 12/31/2021

05/01/1908 — 06/30/1980

10/01/1940 — 12/31/2021

09/30/2002 — 10/09/2019

01/01/1914 — 11/23/1983

05/22/2013 — 09/29/2017

03/01/1963 — 09/29/1982

08/01/1982 — 09/29/1990

04/24/1974 — 06/30/1980

10/01/1930 — 12/31/2021

08/01/1982 — 09/29/1994

10/01/2015 — 09/29/2016

04/24/1974 — 06/30/1983

Duration of Records
(years)

73.3

58.8

104.3
102.3
110.8

113.1

71.3

6.5

78.4

97.3

722

81.3

17.0

69.9

4.4

19.6
8.2

6.2

91.3

12.2

1.0

9.2

Percentage of the
Period of Record with
Measurements

25

71

94

21

86

94

65

100

66

100

28

100

45

73

77

63

100

100

100

100

100

100
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Table 2. Streamflow gaging stations analyzed for the groundwater recharge and discharge comparison based on available records from 1/1/1981 through 12/31/2010.

Station Code

12179900

12193400

12193500

12192600

12200684

12200690

12181100

12182500

12185300

12200701

03J100

12184200

12184500

12178100

12199600

03G100

12190718

12181200

12186000

12189500

12178000

12179000

12179800

12181000

12194000

12200500

12181090

Station Name

Bacon Creek below Oakes Creek near Marblemount, WA
Baker River at Henry Thompson Bridge at Concrete, WA
Baker River at Concrete, WA
Bear Creek below Tributaries near Concrete, WA
Carpenter Creek near Bacon Rd near Mount Vernon, WA
Carpenter Creek near Conway, WA
Sf Cascade River at S Cascade Gl near Marblemount, WA
Cascade River at Marblemount, WA
Elliott Creek at Goat Lake outlet near Monte Cristo, WA
Fisher Creek near Conway, WA
Hansen Creek near Sedro Woolley, WA
Upper lllabot Creek near Rockport, WA
lllabot Creek near Rockport, WA
Newhalem Creek near Newhalem, WA
Nookachamps Creek at Baker Heights, WA
East Fork Nookachamps Creek at Beaver Lake Rd
Park Creek at Upper Bridge near Concrete, WA
Salix Creek at S Cascade Gl near Marblemount, WA
Sauk River above White Chuck River near Darrington, WA
Sauk River near Sauk, WA
Skagit River at Newhalem, WA
Skagit River above Alma Creek near Marblemount, WA
Skagit River above Bacon Creek near Marblemount, WA
Skagit River at Marblemount, WA
Skagit River near Concrete, WA
Skagit River near Mount Vernon, WA

South Cascade Middle Tarn near Marblemount, WA

Stream Name

Bacon Creek
Baker River
Baker River
Bear Creek
Carpenter Creek
Carpenter Creek
Cascade River
Cascade River
Elliott Creek
Fisher Creek
Hansen Creek
lllabot Creek
lllabot Creek
Newhalem Creek
Nookachamps Creek
Nookachamps Creek
Park Creek
Salix Creek
Sauk River
Sauk River
Skagit River
Skagit River
Skagit River
Skagit River
Skagit River
Skagit River

South Cascade River

Agency

USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
Ecology
USGS
USGS
USGS
USGS
Ecology
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS
USGS

USGS

Monitoring Status

Active
Active
Inactive
Inactive
Inactive
Inactive
Inactive
Active
Inactive
Inactive
Active
Inactive
Inactive
Active
Inactive
Active
Inactive
Inactive
Active
Active
Active
Active
Inactive
Active
Active
Active

Inactive

Drainage Area as
Reported

(mi?

49.7

297

297

14.4

20

9.1

2.36

172

3.03

6.48

9.66

28.71

42.4

26.9

25.51

20.5

10.5

0.08

152

714

1175

1274

1289

1381

2737

3093

1.72

Period of Record Analyzed

10/01/1998 — 12/31/2010

01/01/1981 — 12/31/2010

01/01/1981 — 04/30/2009

04/01/1982 — 09/29/1986

04/01/2007 — 09/29/2008

09/30/2006 — 04/01/2007

01/01/1981 — 09/29/1993

06/01/2006 — 12/31/2010

10/22/1982 — 09/29/1993

09/30/2006 — 09/29/2008

06/09/2005 — 12/31/2010

09/01/1982 — 09/29/1983

03/22/1982 — 09/29/1985

01/01/1981 — 12/31/2010

07/07/2006 — 09/29/2008

09/21/2000 — 12/31/2010

06/01/1982 — 10/29/1990

01/01/1981 — 12/31/2010

01/01/1981 — 12/31/2010

01/01/1981 — 12/31/2010

01/01/1981 — 12/31/2010

01/01/1981 — 09/30/1995

01/01/1981 — 10/25/1983

01/01/1981 — 12/31/2010

01/01/1981 — 12/31/2010

01/01/1981 — 12/31/2010

09/30/2002 — 12/14/2010

Duration of
Records
(vears)

12.3

30.0

28.3

4.5

1.5

0.5

12.8

4.6

10.9

2.0

5.6

1.1

35

30.0

22

10.3

8.4

30.0

30.0

30.0

30.0

14.8

2.8

30.0

30.0

30.0

8.2

Percentage of the
Period of Record
with Measurements

100
100
100
100
100
100
94

100
100
100
95

100
100
100
100
100
100
66

100
100
100
100
99

100
100
100

54
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Drainage Area as Duration of Percentage of the

Station Code Station Name Stream Name Agency Monitoring Status Reported Period of Record Analyzed Records Period of Record
(mi?) (vears) with Measurements
12177500 Stetattle Creek near Newhalem, WA Stetattle Creek USGS Inactive 22 01/01/1981 — 11/23/1983 2.9 100
12191800 Sulphur Creek near Concrete, WA Sulphur Creek USGS Inactive 8.36 01/01/1981 — 09/29/1982 1.7 100
12190710 Swift Creek near Concrete, WA Swift Creek USGS Inactive 36.35 08/01/1982 — 09/29/1990 8.2 100
12175500 Thunder Creek near Newhalem, WA Thunder Creek USGS Active 105 01/01/1981 — 12/31/2010 30.0 100
12192700 Thunder Creek near Concrete, WA Thunder Creek USGS Inactive 22.4 08/01/1982 — 09/29/1994 12.2 100
12197700 Wiseman Creek near Lyman, WA Wiseman Creek USGS Inactive 3 01/01/1981 — 06/30/1983 2.5 100
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3.1.1

Methods of Analysis

Baseflow Separation Techniques

Separating streamflow hydrographs into baseflow and quickflow (direct runoff)
components is a common undertaking in hydrology. There are various manual and
automated methods used for separating a hydrograph into baseflow and quickflow. This
study utilized two automated methods: the Lyne and Hollick (1979) one-parameter,
three-pass, digital filter method (cf. Ladson et al. 2013), and the USGS baseflow
separation method (BFS Model; Konrad 2022).

Gaged streamflow data downloads, processing, and baseflow separation was completed
via the R programming language (R Core Team 2022). All USGS streamflow gage
records (42 out of 44 gages analyzed) were retrieved using the USGS’ dataRetrieval
package (De Cicco et al. 2022). Data from the two Ecology gages analyzed were
supplied as fixed-width text files for each year and were imported and merged with the

USGS datasets.

Lyne and Hollick Digital Filter

The Lyne and Hollick (1979) method is a one-parameter digital filtering technique that
separates high-frequency signals (quickflow, or direct runoff) from low-frequency signals
(baseflow). The equation is presented as follows:

1+a
qr = a* qp_q +T* (Qt_ Qt—l)

for gt > 0, otherwise gt = 0

where:
gt = the filtered direct runoff at the t time step
a = filter parameter ("alpha parameter”)
gt-1 = filtered direct runoff at the -7 time step
Qt = the total streamflow at the ¢ time step
Qt-1 = the total streamflow at the t-71 time step

The total streamflow comes from stream gage measurement records, while the quickflow
(direct runoff) is calculated, and the alpha parameter is a shape parameter that controls
how the filter influences the attenuation of the streamflow hydrograph (Ladson et al.
2013). The baseflow component of streamflow is then calculated as the difference
between the total streamflow (Qt) and the quickflow (direct runoff; qt) at the same time
step.

The filter is generally run multiple times through a dataset; for example, for daily data
three passes are commonly used and recommended (forward, backward, and forward
with respect to time) (Ladson et al. 2013). The number of passes has been used as a
calibration parameter in some studies with the objective being to match the appearance
of baseflow derived from manual methods (Ladson et al. 2013). Over a single time step

243



the Qt shifts to the calculated baseflow resulting from the first pass, then to the calculated
baseflow resulting from the second pass, finally resulting in the final calculation of
baseflow on the third pass. Three passes is warranted due to appearance of negative
values of quickflow in some of the quickflow calculation from the first two passes, in
which case those passes use the value of baseflow from the previous pass.

To reduce the warmup and cool down issues that arise as the recursive filter moves
though the data, starting values were specified for each filter pass with the first and last
30 days of data being reflected at the start and end of the records, as described (with a
worked example) by Ladson et al. (2013). Reflected values are just copies of the first and
last 30 days of record added to the period analyzed in reverse order. The first and last
measurement in the period of record are not copied/reflected. The reflected values were
kept for the three filter passes, but they were excluded in the BFI calculations and
calculation of summary statistics of the resulting baseflow rates. Where data are missing
from the record there was no use of this reflection technique to smooth the transition of
baseflow estimates for individual segments of data, but this would be a possibility. The
effects of applying the reflection technique within streamflow data series where there are
gaps of missing data is expected to be small overall for the gages analyzed, since a
large majority of gages had either none or only a few data gaps.

For each gage, the sensitivity of baseflow quantities and BFI results to a range of alpha
parameter values were tested. The Lynn-Hollick (1979) method was implemented using

the R package grwat (Samsonov 2022) which was run for a set of six alpha parameters
values (spanning nearly the same range as evaluated by Ladson et al. (2013)) according
to:

a € {0.900,0.925,0.950, 0.975, 0.980, 0.990}

Resulting baseflow hydrographs with these six alpha parameter values were plotted
against streamflow hydrographs at each analyzed gage and reviewed to see if baseflow
estimates could be visually judged as relatively more reasonable with one alpha
parameter value versus the others. The review considered whether the baseflow
hydrographs were not too “spikey” during storm events and displayed smooth variation
between storm events with values not sharply dropping at the end of storm events. This
was utilized to aid in the determination of the most appropriate alpha value to adopt,
along with review of results from a previous study (described in Ladson et al. (2013)).
The most appropriate interpreted Lyne-Hollick singular alpha value to adopt has been
selected as equal to 0.98, which was used in the analysis of baseflow for all 44 gages,
over their entire period of record. Since the most appropriate alpha value to adopt
remains an open question (cf. Ladson et al. 2013), the comparative analysis against the
results from the USGS-developed Baseflow Separation Model (described in Section
3.1.2) retain the sensitivity analysis of the effects of altering the alpha value across the
range from 0.90 to 0.99. In each analysis that uses a different alpha parameter value, the
value was held constant across the entire analyzed period of record.

Summary statistics were prepared from the daily baseflow rates of the 44 analyzed
gages for the entire period of record, resulting from implementing the Lyne-Hollick
method. These statistics consist of mean daily flow, minimum daily flow, and maximum
daily flow in cubic feet per second (cfs). In addition, box-and-whisker charts showing
minimum, maximum, interquartile range (25th and 75th percentiles), and median (50th
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3.1.2

3.2
3.2.1

percentile) values of the daily baseflow rates have been generated. Total baseflow
volume was divided by total streamflow volume over the period analyzed to calculate the
BFI for each site. Daily statistics of BFI were also calculated and plotted as a time series
on annual hydrographs for easy graphical comparisons of annual temporal-averages of
seasonality in baseflow amongst the two different methods analyzed, and the various
alpha parameter values tested. When calculating baseflow statistics, data were only
used from days in which raw streamflow data were available.

USGS Baseflow Separation Model

The USGS-developed (Konrad 2022) Baseflow Separation (BFS) Model is the second
technique employed to perform baseflow separation from daily streamflow data. The
state-space method calculates baseflow as a non-linear function of upstream GW
storage that allows relatively steady, non-zero baseflow. The BFS Model was originally
intended to be used for forecasting baseflow (and streamflow when there is no direct
runoff) for periods with no rainfall or snowmelt and estimation of residence times, in
contrast to other hydrograph separation models (Konrad 2022).

The BFS Model was implemented in R (or R Studio) for this study, using code provided
by the USGS (Chris Konrad, personal communication, 2023) and available at
https://doi.org/10.5066/P9AIPHEP (Konrad 2020). The BFS Model relies on a set of
gage-specific calibrated parameter values developed and explained in Konrad (2022).
Thirteen streamflow gages analyzed in this study have not been subject to this
calibration, and therefore baseflow separation using this method is not currently possible
for these 13 gages.

Summary statistics were prepared from the daily baseflow rates of the 31 analyzed
gages for the entire period of record, resulting fromimplementing the USGS BFS Model.
These statistics consist of mean daily flow, minimum daily flow, and maximum daily flow
in cfs. In addition, box-and-whisker charts showing minimum, maximum, interquartile
range (25th and 75th percentiles), and median (50th percentile) values of the daily
baseflow rates have been generated. Total baseflow volume was divided by total
streamflow volume over the period analyzed to calculate the BFI for each site. Daily
statistics of BFl were also calculated and plotted as a time series on annual hydrographs
for easy graphical comparisons of annual temporal-averages of seasonality in
baseflow—the same as was done for the Lyne-Hollick method—allowing for easy
comparisons to be made between the results of the two methods. When calculating
baseflow statistics, data were only used from days in which raw streamflow data were
available.

Groundwater Recharge and Discharge Comparison

Background

Precipitation provides the vast majority of water recharging the GW system through
infiltration that then percolates and reaches the water table (i.e., reaches the GW
system). That water eventually travels through the GW system emerging either back to
the surface via evapotranspiration (or pumping), out to sea along the coastline, or as the
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majority of the water does, back to surface water as GW discharge and baseflow in
streams.

Based on previous studies by the USGS, an estimated 56 inches per year (in/yr) of
precipitation occurs in tributary subbasins of the lower Skagit River basin (below Sedro-
Woolley) with approximately 33 percent (18 in/yr) becoming recharge (Savoca et al.
2009). Groundwater recharge has also been estimated to exceed 50 in/yr in the alluvial
valley around the town of Darrington (Thomas et al. 1997).

Analysis

Long-term mean baseflow (GW discharge) rates calculated in this study were compared
directly to recently obtained GW recharge and precipitation rates generated as part of the
Synthesis Study (Yoder et al. 2021) over the 30-year period from 1/1/1981 through
12/31/2010. Long-term gridded rates of precipitation were used in the Synthesis Study as
the basis for estimating long-term, spatially explicit GW recharge, which is influenced by
hydrogeologic units and surficial deposits near the land surface, and by the land cover (in
this case the percentage of tree cover and impervious surface). For details on the
methods used to estimate historic GW recharge rates and precipitation rates, refer to
Yoderet al. (2021) and the methods document available on the “Groundwater” tab under
the “Groundwater Recharge” section.

To extract data from the historic gridded GW recharge and precipitation datasets, first
there was a need to delineate drainage basins associated with the gages analyzed for
baseflow over the same time period (1/1/1981-12/31/2010), which is a total of 33
streamflow gaging stations (out of the 44 total gages analyzed for baseflow). Only 28 of
the 33 gages could be analyzed for comparison with GW recharge using the USGS BFS
Model since five (out of the 33) gages have not been calibrated by the USGS. The
subbasin boundaries were generated largely using the USGS StreamStats interactive
web interface (https://streamstats.usgs.gov/ss/). Gage locations were loaded to an
ArcGIS Pro project on two separate layers, with 44 total gaging station locations. All data
can be sourced back to the USGS and Ecology (see data sources in Section 2). On the
StreamStats interface, the location of the gage was entered (latitude/longitude or gage ID
if available). Then the basins were delineated based on the nearest stream location to
each gage point and use of USGS 3D Elevation Program digital elevation data (with
elevations conforming to the digital stream channels depicted in the high-resolution
version of the National Hydrography Dataset) automatically by StreamStats, and a
shapefile of each subbasin was exported. See the “User-Selected Sites” section of the
USGS StreamStats “how-streamstats-works” webpage (https://www.usgs.gov/mission-
areas/water-resources/how-streamstats-works) for more information. In most cases, the
gage point contained a description of the stream location. During the review process, 14
gages were identified that needed verification due to misrepresented basins that did not
appear to follow the expected topographic boundaries. In these cases, the subbasins
were redrawn with StreamStats, using slightly varied gage locations. Using the historical
USGS data, gage descriptions, and the updated coordinates, the probable pour points
for each gaging station location were determined and expected drainage basin
boundaries resulted. These were then compared against a world terrain basemap and
listed sizes of each basin by the USGS for verification.
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A spatial join was performed between each subbasin polygon and the polygon shapefile
containing gridded values of GW recharge and precipitation, with the option to provide
mean values selected using those grid cells that intersect subbasin polygons. The spatial
join geoprocessing tool uses an input target feature: “Attributes of the target features and
the attributes from the joined features will be transferred to the output feature class.” The
join feature input is the gridded GW recharge and precipitation polygon shapefile, where
attributes from this layer are joined to the attributes of the target features; using one-to-
one join operation and intersect as the match option, the attributes of the target feature
were aggregated before being transferred to the output feature. Using the Field Map, the
data have been aggregated using merge rules, in this case telling the tool to calculate

the mean value of aggregated grid cells per intersection with each subbasin polygon.

Within each subbasin, the mean annual GW recharge from the gridded dataset was
plotted against the GW discharge (baseflow) derived from the hydrograph separation of
the two methods (Lyne-Hollick and BFS Model) with all six of the Lyne-Hollick alpha
parameters analyzed. These comparisons provide the basis for identifying discrepancies
in these important GW budget components, and the basis for initial interpretations of the
causes of those discrepancies. Methods for the comparison of GW recharge and
discharge follow closely from the analysis performed on 157 streamflow gaging stations
in the Appalachian Valley and Ridge, Blue Ridge, and Piedmont physiographic provinces
of the eastern United States, for the period of 1981 through 1990 by the USGS (Rutledge
1998).
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4.1
4.1.1

Results

Streamflow and Separated Baseflow Rates

Streamflow Statistics

The basis by which baseflow rates are compared and derived is the measured
streamflow. The summary statistics for streamflow rates, over the entire period of record,
consist of mean daily flow, minimum daily flow, maximum daily flow, river regime
coefficient (ratio of maximum and minimum flows), and coefficient of variation (ratio of
standard deviation to the mean). Table 3 summarizes various flow statistics calculated
using all of the available mean daily streamflow data (in cfs) for each analyzed gaging
station. Refer to Table 1 for alisting of period of record, duration, and completeness of
each gage’s records. The summary provided in Table 3 also includes results for both
measured streamflow and estimated baseflow rates for the two techniques used—more
detailed results are described in the following subsections. It is also noted that records
displayed in Table 3 have been sorted first by stream name and then by station code (as
they have been for Table 1 and Table 2). A total of six gages are located within the
Tasks 200, 400, and 500 study area: 03J100, 12197700, 12197680, 12197040,
12197110, and 12196000, which have been identified in bold in Table 3.

A wide variety of subbasins exist within the Skagit River basin in terms of the subbasin
sizes and streamflow rates. The mean daily streamflow rates among the 44 gages
analyzed, over each gage’s entire period of record, range from 0.6 to over 16,600 cfs.
These streamflow rates at the gaged subbasins generally correlate well with basin size,
which range from 0.08 to 3,093 square miles. The streams analyzed also vary greatly
with respect to their “flashiness,” as revealed by the large range of river regime
coefficient and coefficient of variation statistics (Table 3). The maximum river regime
coefficient is 7,300, with a mean of 635 (with four gages unable to yield calculations
since the minimum measured streamflow rates were equal to zero). The maximum
coefficient of variation is 2.15, with a mean of 0.98.
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Table 3. Flow statistics for the analyzed period of record for all analyzed streamflow gaging stations.

. .. Baseflow (cfs) Baseflow (cfs)
. River | Coefficient | Measured Streamflow (cfs) (Lyne-Hollick, a = 0.98) (USGS BFS Model)
Station Code Regime of
35.4 45 577 19.5 1.1 45.8 N/A N/A N/A

12196000 128.2 0.94
12179900 1335 0.92 448.1 56.8 12500 241.0 29.0 501.2 223.0 60.7 403.0
12190400 99.9 0.93 808.2 86.4 9670 386.1 86.4 797.0 638.2 54.7 1521.8
12193400 933.3 0.67 2662.7 30.0 28000 1550.3 30.0 3065.4 133.5 66.6 475.4
12193500 933.3 0.67 2636.1 30.0 28000 1543.7 30.0 3065.4 121.2 41.4 2013.3
12192600 200 1.15 84.8 5.1 1020 38.7 4.1 85.7 416 3.2 104.8
12172000 58.9 0.82 420.3 64.0 10800 227.0 56.0 471.6 N/A N/A N/A
12197680 7300 1.80 26 0.0 73 0.9 0.0 3.0 N/A N/A N/A
12200684 24571 2.15 6.4 0.1 172 1.8 0.1 6.5 1.8 0.1 9.0
12200690 ﬂ%‘: (oMciPs') 1.77 20.2 0.0 233 2.9 0.0 9.6 N/A N/A N/A
12181100 3200 1.11 29.2 0.1 384 10.7 0.1 49.2 3.0 2.3 16.4
12182500 149.2 0.81 10490  118.0 17600 586.7 105.8 1411.0 562.4 111.9 1679.3
12185300 338.3 1.15 325 2.1 900 14.9 2.1 324 205 1.6 54.8
12200701 173.9 1.10 7.1 0.2 40 2.5 0.1 7.5 3.6 0.1 13.8
03J100 46.3 0.63 19.0 0.5 155 9.3 0.5 254 N/A N/A N/A
12184200 18.9 0.71 213.8 83.0 1570 113.1 16.3 1915 N/A N/A N/A
12184500 32.4 0.75 259.7 66.0 2140 149.4 12.7 2445 184.5 545 4533
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Station Code

12197110

12178100

12199600

03G100

12190718

12173500

12181200

12186000

12189500

12178000

12179000

12179800

12181000

12187500

12194000

12199000

12200500

12181090

River
Regime

Coefficient

N/A (Min.
flow: 0 cfs)

368.1
4583.3
466.4
90.6

140.4

N/A (Min.
flow: 0 cfs)

287.2
120.9
311.8
31.4
23.3
46.0
103.1
55.9
70.0
45.3

748.7

Coefficient
of
Variation

1.77

1.00

1.25

0.87

0.88

1.17

1.55

0.92

0.81

0.64

0.51

0.48

0.50

0.93

0.60

0.74

0.56

0.75

Baseflow (cfs) Baseflow (cfs)
Measured Streamflow (cfs) (Lyne-Hollick, a = 0.98) (USGS BFS Model)
5.7 0.0 150 1.7 0.0 11.2 N/A N/A N/A
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. o Baseflow (cfs) Baseflow (cfs)
. R|v_er Coefficient Measured Streamflow (cfs) (Lyne-Hollick, a = 0.98) (USGS BFS Model)
Station Code Regime of

12177500 460 0.98 183.8 4140 237.4 104.7 302.5
12188380 26.7 0.65 1740.3 351.0 9360 1017.0 258.6 1945.7 1228.3 355.5 2888.3
12191800 40 0.65 43.6 15.0 600 28.6 3.0 45.9 28.8 8.8 59.9
12190710 104.2 0.90 4154 40.0 5000 209.0 40.0 412.0 N/A N/A N/A
12197040 ﬂ':@: (OM;][‘S') 1.71 23 0.0 65 0.8 0.0 3.7 N/A N/A N/A
12175500 180.6 0.88 624.3 50.0 9030 312.7 42.0 886.7 266.6 34.1 527.1
12192700 145.5 0.90 132.3 11.0 2300 68.7 7.1 157.3 68.3 8.1 188.6
12186450 24.9 0.75 570.9 126.0 3140 268.6 38.1 518.9 N/A N/A N/A
12197700 714.3 1.52 13.4 0.7 500 5.9 0.7 16.6 6.8 0.7 21.2

Note: N/A values cannot be calculated for the BFS Model because the model has not been calibrated at these gages.
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4.1.2

Baseflow from the Lyne and Hollick Digital Filter

The Lyne and Hollick (1979) digital filter method was used to estimate baseflow rates for
all 44 analyzed streamflow gages. Table 3 presents a listing of some key summary
statistics (mean, minimum, maximum) of the total measured streamflow alongside the
Lyne-Hollick estimates of baseflow in units of cfs, with alpha equal to 0.98, for each
gage’s available period of record. A wide variation of estimated baseflow rates result
from the separation using the Lyne-Hollick digital filter (with alpha equal to 0.98). The
estimated mean daily baseflow rates amongst the 44 gages analyzed, over each gage’s
entire period of record, range from 0.2 to over 11,400 cfs.

It is noted that the Lyne-Hollick estimated baseflow statistics presented in Table 3 only
represent those derived using an alpha parameter value of 0.98. This value has been
adopted as the most reasonable value of alpha based upon two points of consideration:
1) visual review of the plotted baseflow and streamflow hydrographs; and 2) The value of
0.98 for alpha has been adopted in a baseflow assessment of 141 streams in the
Murray-Darling Basin (CSIRO and SKM 2010), and an alpha value of 0.98 produced a
better match to BFI derived from chemical tracer estimates than the commonly adopted
value of 0.925 (CSIRO and SKM 2012).

A sensitivity analysis of the Lyne-Hollick alpha parameter was completed for values
within the range of 0.90 and 0.99. As an example, the sensitivity of BFI estimates for
USGS station 12175500 (Thunder Creek near Newhalem), based on daily baseflow
separation over the timer period from 1/1/1981 through 12/31/2010, are presented in
Table 4, while year 2000 streamflow and baseflow estimates for the same gage with the
various alpha parameter values are illustrated on a hydrograph in Figure 2. There is
nothing particularly special about the gage presented in this example, other than it
showcases well how the baseflow separation varies amongst the tested alpha parameter
values. Calculated BFI values decline monotonically as alpha increases, as the portion of
streamflow that is comprised of GW discharge (baseflow) decreases. There are
instances, or portions of the annual hydrograph, where baseflow rates do not follow this
relationship, such as during mid-March to mid-May in 2000, as shown in Figure 2,
despite the BFI values decreasing with increasing alpha values.

Statistics of the daily estimates of baseflow rates for the Lyne-Hollick method, using all
six different alpha parameter values, are presented on box and whisker charts in
Appendix A for ease of comparison of the effects of varying alpha on the estimates of
baseflow. The box and whisker plots provide the minimum, maximum, interquartile range
(25th and 75th percentile), and median (50th percentile) values for each gage, including
the entire period of record. These plots reveal at that there are not considerably drastic
differences amongst estimated baseflow statistics caused by varying the alpha
parameter. In addition, there are some findings that are nearly universal across all
analyzed gaging stations: 1) the smallest alpha parameter value yields the largest
baseflow estimates, and either 0.98 or 0.99—the two largest alpha parameter values—
yield the smallest baseflow estimates; and 2) the largest range of baseflow estimates (as
indicated by the interquartile range) results from the smallest alpha value.
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Table 4. Baseflow indices (BFI) estimates with various Lyne-Hollick alpha
parameter (a) values for the period from 1/1/1981 through 12/31/2010.
(USGS Station 12175500, Thunder Creek near Newhalem)

0.900 0.71
0.925 0.68
0.950 0.63
0.975 0.53
0.980 0.50
0.990 0.45

Sensitivity Analysis of the Lyne-Hollick Alpha Parameter (Active USGS Gage 12175500)

3,500
3,000
—Stream flow
—Base flow with a=0.900
—Base flow with a=0.925
2,500 —Base flow with a=0.950
—Base flow with a=0.975
—Base flow with a=0.980
——Base flow with a=0.990
2,000
o
S
3
o
w
1,500
1,000
500
= o ) \\\\‘ = A r
0
January  February March April May June July August  September October November December

Month (in year 2000)

Figure 2. Streamflow and separated baseflow hydrographs for USGS Station 12175500
(Thunder Creek near Newhalem) for year 2000 indicating the sensitivity of baseflow
estimates to various Lyne-Hollick alpha parameter values.
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4.1.3

Baseflow from the USGS Baseflow Separation Model

The USGS (Konrad 2022) BFS Model was used to estimate baseflow rates and BFI for
31 analyzed streamflow gages. A total of 13 gages analyzed with the Lyne-Hollick digital
filter method could not be analyzed using the BFS Model because BFS Model calibration
parameters have not been developed (Chris Konrad, personal communication, 2023).
Table 3 presents a listing of some key summary statistics (mean, minimum, maximum) of
the total measured streamflow alongside the BFS Model estimates of baseflow in units of
cfs and also compared alongside the Lyne-Hollick estimates of baseflow, for each gage’s
available period of record. A wide variation of estimated baseflow rates result from the
separation using the BFS Model. The estimated mean daily baseflow rates amongst the
31 gages analyzed, over each gage’s entire period of record, range from 0.1 to 11,600
cfs.

Statistics of the daily estimates of baseflow rates for the BFS Model (using calibration
parameters generated by the USGS (Konrad 2022), are presented on box and whisker
charts in Appendix A for ease of comparison against the Lyne-Hollick estimated baseflow
(including the alpha parameter values evaluated). It is noted that the plots displayed in
Appendix A have been sorted to be displayed the same as the gages are listed in
Table 1 and Table 3, first by stream name and then by station code. Refer to Table 1 to
see the stream and gaging stations names associated with each station code.

The box and whisker plots (Appendix A) provide the minimum, maximum, interquartile
range (25th and 75th percentile), and median (50th percentile) values for each gage,
including the entire period of record. These plots reveal at that in general the BFS Model
generates baseflow estimates that are of similar magnitude and spread (interquartile
range) as estimates generated using the Lyne-Hollick method, with little tendency for the
median baseflow rates to be smaller than or larger than the rates from the Lyne-Hollick
method. Out of the 31 gaging stations that allow for the methods to be compared directly,
a small number (seven) have BFS Model median or interquartile ranges of estimated
daily baseflow that differ substantially from the estimates using the Lyne-Hollick method,
based solely on a visual comparison of the charts presented in Appendix A; these gaging
stations are listed as follows:

e 12178000 (Skagit River at Newhalem)

e 12179000 (Skagit River above Alma Creek near Marblemount)

e 12181000 (Skagit River at Marblemount)

e 12181090 (South Cascade Middle Tarn near Marblemount)

e 12181100 (South Fork Cascade River at S. Cascade Gl. near Marblemount)
o 12193400 (Baker River at Henry Thompson Bridge at Concrete)

e 12193500 (Baker River at Concrete)

There exist some notable differences in minimum baseflow values generated using the
BFS Model are much larger than those using the Lyne-Hollick method. These few
notable gages where this discrepancy is largest are listed as follows:

e 12178000 (Skagit River at Newhalem)
e 12179000 (Skagit River above Alma Creek near Marblemount)
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4.2

e 12179800 (Skagit River above Bacon Creek near Marblemount)
e 12181000 (Skagit River at Marblemount)
e 12200500 (Skagit River near Mount Vernon)

For the most downstream gage analyzed, station 12200500 (Skagit River near Mount
Vernon), which represents the largest drainage area analyzed and nearly the entire
Basin, the mean daily baseflow estimated from the BFS Model equals 10,615 cfs. This is
only slightly lower than the mean baseflow estimate from the Lyne-Hollick method (a =
0.98), which is 11,479 cfs. More comparisons between the methods are described in the
next section with respect to the baseflow index.

Comparison of Baseflow Index from the Lyne-Hollick
Method and Baseflow Separation Model

A comparison of the BFl values calculated by both the Lynn-Hollick method (with various
alpha parameters) and the USGS BFS Model is shown in Figure 3 and Table 5 by gaging
station. For both methods, the BFI calculation was done over the entire period of record
available at each gage, taken as the ratio between the total volume of baseflow divided
by the total volume of streamflow. Gages are separated by their respective stream for
ease of comparison in Figure 3 and have been grouped by stream in Table 5. A total of
six gages are located within the Tasks 200, 400, and 500 study area: 03J100, 12197700,
12197680, 12197040, 12197110, and 12196000, which have been identified in bold in
Table 5.

A wide variation of estimated BFI values result from the separations using the BFS
Model and Lyne-Hollick method. The range of BFI values using the BFS Model (for the
31 gages analyzed) is from 0.09 to 0.87, with a mean value of 0.61. By way of
comparison the range of BFI values using the Lyne-Hollick method (for the 31 gages that
could be analyzed using the BFS Model), with alpha equal to 0.98, is from 0.27 to 0.73,
with a mean value of 0.53. Amongst the entirety of gages (n = 44) analyzed using the
Lyne-Hollick method, the range of BFI values, with alpha equal to 0.98, is from 0.15 to
0.73, with a mean value of 0.50.

In general, the resulting BFI from the two techniques compare relatively well with each
other; the mean difference, taking the BFS Model minus the Lyne-Hollick (with alpha
equal to 0.98) BFI values is 0.08. The mean of the absolute differences between BFI
values from the two methods range from 0.14 to 0.20 across all six of the tested Lyne-
Hollick parameter values. There are some notable exceptions where the two techniques
yield vast differences in BFI values, particularly the Baker River gages downstream of
the lowermost dam (12193400 and 12193500) where the Lyne-Hollick method yielded
BFI values that are between 5.7 and 7.4 times larger than those resulting from the BFS
Model. Three other gaging stations are exceptions, including those with relative percent
differences between the two methods (again with the Lyne-Hollick alpha parameter value
equal to 0.98) exceeding 50 percent; these gages include those on the South Fork
Cascade River (12181100), South Cascade River (12181090), and Nookachamps Creek
(12199600).

A comparison of the seasonality of the BFI on an annual basis is shown in Figure 4,
which compares the median BFI calculated for each day in the period of record across all
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gages on a given stream using the BFS Model and the Lynn-Hollick method (alpha equal
to 0.98). As is evident in Figure 4, some streams (e.g., Baker River and Elliot Creek)
show relatively poor agreement between the two methods, whereas others (e.g., Bacon
Creek and Salix Creek) show much higher agreement. A similar comparison of methods
is shown in Figure 5, where a time series showing seasonality on annual hydrographs of
the daily BFI statistics (median, interquartile range, and minimum and maximum range
for all gages pooled together) comparing the BFS Model and the Lyne-Hollick method
with all six tested alpha parameter values, including all gages. Appendix B provides
method (and alpha parameter) comparison charts that are in the same format as
presented in Figure 5, but that have been generated for each individual gaging station
analyzed with results from both methods (a total of 31 gages with records analyzed over
the entire period of record).

The charts in Appendix B, the same as in Figure 5, display the daily BFI statistics
(median, interquartile range, and minimum and maximum range) comparing the BFS
Model and the Lyne-Hollick method with all six tested alpha parameter values. Figure 4
and Figure 5, and the charts presented in Appendix B, indicate seasonality of the BFI
that is marked by two periods with lower BFI, including the periods between about mid-
May through August, and from about November through mid-December. These results
generally agree with the findings of Savoca et al. (2009) that baseflow increases in the
late summer and early fall when GW discharge sustains streamflow and also indicate
that during periods of higher streamflow the BFI ratio is reduced. In addition, based on
Figure 5, it is apparent how the sensitivity of the alpha parameter value alters the
seasonal variability of the daily BFl values, with an increase in variability for higher alpha
values.

The spatial variability of the calculated BFI values has been mapped to the gaging
stations for both methods over the entire period of record analyzed (records between
1908 and 2021). Figure 6 displays the BFI results using the Lyne-Hollick method with
alpha equal to 0.98, for the 44 gages analyzed. Figure 7 displays the BFI results using
the BFS Model for the 31 gages analyzed. It becomes readily apparent from these maps
that the BFI values from the BFS Model are generally higher than those resulting from
the Lyne-Hollick method, which is in-line with the mean difference of BFlreported above.
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Figure 3. Baseflow index method comparison by stream.
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Table 5. Baseflow Indices by method for all streamflow gaging stations.

Baseflow Index (Total Baseflow Divided by Total Streamflow)
Station Code Stream Name Lyne and Hollick
BFS Model
a = 0.900 m a = 0.950 a=0.975 a = 0.980 a=0.990

12196000 Alder Creek
12179900 Bacon Creek 0.60 0.66 0.63 0.60 0.55 0.54 0.52
12190400 Baker River 0.81 0.61 0.58 0.55 0.49 0.48 0.45
12193400 Baker River 0.10 0.67 0.65 0.62 0.59 0.58 0.57
12193500 Baker River 0.09 0.67 0.65 0.62 0.59 0.59 0.57
12192600 Bear Creek 0.58 0.59 0.57 0.53 0.47 0.46 0.40
12172000 Big Beaver Creek N/A 0.70 0.68 0.63 0.56 0.54 0.51
12197680 Black Creek N/A 0.50 0.47 0.44 0.38 0.36 0.31
12200684 Carpenter Creek 0.37 0.45 0.42 0.39 0.31 0.28 0.18
12200690 Carpenter Creek N/A 0.28 0.25 0.22 0.17 0.15 0.07
12181100 Cascade River 0.14 0.67 0.63 0.56 0.41 0.37 0.29
12182500 Cascade River 0.62 0.71 0.68 0.64 0.57 0.56 0.54
12185300 Elliott Creek 0.75 0.61 0.58 0.54 0.48 0.46 0.42
12200701 Fisher Creek 0.60 0.63 0.60 0.54 0.40 0.36 0.23
03J100 Hansen Creek N/A 0.69 0.66 0.62 0.52 0.49 0.43
12184200 lllabot Creek N/A 0.73 0.70 0.67 0.57 0.53 0.37
12184500 lllabot Creek 0.83 0.71 0.69 0.65 0.59 0.58 0.52
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Baseflow Index (Total Baseflow Divided by Total Streamflow)

BFS Model
IR R R Rl el

12197110 Minkler Creek N/A 0.58 0.54 0.48 0.34 0.30 0.22
12178100 Newhalem Creek 0.62 0.64 0.61 0.57 0.52 0.50 0.48
12199600 Nookachamps Creek 0.74 0.62 0.57 0.50 0.36 0.32 0.20

03G100 Nookachamps Creek N/A 0.54 0.52 0.48 0.41 0.38 0.33
12190718 Park Creek 0.71 0.65 0.63 0.60 0.53 0.51 0.46
12173500 Ruby Creek N/A 0.67 0.62 0.54 0.43 0.41 0.38
12181200 Salix Creek 0.29 0.49 0.45 0.38 0.29 0.27 0.24
12186000 Sauk River 0.73 0.66 0.63 0.58 0.53 0.51 0.49
12189500 Sauk River 0.60 0.70 0.68 0.64 0.59 0.58 0.56
12178000 Sauk River 0.66 0.78 0.76 0.73 0.68 0.67 0.65
12179000 Skagit River 0.80 0.79 0.78 0.76 0.73 0.72 0.71
12179800 Skagit River 0.83 0.78 0.76 0.74 0.70 0.69 0.64
12181000 Skagit River 0.73 0.81 0.80 0.77 0.74 0.73 0.71
12187500 Skagit River 0.64 0.66 0.64 0.60 0.54 0.53 0.50
12194000 Skagit River 0.87 0.77 0.75 0.72 0.68 0.67 0.66
12199000 Skagit River N/A 0.73 0.71 0.67 0.62 0.61 0.58
12200500 Skagit River 0.70 0.78 0.76 0.73 0.70 0.69 0.67
12181090 South Cascade River 0.31 0.67 0.64 0.59 0.53 0.51 0.47
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Baseflow Index (Total Baseflow Divided by Total Streamflow)

BFS Model
I e R el R
12177500 Stetattle Creek 0.66 0.63 0.61 0.57 0.50 0.49 0.46
12188380 Suiattle River 0.83 0.75 0.72 0.68 0.61 0.58 0.52
12191800 Sulphur Creek 0.76 0.75 0.73 0.70 0.67 0.66 0.63
12190710 Swift Creek N/A 0.64 0.62 0.58 0.52 0.50 0.47
12197040 Tank Creek N/A 0.58 0.55 0.50 0.39 0.35 0.28
12175500 Thunder Creek 0.54 0.71 0.68 0.63 0.53 0.50 0.45
12192700 Thunder Creek 0.62 0.66 0.64 0.60 0.54 0.52 0.48
12186450 White Chuck River N/A 0.69 0.66 0.62 0.51 0.47 0.31
12197700 Wiseman Creek 0.65 0.59 0.57 0.53 0.46 0.44 0.40

Note: N/A values cannot be calculated for the BFS Model because the model has not been calibrated at these gages.
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Baseflow Index by Method
All years, All gages
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Figure 4. Median daily BFI method comparison by stream including

alpha parameter value equals 0.98).
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Figure 7. Map of Baseflow Index (BFI) results by gage using the BFS Model for the entire analyzed time period.
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Comparison of Groundwater Recharge and Discharge

Long-term mean baseflow (GW discharge) rates calculated in this study were compared
directly to recently obtained GW recharge and precipitation rates generated as part of the
Synthesis Study (Yoder et al. 2021) over the 30-year period from 1/1/1981 through
12/31/2010. The evaluation includes a total of 33 streamflow gaging stations (out of the
44 total gages analyzed for baseflow). Only 28 of the 33 gages could be analyzed for
comparison with GW recharge using the USGS BFS Model since five (out of the 33)
gages have not been calibrated by the USGS.

Figure 8 shows the relationship between mean annual GW recharge and discharge,
while Figure 9 shows the relationship between mean annual precipitation and GW
discharge for the Lyne-Hollick method (alpha equal to 0.98). Similarly, Figure 10 shows
the relationship between mean annual GW recharge and discharge, while Figure 11
shows the relationship between mean annual precipitation and GW discharge for the
BFS Model. Groundwater recharge rates are generally much lower than GW discharge
rates based on the hydrograph separation, with only 10 out of 33 gages having GW
recharge within 20 in/yr of GW discharge for the Lyne-Hollick method, and 9 out of 28
gages for the BFS Model. Across the two methods, GW discharge is larger than GW
recharge by a mean of 30.7 in/yr. Mean annual precipitation rates are mostly higher than
mean annual GW discharge rates. There are, however, a few instances where the GW
discharge rates are higher than the precipitation rates. The Lyne-Hollick method yielded
one of these instances (see Figure 10) on the South Cascade River (12181090), while
the BFS Model yielded three of these instances (see Figure 11), including two gaging
stations on the Skagit River (12179800 and 12179000) and one gaging station on Park
Creek (12190718).

The overall mean rates (across all gaging stations and their associated drainage basins)
for the Lyne-Hollick method are 15.6 in/yr of recharge and 46.9 in/yr of discharge. This
compares with a mean annual precipitation rate of 77.1 in/yr across all 33 drainage
basins analyzed using the Lyne-Hollick method. The calculated percentage of recharge
and discharge to precipitation for the 33 drainage basins using this method equals 20
percent and 61 percent, respectively. Since the two techniques used to estimate
baseflow generally produced similar results, the differences in these mean values are
small. The overall mean rates (across all gaging stations and their associated drainage
basins) for the BFS Model are 15.3 in/yr of recharge and 45.3 in/yr of discharge. This
compares with a mean annual precipitation rate of 77.9 in/yr across all 28 drainage
basins analyzed using the BFS Model. The calculated percentage of recharge and
discharge to precipitation for the 28 drainage basins using this method equals 20 percent
and 58 percent, respectively.
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Figure 8. Relationship between mean groundwater recharge and mean groundwater
discharge estimated using the Lyne-Hollick method (alpha parameter equals 0.98) for
all analyzed gages for the period from 1/1/1981 through 12/31/2010.
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estimated using the Lyne-Hollick method (alpha parameter equals 0.98) for all

analyzed gages for the period from 1/1/1981 through 12/31/2010.
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Figure 10. Relationship between mean groundwater recharge and mean groundwater
discharge estimated using the BFS Model for all analyzed gages for the period from
1/1/1981 through 12/31/2010.
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Figure 11. Relationship between mean precipitation and mean groundwater
discharge estimated using the BFS Model for all analyzed gages for the period from
1/1/1981 through 12/31/2010.
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Discussion of Findings

This study successfully completed baseflow quantification through hydrograph
separation for 44 gaging stations using streamflow data collected between 1908 and
2021 based on publicly available data records from the USGS and Ecology. The results
of this study can be used as a resource to better understand the complex hydrology of
the Basin, as well as the gaged subbasins within the Tasks 200, 400, and 500 study
area.

Streamflow rates were compared to the baseflow rates, including through the calculation
and evaluation of BFI values. Two techniques were compared, including commonly
employed one-parameter digital filter method (Lyne and Hollick 1979), and the state-
space method calculating baseflow as a non-linear function of upstream GW storage that
allows relatively steady non-zero baseflow. A sensitivity analysis of the Lyne-Hollick
alpha parameter was successfully completed for values within the range of 0.90 and
0.99, and a preferred alpha value has been adopted (0.98).

This study provides a wide set of water balance data that can be reviewed, and hopefully
utilized by practitioners, water managers, and other interested parties, within various
parts of the Basin, or the Basin as a whole (above Mount Vernon). The focus here is on
the components of the water budget from precipitation to basin runoff, including
components partitioned into GW recharge, and streamflow, and the portion of streamflow
moving through the GW system and emerging in streams as baseflow (presumably via
GW discharge). There are some details regarding evapotranspiration (or other sinks
such as pumping) that can also be gleaned through the direct comparison of long-term
GW recharge with discharge.

The purpose of the comparisons (between the two GW discharge methods, and between
both GW discharge methods and the associated GW recharge estimates) was to
elucidate the magnitude of differences to help in understanding the magnitude of the
issue in these estimation methods. Further discussion associated with the nuances and
caveats of the analyses performed in this study are discussed in the following
subsections, including some ideas about the future work that may stem from this study.

Comparison of BFS Model and Lyne-Hollick Digital
Filter for Hydrograph Separation

Although the Lyne and Hollick (1979) recursive digital filtering method for baseflow
separation is generally recognized as lacking a physical basis, the technique is
particularly useful to characterize differences between drainage basins in a consistent
manner, since it is easy to automate, objective, and repeatable (Nathan and McMahon
1991). The ability for the Lyne and Hollick (1979) method to provide the basis for making
quantitative inferences is tested by direct comparison to the results from the BFS Model,
thus providing potential for understanding both the usefulness of the Lyne-Hollick method
and understanding details about the controlling physical parameters of individual
drainage basins. This is possible at gages where the BFS Model has been calibrated
(and results presented in this study), because the BFS Model is a spatially aggregated
numerical time-series model that uses a state-space framework in which baseflow is a
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non-linear function of upstream storage. The findings from this study indicate there are a
number of sites that show good agreement in baseflow rates and BFI values calculated
from the two methods. More effort in determining the physical basis for differences
amongst the smaller number of subbasins analyzed that have the largest discrepancy in
resulting baseflow estimates amongst the two techniques investigated in this study would
be interesting to study in more detail. While some efforts have been made to delve into
the possible explanations for these differences, determination of the physical basis is not
part of the scope of work of this study but could be the focus of future work, as discussed
further in Section 5.5. Additional discussion about the details of the differences and
similarities is provided in the remainder of this section.

The BFI time series charts on annual hydrographs show indicate two distinct periods with
lower BFl, including the periods between about mid-May through August, and from about
November through mid-December. This is indicated by the results from both techniques.
In addition, based on Figure 5, it is apparent how the sensitivity of the alpha parameter
value alters the seasonal variability of the daily BFI values, with an increase in variability
for higher alpha values. While there are similarities between the resulting BFI values,
there are also differences; BFI values from the BFS Model are generally higher than
those resulting from the Lyne-Hollick method, and the Lyne-Hollick method generates
more variability in the resulting baseflow and BFI values.

Calibration of the BFS Model has been performed prior to the current study (cf. Konrad
2022) through a four-step process developed to find a set of viable parameters that
maximize the baseflow component within the constraints of the conceptual model (a first-
order recession rate that decreases during dry periods). The largest differences between
the baseflow fraction (BFF), which is based on the ratio of simulated baseflow to
simulated streamflow rates, and BFI, where BFF is generally less than BFI, has been
noted to occur in basins where streamflow in rivers are regulated and is generated
predominantly by snowmelt (Konrad 2022). It is worth adding that Konrad (2020)
developed BFF estimates using the BFS Model that also have rather high (>0.50) values
that are comparable to the BFI values determined from this study.

Further discussion of some of the factors causing relatively large errors in baseflow
estimates are provided by Konrad (2022), including: (1) the influence of reservoir
releases (discussed in the Section 5.4); (2) high elevation basins where snowmelt is a
dominant mechanism generating runoff (which does occurin several areas of the Basin);
and (3) sites that have isolated, extremely low flows as a result of drying or freezing for
example.

Lyne-Hollick Filter Alpha Parameter Sensitivity

In this study an alpha parameter value of 0.98 has been adopted as the preferred value
(for analysis of the entirety of the period of record for the available 44 gage records; see
Table 3) based upon two points of consideration: 1) visual review of the plotted baseflow
and streamflow hydrographs, and 2) The value of 0.98 for alpha has been adopted in a
baseflow assessment of 141 streams in the Murray-Darling Basin (CSIRO and SKM
2010), and an alpha value of 0.98 produced a better match to BFI derived from chemical
tracer estimates than the commonly adopted value of 0.925 (CSIRO and SKM 2012). To
be transparent, no attempt has been made in this study to assess how reasonable it
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would be to assume that the Murray-Darling basin is a suitable analog to the Skagit River
basin. However, the use of chemical tracers to estimate baseflow at this scale is not
common, and it provides an empirical measure not typically found. It was noted that BFI
values increase as the alpha parameter value is decreased, and that the seasonal
variability of the daily BFI values increases for higher alpha values. For purposes of
evaluating the influence of the alpha parameter and comparing against the BFS Model
baseflow values, the preferred alpha value of 0.98 was less important, and all six
evaluated alpha values were carried through the analyses.

Groundwater Recharge and Discharge Estimates

The discrepancy between GW recharge and GW discharge rates was larger than
anticipated for a majority of subbasins. About 85 percent of the subbasins analyzed have
estimated GW discharge rates that are higher than the GW recharge rates derived from
the Synthesis Study (Yoder et al. 2021). Furthermore, the range of mean GW recharge
rates amongst the subbasins analyzed is much lower than the range of estimated mean
GW discharge rates derived from hydrograph separation.

It is acknowledged that there could be an equal likelihood for the GW discharge and
recharge rate estimates to have high degrees of error. To elucidate the possible
magnitude of the error of the recharge rates used in this study, they have a basin-wide
mean of approximately 22 percent of precipitation (Yoder et al. 2021) over the long-term,
while the study of Savoca et al. (2009) reports a recharge rate that is 33 percent of
precipitation (for the lower Skagit Basin). In addition, the study of Thomas et al. (1997)
reports GW recharges rates exceeding 50 in./yr in the alluvial valley near Darrington,
while the comparable basin is shown to have a mean GW recharge rate of approximately
19 in/yr in this study. These comparisons appear to indicate, along with comparison
against the GW discharge rates determined in this study, that the GW recharge rates
overall could be underestimated.

With regard to GW discharge rates, there are a total of four subbasins analyzed that
have GW discharge estimates that exceed the precipitation estimates over the long-term
(see Figure 10 and Figure 11). The estimated GW discharge rates are still less than the
precipitation rates almost entirely, with four instances of exceptions where GW discharge
is greater than precipitation (as pointed out in the second paragraph in Section 4.3). The
cause of this could be due to physical processes such as ice melt or long-term losses
from storage but also could be due to inaccuracies in precipitation rate estimates
especially at high elevations, and errors in measurements of streamflow discharge rates,
and also possibly the overestimation of GW discharge from the methods used. To
expand on this last possibility, the minimum and maximum differences between the
estimated long-term mean GW discharge and recharge rates amongst all subbasins
analyzed with both GW discharge methods (n = 61) are -16.1 in./yr and 110.7 in./yr, with
an average of 30.7 in./yr, and 13 of the largest estimates of GW discharge are greater
than 50 percent of the mean difference of 30.7 in/yr, whereas only one of the smallest
estimates of GW discharge have an absolute difference of greater than 50 percent of the
mean. This indicates a bias toward large GW discharge estimates relative to GW
recharge estimates.

270



5.4

The method of determining GW recharge and precipitation rates within each analyzed
subbasin required the use of spatial data analysis tools to intersect gridded values with
the subbasin polygons. The most efficient (default) method—spatial join with intersect as
the selection method—has been used in the interest of time. Since some of the grid cells
are on the edges of the subbasin polygons, there are some grid cells that have been
selected multiple times (by neighboring subbasins) using the simple intersection method.
While the “best,” or perhaps more precise, intersection methods could be explored
further, we believe the resulting mean rates of GW recharge and precipitation within each
subbasin from various intersection methods would be about equal to what has been
reported in this study. However, it would be expected that the largest differences in
results between different intersection methods would be for the smaller basins where the
number of perimeter grid cells comprises a larger fraction of total grid cells intersecting
the subbasin polygons.

Reservoir Releases

The lower Skagit River below the five major hydroelectric dams is considered heavily

regulated, with Ross and Upper Baker Dams controlling runoff from about 39 percent of
the drainage area of the Basin upstream of Mount Vernon (Puget Sound Energy 2006),
but the five dams in the basin were not built primarily for flood control and provide only
limited relief from the worst river flooding, which generally occurs in late fall when warm
storm systems bring heavy rainfall, which can also melt early snowpack (Kunzler 2005).

While the results have not been presented in this study, the baseflow and streamflow
hydrographs, statistics, and BFls for a couple of the gages with the most regulated
streamflow and an unregulated large river have been reviewed for comparison, including
at the gages just downstream of the lowermost dams on the Baker River and the Skagit
River (USGS stations 12193400 and 1217800, respectively) and on the unregulated
Sauk River (USGS station 12189500). The Baker River at Henry Thompson Bridge
appears much more affected by controlled reservoir releases than those of the Skagit
River at the Newhalem gage, based on the observance of sharp declines in streamflow
and resulting sharp declines in baseflow that result from the separation, with the Skagit
River at Newhalem hydrographs appearing much more like those of the Sauk River
gage. Much larger differences of BFls between the Lyne-Hollick method and the BFS
Model are noted at the Baker River gage than observed at the Skagit River or Sauk River
gages.

In total there are nine gaging stations that have been analyzed in this study that are
downstream of at least one of the five major dams in the Basin. These nine gaging
stations are listed as follows:

e 12178000 (Skagit River at Newhalem)

e 12179000 (Skagit River above Alma Creek near Marblemount)
e 12179800 (Skagit River above Bacon Creek near Marblemount)
e 12181000 (Skagit River at Marblemount)

e 12193400 (Baker River at Henry Thompson Bridge at Concrete)
e 12193500 (Baker River at Concrete)

e 12194000 (Skagit River near Concrete)
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e 12199000 (Skagit River near Sedro Woolley)
e 12200500 (Skagit River near Mount Vernon)

Some of these gages display large differences among the baseflow and BFI statistics
when comparing the two methods, while others do not. Animportant additional finding is
that these gages (all have baseflow estimated except for the Skagit River near Sedro
Woolley) are among those with the largest differences between GW discharge and
recharge, making up eight of the 15 gages with the largest differences for the Lyne-
Hollick method and six of the 13 gages with the largest differences for the BFS Model.
Delving into the explanations for these reasons is not part of the scope of work of this
study but could be the focus of future work, as described further in Section 5.5.

Potential Future Work

It would be interesting to investigate objectively the relationships between BFI values
resulting from the two techniques and other Basin hydrology-related characteristics, such
as drainage area, average subbasin elevation, amount of glacial melt occurring, etc. For
instance, while it was not analyzed statistically, this study does show that there is
generally an increase in BFI values with increasing basin size. Going further, the spatial
relationships, including how these characteristics relate to precipitation and a more
thorough evaluation of how the results relate to hydrogeologic units could provide a
better understanding of the underlying controlling processes responsible for variations
amongst the BFI values of subbasins.

Selection of the Lyne and Hollick (1979) digital filter alpha parameter value is informed
by comparison of two completely different conceptual approaches to separating baseflow
from streamflow time series in this study. However, it has been recommended that the
selection of the filter alpha parameter be informed by field studies wherever possible,
using techniques such as chemical tracers and reach water balances (Ladson et al.
2013). Improved field investigation that aims to better understand the links between
baseflow and physical factors is likely to be required in order to better reduce
uncertainties in the adopted alpha parameter value. While the uncertainty of the alpha
parameter values has been explored via sensitivity analysis (six different values of a) in
this study with respect to the Lyne-Hollick method, there remains the possibility of
exploring the sensitivity of the various BFS Model parameter values and extending the
BFS Model to the remaining gages within the Basin via calibration through steps outlined
in Konrad (2022).

The discrepancy between GW recharge and GW discharge rates was, on the whole,
larger than anticipated, providing the need for further evaluation and attempts to
understand the reasons for large discrepancies in about two-thirds of the analyzed
subbasins. There are also likely some issues related to the precipitation rates and not
accounting directly for glacial melt, which could explain why GW discharge (and also
streamflow) is larger than precipitation, particularly for the high-altitude subbasins.
Further evaluation of recharge rates appears to be warranted, as the variability was
much lower than the baseflow values derived from hydrograph separation. As noted in
the ‘Knowledge Gaps’ of the Synthesis Study (Yoder et al. 2021), comparisons of
recharge estimates generated from other studies and approaches could be made, such
as using the cell-by-cell fluxes from applications of the Distributed Hydrologic Soil
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Vegetation Model (DHSVM), or from studies applying the soil-water balance (SWB)
method.

Of the nine gaging stations that have been analyzed in this study that are downstream of
at least one of the five major dams in the Basin (listed above), some display large
differences among the baseflow and BFI statistics when comparing the two methods,
while others do not. The reservoir-controlled nature of the streamflow could be
contributing to the high GW discharge estimates at some gages. Delving into the
explanations could be the focus of future work.

Additionally, there remains some opportunities to analyze other historic gages, or more
recently installed gages, within the Basin. While this study did provide an extensive
analysis of gages beyond those analyzed by the USGS (Konrad 2022), there was not an
attempt to comprehensively analyze all of the existing historic/inactive and most recent
streamflow gage data.
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Appendix B. Time Series as Annual Hydrographs
of Daily Baseflow Index (BFI) Statistics for the
Entire Period of Available Record of each
Analyzed Gaging Station, Comparing the Lyne-
Hollick Method and the BFS Model
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)



Baseflow Index

Baseflow Index by Method - All Years
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showing min/max (blue), interquartile range (grey), median (black line)
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Baseflow Index by Method - All Years
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showing min/max (blue), interquartile range (grey), median (black line)
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Baseflow Index by Method - All Years
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showing min/max (blue), interquartile range (grey), median (black line)
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Baseflow Index by Method - All Years

12200684

BFS

Lyne-Hollick (0.9)

Lyne-Hollick (0.925)

1.00 ~

0.75

0.50 A

0.25 A

0.00 -

N

Lyne-Hollick (0.95)

Lyne-Hollick (0.975)

Lyne-Hollick (0.98)

1.00 -~

0.75 A

0.50 A

0.25

0.00

Lyne-Hollick (0.99)

Feb Apr Jun Aug

1.00 -+

0.754

0.50 -

0.25 1

0.00

Feb

Apr

Jun

Aug

Oct

Dec

Oct

Dec

Feb Apr Jun Aug Oct Dec

328

showing min/max (blue), interquartile range (grey), median (black line)
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Baseflow Index by Method - All Years
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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Baseflow Index by Method - All Years
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)



Baseflow Index

Baseflow Index by Method - All Years

12188380

BFS

Lyne-Hollick (0.9)

Lyne-Hollick (0.925)

1.00 ~

0.75 1

0.50 -

0.25

Lyne-Hollick (0.95)

Lyne-Hollick (0.975)

Lyne-Hollick (0.98)

1.00 -~

0.75 1

0.50 -

0.25

Lyne-Hollick (0.99)

1.00 -+

0.75 A

0.50 A

0.25 A

Feb Apr Jun

Aug

Oct

Dec

Feb

Apr

Jun

Aug

Oct

Dec

Feb

Apr Jun Aug Oct Dec

349

showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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showing min/max (blue), interquartile range (grey), median (black line)
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EXECUTIVE SUMMARY

The Washington State Department of Ecology (“Department”) asked the Washington State Academy of
Sciences (“WSAS”) to provide a peer review of the Groundwater Study, one of three studies commissioned by
the Department at the direction of the Washington Joint Legislative Task Force on Water Supply (“Task Force”)
through the Washington State Water Research Center at Washington State University. WSAS convened a panel
of three reviewers, chaired by WSAS Board Member Michael F. Goodchild, to conduct the peer review.
Reviewers were chosen for their interest and experience in areas covered by the report, and in the Skagit Basin
generally. Reviewers were provided with the project’s report, asked to provide written commentaries on the
study in response to guiding questions, and convened in a virtual discussion on April 2, 2025.

BACKGROUND

This study on groundwater on the Skagit Basin is one of three studies undertaken to address knowledge gaps
related to the Skagit River and its contributions to agriculture, urban development, fishery, and recreation
identified in a 2022 WSAS report for the Task Force, titled “Proposed Scope for a Comprehensive Hydrologic
Study of the Skagit Estuary.”

That study found one significant knowledge gap to be the proportion of stream water that was composed of
baseflow groundwater, which could play a significant role in moderating temperatures. To address this gap, the
Department of Ecology awarded a contract to HDR Engineering and Western Washington University, in
collaboration with the State of Washington Research Center, to conduct an analysis of groundwater flows near
Muddy, Alder, and Grandy Creeks between the towns of Hamilton and Concrete, WA. As described by the
Washington State Water Research Center, the study was designed to:

...Characterize subsurface hydrogeologic units and groundwater resources, including investigation of
groundwater/surface water interactions and will also evaluate basin-wide groundwater baseflow (groundwater
discharge flowing to streams).

...produce a more complete understanding of the Skagit’s groundwater resources and aquifers and in doing so
will help water resource managers with decision making.

The project was divided into four tasks:

e Task 200 (Hydrogeologic Characterization, report delivered 9/15/23)

e Task 300 (Hydrograph Separation, report delivered 5/15/23

e Task 400 (Surface Water and Groundwater Interaction, report delivered 12/6/24), and

e andTask 500 (Three-Dimensional Hydrogeologic Framework, report delivered 10/31/24).

The Department asked WSAS to assess the quality of the research, whether it was effective at achieving the
stated objectives, and areas that could benefit from additional context. WSAS recruited four well-respected
researchers from different fields and institutions with multidisciplinary expertise in hydrology, fish biology,
streamflow, and watershed management to review the study.

SUMMARY OF COMMENTS

The contractor has provided a very detailed report on the project, with numerous tables, figures, appendices,
and photographs. The Skagit Basin is an area of incredible geologic and hydrologic complexity, making it
very difficult to characterize groundwater/surface water interactions and basin-wide groundwater flow in
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a way that could inform decision making. This study contributes data that could be useful for future
decision making but is not sufficient by itself to provide a useful, explanatory model to inform decision
making. Making the data and observations within this study useful for future investigators to test
specific hypotheses would require better documenting, standardizing, and making the data available in
a single source. In addition, there are numerous methodological and analysis issues that need to be
addressed to validate or explain certain findings, and additional seasonal data would need to be
collected to better understand low-flow periods.

What follows consists of two additional summary comments, and the detailed reviews by the three reviewers.

First, it would be helpful if the report could be placed into a broader context. The document on the history of the
project that has been attached to the report is helpful, but this new report is not clearly linked into the history.
What motivated this study, with its specific emphasis on the east side of the Skagit between Hamilton and
Concrete? What has been learned from this study that contributes to our general knowledge of the entire basin?
What parts of the report, including the extensive data and figures, might be most useful in later studies and in
decisions about withdrawals from the river?

Second, all three reviewers raise concerns about the central conclusions of the study. Connections between
upland snowmelt and baseflow are discussed, but is the evidence sufficiently compelling, and is the report
consistent in its discussion of the connections? As Reviewer 3 notes in a discussion section, the report does a
valiant job of sorting some simplicity out of a very complex environment, but are the caveats sufficiently
explored and clearly stated? And is the experimental design optimal given the resource constraints and the
central conclusions?

REVIEWERS’ COMMENTS

REVIEWER 1

General comments

History of Skagit Research Project

This is full of jargon, and little hint of what the objectives and/or questions addressed by the various subprojects
are/were. For instance, “[WSAS] was requested to review a series of three consultant reports ...”. Fine, but what were
those reports intended to do? Andsoon ...

Task 200 (Hydrogeologic characterization)

The Task 200 report (submitted 9/2023) and Task 500 report (submitted 10/2024) were progress reports for an ongoing
MS thesis for a geology student at Western Washington University to develop a hydrogeologic framework for the lower
Skagit River basin. The MS thesis was completed in May 2025 and will serve as the final report encompassing tasks 200
and 500. Although the MS thesis was produced by Henry Willaims at Western Washington University, his thesis advisor,
Robert Mitchell, and committee member Jon Riedel serve as coauthors for the project.

The MS thesis will satisfy most of the concerns expressed by the reviewers related to the 200 and 500 reports. For example,
the MS thesis clearly states the motivation for the development of the hydrogeologic framework and emphasizes that the
hydrogeologic framework is a generalized characterization of the lower Skagit valley and should not be used to make
water management decisions. It will serve as a basis to guide future studies. The MS thesis Includes detailed maps,
updated and additional cross sections and 3D conceptual models, a more detailed discussion, and conclusions and
recommendations. Not included in the MS thesis are the 2D geology cross sections illustrated in the Task 200 report. The
MS thesis focuses on the hydrogeologic units that lump geologic deposits.
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First off, this really needs a map showing the study area, and please reference river miles. Moreover though, it’s
very difficult to get an idea of the contribution of the work to better understanding linkages between
groundwater (in the lowland and upland terrace areas) and the flow of the river, which is what | presume the

contribution of the report is supposed to be. For instance:

1) The executive summary is obscured by details like “The cross sections were developed using the Xacto
Section tool”. This sort of thing should be in a methods section, not the executive summary.

See the new Introduction in the MS thesis.
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2) “The well-log database includes information on well identification, location, depth, and logged formation
materials”. Yes, that makes sense, but this sort of detail also should be in a methods section.

Rectified in the Methods section of the MS thesis.

3) The closest the executive summary comes to providing key information about the “big picture” is the
statement “The cross sections and geology literature reviewed indicate the occurrence of unconfined aquifer
materials in the upland (glacial) terrace that are potentially connected to unconfined aquifers in the Skagit River
valley, therefore they are hypothesized to have hydraulic connections with the Skagit River or its tributaries.”
That’s important, but how was the hypothesis tested? The following paragraph hints at this by saying “... initial
basis of a more detailed conceptual hydrogeologic/ hydrostratigraphic framework that will be expanded on in
the subsequent evaluations” but that doesn’t seem to me to be the same as testing the hypothesis.

The MS thesis Introduction clearly states the motivation for the development of the hydrogeologic framework.

Comments on main text:
1) Please provide a map, showing Alder Creek and other key attributes, with river miles.
Alder Creek is clearly illustrated in multiple figures in the MS thesis. The figures have scale bars rather than river miles.

2) The paragraph starting “Outcomes will provide the initial basis ..” basically is gobbledygook. | think what
you’re after is an understanding of the extent to which the glacial terrace and valley aquifers are connect to each
other, and the extent to which they control river low flows.

A more detailed analysis is provided in the MS thesis. Natural systems are complex, so yes inferences are made based
on the best available information to offer some insight that may lead to further studies.

3) Please embed the key figures (like Figure 1) in the main text rather than an appendix. It’s very irritating to have
to flip back and forth. Also, wrt Figure 1 provide a full size figure for the study area, with an inset to much smaller
figure of the entire Skagit River basin. And be sure that key features, like the various creeks discussed in
sections 4.1-4.3 are shown in the expanded figure of the study area.

Imbedding figures in the text is a matter of style. The authors prefer to maintain the style which is consistent with our
academic institution for MS theses and manuscripts for peer review. Updated figures are provided in the MS thesis.

4) How many well logs were usable? Also, please assure that relevant figures (e.g., Figure 4) show the study area
in the same way as Figure 1, and have key attributes (creeks, river miles, etc.) shown.

Clarified in the MS thesis. Most wells eliminated were shallow wells in the valley floor because they did not provide
insight into the deeper stratigraphy. Updated figures are provided in the MS thesis.

5) It seems as though at least Figures 2 and 4, and perhaps 2, 3, and 4, could be combined. As a minimum,

Washington State Academy of Sciences | 6 359



Figure 4 needs to show the glacial terrace and the floodplain.

[llustrated in updated figures in the MS thesis.

6) In Figure 3, it’s not clear what the numbers on the cross-sections mean. Are those existing pumped wells?
And how was the decision made to put the one new deep well on the one particular transect? And how much
value added is there for just one deep well? Finally, surface elevation contours would be useful on this figure.

Illustrated in updated figures in the MS thesis. Funding for the project allowed for the installation of one well. We
chose a strategic location based on access on public land, a spatial gap in data, and site geology.

7) Figures 5-9 may be OK for an appendix, but they need to be synthesized into a single figure that helps the
reader understand commonalities (or lack thereof) among the three cross-sections. It’s too difficult to get that
picture by flipping back and forth between five figures.

Illustrated in updated figures in the MS thesis.

8) I would argue that there are no conclusions at this point, and | would call that section “synthesis”. But also,
the statement “Some of the Task 200 results suggest that the GT between Hamilton and Concrete may be

important sources of groundwater for the Skagit River”. How is that statement substantiated? Is this just from
the well logs? Not clear to me that you know at this point that the GT aquifer(s) are an important contributor to
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low flows. And in fact, you even state “9) At this point, however, direct groundwater connections between the GT
and the floodplain/river are not clear.”

The MS thesis includes a detailed discussion, conclusions, and recommendations.

Task 300 (Hydrograph separation)

In general, this report is somewhat better written than the 200 report. It does have objectives clearly stated,
although Section 1.1 should refer explicitly to the four reports (200-500). Thank you for embedding figures in the
text (lengthy tables, however, like Tables 1 and 2, should go in an appendix — although locations of stream
gauges should be shown on a map).

[Response: Citations and references added to the other three reports/technical memoranda (Task 200, 400, and 500).
Tables 1 and 2 provide necessary information and are each only two-page tables, so they have been retained embedded
in the main body text of the report. There is already a map of stream gage locations (see Figure 1).]

Specific comments:

1) Figure 1 needs to be rectified with Figure 1 in the 200 report (200 study area should be shown). It appears that
the study area for the 300 report is larger? Why?

[Response: Figure 1 has been updated to include a box outlining the study area from the other tasks. Yes, the study area
is larger for this Task 300 report, covering the extents of the entire Skagit River Basin within the United States. Additional
text has been added to Section 1.1, stating “The additional subbasins, located outside of the study areas of the Tasks
200, 400, and 500 study area (green box on Figure 1), were analyzed to be comprehensive in terms of the water
balance across the Basin since there is no field requirement for data collection and the analyses are relatively easy to
repeat for a large number of gages.”]In addition, based on this comment, the gages within the Tasks 200, 400, and 500
study area have been identified in bold text in Tables 2, 3, and 5, for ease of locating in the tables, and a note was
added about this to Section 5.]

2) Tables 1 and 2 might be condensed into figures showing e.g. periods of record for each of the gauges. As it is
though (see above) the tables are too long for main text.

[Response: See response above (two above). There’s quite a bit of information in Tables 1 and 2 that is better presented
in table format.]

3) Most readers don’t need the details of different baseflow separate methods, which can go in an appendix.
What would be better is to include a conceptual figure, perhaps using a year’s data from one of the gauges. The
real question in doing this kind of analysis is what constitutes baseflow. My contention is that, for the issues
faced here, this is primarily a summer dry period issue. The main issue with baseflow separation is that, if you
get a dry period in winter following high flows, the dry period flow that follows isn’t coming from the same stored
water as it is in the summer. Stated otherwise, you tend to have wet weather storage that decays relatively more

|"

quickly than during the “real” dry periods in late summer. My hypothesis is that many of the differences between
the two methods they use come about because of the low flow periods the different methods are using. See for
example Figure 2. There’s a lot of obvious snowmelt in the May-August period (and frankly, that’s a complicated
example because of the glacier contribution). Then there’s a large rainstorm in October. So about the only

period that’s suitably dry in that year and basin is November-December. My guess is, for that basin, there are
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much better years where you don’t need elegant (and potentially error-prone) baseflow separation methods;
just isolate the dry and snowmelt-free periods from multiple years.

[Response: The details of the methods are important to understand because the methods comparison is a primary aspect
of the study, and the methods are presented succinctly.

A year’s worth of data from one gage is already presented in Figure 2 with the streamflow and associated baseflow
hydrographs using Lyne-Hollick with all six analyzed alpha values, providing a nice “conceptual figure.” In addition to the
November-December time period, it could easily be argued that there are several periods in the January-March months
that can be representative of low-flow (streamflow) that represents baseflow. For all gages the results indicate that there
is at least some time period analyzed where the daily BFI calculated (from one of the baseflow separation methods) is
equal to 1.0, which does lend credence to the idea of analyzing low-flow streamflow periods to estimate baseflow. Task
400 does this with its seepage run survey, so the approach concept is the same and results should be comparable.

There is no difference in the periods analyzed and compared between the two methods (BFS Model and Lyne-Hollick),
and they both estimate baseflow over the entire period of available record (year-round over multiple years).
Conceptually there is not any issue with baseflow (GW discharge) increasing during wet periods, as there is more
precipitation (and/or snow/glacial melt) that recharges the groundwater system and increases groundwater levels, which
causes the driving heads to increase, that in turn increases GW discharge (and baseflow). Since the rivers are net sinks
where GW discharge occurs, it stands to reason that GW discharge increases (on the whole over the basins analyzed, with
obvious nuances locally around river meanders that cannot be captured). The filtering included with the baseflow
separation methods represents the smoothing of the baseflow with the “decay” being represented as a result of the
overall process.

Perhaps what is best to do is quote the first paragraph from Konrad (2022) in describing their BFS Model (which the first
part has been added to Section 1 (Introduction):

Streamflow in rivers can be separated into a relatively steady component, or baseflow, that represents reliably
available surface water and more dynamic components of runoff that typically represent a large fraction of total
streamflow. A spatially aggregated numerical time-series model was developed to separate the baseflow
component of a streamflow time-series using a state-space framework in which baseflow is a non-linear function
of upstream storage, an unmeasured state variable. The state-space framework allows forecasting of baseflow
for periods with no rainfall or snowmelt and estimation of residence times in contrast to other hydrograph
separation models. The use of a non-linear relation between baseflow and storage maintains model performance
over a wide range of time scales but will only provide reliable predictions for periods when the rate of streamflow
recession as a fraction of streamflow decreases over time.

It is also worth pointing out that baseflow estimates published by the USGS using the BFS Model (cf. Konrad (2020)) are
comparable to those from this study (i.e., total baseflow is typically greater than 50% of total streamflow (BFI >0.50)
when averaged over the entire period of record).]

4) In Table 3 (which is too long to be in main text) | assume coefficient of variation is for annual flows? In any
event, another statistic | suggest including is some measure of baseflow (for instance, 7-day 10 year low flow)
as a fraction of the mean annual flow. You also might want to plot that as a function of drainage area (log scale)

[Response: Table 3 provides necessary information and is only three pages long, so it has been retained embedded in the
main body text of the report. The coefficient of variation is based on the ratio of the standard deviation to the mean from
daily streamflow, so it’s not annual — no change was made since the text in Section 4.1.1 already states, “Table 3
summarizes various flow statistics calculated using all of the available mean daily streamflow data (in cfs) for each
analyzed gaging station.”
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While the suggested metrics to help establish low-flows for comparison against baseflows calculated via the other
techniques presented, and comparing against drainage area in a plot, it would only add more information to an already
crowded table and would not add a lot compared to the other information already provided.]

5) Table 5 results for “total baseflow/total streamflow” don’t make sense to me. They are suggesting that most
of the flow is baseflow. | simply don’t believe that, and | think it’s an artifact of their method which is trying to
allocate runoff during periods of snowmelt and/or rainstorms to “direct” and baseflow. | strongly suspect that
most of their “baseflow” is coming from the wet and/or snowmelt seasons. It they’re trying to make decisions
that involve connectivity of streamflow to the groundwater system, | suspect that during most of those periods,
groundwater isn’t supplying

[Response: The definition of total baseflow and total streamflow was expanded to specify that it was the total volume of
baseflow and volume of streamflow that were compared over the period analyzed (baseflow divided by streamflow) in
Sections 3.1.1, 3.1.2, and 4.2 to clarify. Additional text has been added to Section 4.2 to make the point that the variability
of the BFI values as shown in the report (Figure 4, Figure 5, and Appendix B) is quite dramatic throughout the year with
values of baseflow increasing in the late summer and early fall when GW discharge sustains streamflow, results that agree
with those described by Savoca et al. (2009), and also indicating that during periods of higher streamflow the BFI ratio is
reduced.

See also the additional responses to comment #6, since it is related to the possibility of GW discharge rates being
overestimated. Furthermore, the comment here, stating that most baseflow comes from wet and/or snowmelt seasons is
contradictory to the statement provided in comment #3 that the baseflow is a dry period issue.]

6) | don’t understand in Figure 8 how mean groundwater discharge could be so much larger than mean
recharge. Seems like those should be in balance. Otherwise, where’s the groundwater coming from? It can’t be
crossing basin divides for all the gauges!

[Response: Agreed, we were anticipating better agreement on average, despite there being some sub-basins that do have a
good match. Text already exists in the report in Section 5.3 stating: “The discrepancy between GW recharge and GW discharge
rates was larger than anticipated for a majority of sub-basins.” The estimated GW discharge rates are still less than the
precipitation rates (almost entirely, except for the few instances pointed out in the second paragraph in Section 4.3), which
could be due to physical processes such as ice melt or long-term losses from storage but also could be due to inaccuracies in
precipitation rate estimates and errors in streamflow rates as well (also possibly the overestimation of GW discharge from the
methods used). Text has been added to Section 4.3 to call out the one instance of this from the Lyne-Hollick method.
Furthermore, additional discussion of potential for underestimation of the GW recharge rates (and added text) to comment
#7 on Task 300 for Reviewer 3, along with additional text addressing how GW discharge rates may be biased high in certain
basins, to Section 5.3. See also response to Reviewer 2 comments on Task 300 Section 4 Results.]

7) Overall, | think there’s a major conceptualization problem here. | assume that where this is going is to try to
understand how groundwater withdrawals affect low flows. But as indicated above, the analysis that’s
presented is completely dominated by the high flow times of year. | strongly suspect that much/most of what’s
being identified as baseflow really is being sustained by bank storage, which occurs quite close to the stream
channel, and probably is pretty much independent of anything that happens in the groundwater flow field very
far (e.g., tens to hundreds of meters) from the channel. It seems to me that more attention is needed to the low
flow periods, in late summer, which are much more connected to for instance fish survival, water temperatures,
and so on. | don’t think the analysis that’s been presented deals with these issues.

[Response: It is important to be cognizant of the objectives, with one related one that is copied here: “In addition to the
stated objectives, this study also provides discussion about the results, particularly comparisons between the GW
discharge and BFI estimates from the different baseflow separation techniques, as well as the possible causes for
differences between GW discharge and GW recharge estimates (and precipitation), including methodological and
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temporal differences, along with potential accuracy concerns and possible influences caused by reservoir releases on
the highly regulated Skagit and Baker Rivers.”

Perhaps the total period of record calculations of the BFI are the focus of this reviewer comment. The breadth of the
results presented also include calculations of the daily statistics (including tables/plots) of the BFI from two methods (and
six to seven different calculations for each gage). While it is common to use an alpha value of 0.925 for use of the Lyne-
Hollick method, our preferred alpha value is 0.98, which overall reduces the BFI by comparison. There are increases in the
BFI during low-flow periods and decreases in the BFI during high-flow periods, so the methods used intuitively make
sense when viewed in this light (see for example Figures 2, 4, and 5, and Appendix B) and related discussion added to the
text to Section 4.2. It has already been noted that higher variability in the results from the Lyne-Hollick method are
generated as compared to the BFS Model.

Task 400 (Surface/groundwater interaction)

My take on this report is that it attempts to rectify the 200 (hydrogeologic characterization) and 300 (baseflow)
reports. Its domain, however, is much smaller than the 200 report’s, something that needs to be addressed (or
at least acknowledged and justified).

[Response: The Surface/ groundwater interaction study objectives are related to Tasks 200 and 500 reports. However,
this Task 400 study was spatially limited to a subset of the Task 500 aquifer modeling because of budget limitations. They
findings are related to the other tasks but not dependent on them. Task 300 is basin scale and so the findings from this
study are less directly applicable to the Task 300 study.]

In general, this report is better written than the 200 and 300 reports. It is, however, a little confusing as to what
constituted the seepage run vs hydraulic gradient measurements. | believe (but am not certain) that hydraulic
gradient measurements were based on pairings of piezometers and stream gauge water levels. However, this is
not entirely clear in the report, as “seepage run” measurements were also made, and what they consist of isn’t
well stated (possibly difference in water levels between upstream and downstream piezometers?

[Response: The Seepage Run was simply the synoptic measurement of stream and tributary flows during the same day,
which is used to construct a water balance. The hydraulic gradient measurements are indeed based on pairings of
piezometers and stream gauge water levels. These differences will be clarified in the report.]

In any event, both sets of measurements (hydraulic gradient and seepage runs) were made at multiple locations
along two Skagit River tributaries (both entering from the north side). Gaining reaches were identified when the
piezometer water level was greater than the stream water level, and the reverse for losing reaches. They also
took differences in stream discharge (I believe, also not clear from the report) between upstream and
downstream locations, and after accounting for lateral inflows, determined gaining and losing reaches based on
the signs of the differences.

[Response: This interpretation is correct.]

Other comments:
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1) I don’t understand what “manual tape-down measurements” means in section 3.1.

[Response: Updated for clarity. These indicate measurements from top of casing to the static water level.]

2) In Figure 8, it’s not clear what’s being plotted. The left axis label says “groundwater head, dh”, but the dh
implies a head difference (but between what and what)? The right axis is hydraulic gradient, which must be a
head difference divided by a distance, but difference between what and distance aren’t clear.
[Response: The values correspond to the explanation in section 2.3.3 and Figure 4. Groundwater head, dh, refers to the
difference in water surface elevations between the piezometer and the stream.]

3) Whatare M_0_G and M_0_P etc. in Figure 9?
[Response: M_O_G = Muddy Creek, Station 0, Stream gage; M_0_P = Muddy Creek, Station 0, Piezometer]

I don’t get much from the discussion. For instance, at the beginning it says “Grandy Creek is gaining GW mostly from the
outwash deposits”, but then “it appears that both Grandy and Muddy Creeks are losing streams within the floodplain
during the low-flow period”. It’s not at all clear how they get from one to the other. | am glad to see that they focus (at
the very end) on the low flow period, as this should in my view be the main motivation for the analysis. But they need to
be much more specific about that focus.

[Response: Additional interpretation will be added to the discussion The discussion relies on the aquifer
characterization (Task 500) which was not completed until spring of 2025 (Williams 2025). Both documents now
reference each other and provide a consistent discussion. Williams (2025) provides a more complete discussion of
hydrogeology as related to seepage run results. This document summarizes their interpretation.]

4) It’s also confusing that some of their gradient observations shown in Figures 6 and 8 are for late summer,
where others go for 6-8 months. They need to do a much better job of interpretation.

[Response: An explanation has been added to the methods subsection 2.3.1. The original intent was to measure at
least 1 month during late summer of 2023. Piezometers were installed in the spring of 2023, with the intent of
validating that the piezometers were functioning and representing shallow groundwater conditions. However,
suspect connectivity with local groundwater or non-functioning level loggers resulted in uneven periods of record
and the need to re-install and measure hydraulic gradients in the summer of 2024.]

Task 500 (Three-dimensional hydrogeologic framework)

This report seems to be more or less unconnected with the previous (200-400) reports. This is apparent in the
study site, which appears to be different than in, for instance, the 200 report? Why? Also, as in the other reports,
figures should be embedded in the text; it’s really irritating to flip back and forth. Also, please indicate river
miles along the main stem of the Skagit at the upper and lower boundaries of the study area.

The Task 200 report (submitted 9/2023) and Task 500 report (submitted 10/2024) were progress reports for an
ongoing MS thesis for a geology student at Western Washington University to develop a hydrogeologic framework
for the lower Skagit River basin. The MS thesis was completed in May 2025 and will serve as the final report
encompassing tasks 200 and 500. Although the MS thesis was produced by Henry Willaims at Western Washington
University, his thesis advisor, Robert Mitchell, and committee member Jon Riedel serve as coauthors for the project.
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The MS thesis will satisfy most of the concerns expressed by the reviewers related to the 200 and 500 reports. For
example, the MS thesis clearly states the motivation for the development of the hydrogeologic framework and
emphasizes that the hydrogeologic framework is a generalized characterization of the lower Skagit valley and should
not be used to make water management decisions. It will serve as a basis to guide future studies. The MS thesis
Includes detailed maps, updated and additional cross sections and 3D conceptual models, a more detailed discussion,
and conclusions and recommendations. Not included in the MS thesis are the 2D geology cross sections illustrated in
the Task 200 report. The MS thesis focuses on the hydrogeologic units that lump some geologic deposits.

Some other issues:

1) Are the well logs used in this report the same asin the 200 report? If not, how are they different

Task 200 was a preliminary report that was expanded upon in the Task-500 report. The well log database was expanded in
the 500 report and in the MS thesis.

2) Some (perhaps all) of the information in section 2 could be in the 200 report. This would also help rectify
study areas and so on and tie the reports together.

Updated in the final MS thesis.

3) As with the companion reports, there isn’t much said about the “big picture” of the study. Section 2.4 is
explicit about fish habitat and the possible effects of groundwater withdrawals on low flows, which | believe is
the concern underlying all the reports. This provides even more motivation for putting this information (which
frankly is better than the material in the other reports) into an overview document.

The MS thesis contains an updated motivation in the Introduction.

4) What was the motivation for selecting the upper and lower boundaries of the study area (and if different from
the other reports, why)?

The MS thesis clearly states that our objective was to characterize the aquifers in the uplands and terraces and
floodplain aquifers and to test the hypothesis that the upland aquifers are hydrogeologically connected to the
floodplain aquifers.

5) It seems to me that the ultimate objective (determining the effects of groundwater withdrawals on low flows
in the main stem lower Skagit and some of its tributaries) is not going to be addressable without a validated
numerical model. The information collected and analyzed in this report would part and parcel of that process,
as would the other reports. | suggest that be stated explicitly. If that is the case, archiving and documenting the
data collected and analyzed will be critical, and there should be a section in the report that states how this has
been done.

Given the limited budget for this study, our objective was to use domestic well logs to establish the basis of a 3D

conceptual that would serve as a guide for future studies, including groundwater modeling.
Washington State Academy of Sciences | I3 366



6) How is the well log database created for this report different from the one created for the 200 report? Seems
duplicative.

The Task 200 report was preliminary and expanded upon in the Task-500 report. The well log database was
expanded upon in the 500 report and final MS thesis.

7) One has to be skeptical of the information content of the single deep well given the size of the domain. How
transferable is this information? Would it be possible to compare well logs from some of the shallower wells
(perhaps the deeper ones among them) to get an idea of how laterally persistent the stratigraphic
characteristics are, so as to at least make a rough attempt at interpreting information from the single deep
well in a broader context?

Funding for the project allowed for the installation of one well. We chose a strategic location based on access on public
land, a spatial gap in data, and site geology. The creation of 2D and 3D models in Task 500 attempts to relate the deep
well data to other wells in the domain. However, there are few wells in the upland areas of Boundaries C and D.

8) How do the seepage run surveys in this report relate to the ones in the 400 report? Very curious that no
mention is made of that activity?

The authors will clarify in the updated 500 report that the seepage run information is a summary of those in the 400
report. The authors clarify in the MS thesis that the seepage run information is a summary of the results in the 400 report
produced by HDR, Inc.

9) I'm confused by the recharge section which seems unrelated to the analysis done in the 300 report. Clearly
these need to be linked, especially given the huge apparent imbalance in the 300 report.

Groundwater recharge was roughly estimated to generally illustrate its variability in the study area for the MS
thesis. It is not intended for a thorough water budget or to predict groundwater flow. The Task 300 report provides
more detail over a wider area but generally agrees with our recharge estimates.

10) The (lateral) hydraulic conductivity estimates from sections 3.3 and 4.4 aren’t connected in any
interpretation. Generally, the ones from pump tests seem to be in the 100s of ft/day,, whereas some of the ones
in section 4.4 are much lower. Most likely, the reason is that wells are intended to draw from high yield aquifers.
The key question is, do those high hydraulic conductivity estimates indicate connectivity of the groundwater and
surface water systems, irrespective of the occasional lower values? My guess is yes, but this is something the
report should discuss.

The hydraulic conductivity (K) estimates were based on driller well-log pump test data traditionally used for specific
capacity analyses and were only used to group geological deposits with similar K ranges into hydrogeologic units. As
clarified in the MS thesis, units with both low and high conductivity values are connected to aquifers in the floodplain
and surface water.
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REVIEWER 2

General comments

Task 200

Overall | found the technical memorandum for Study Task 200 well written. | do have a few
guestions/comments regarding the methods and some larger concerns about the conclusions.

Methods:

The study team did a nice job of retrieving well information from existing databases and putting in the effort
needed to make sure the retrieved data were properly located geospatially and to summarize the varied well log
descriptions into consistent soil type categories.

My main question with the methods resides with which wells were chosen to be included in the study versus
excluded, and why, when recharge to the tributaries was a focus of one of the study tasks (Task 400), were only
north-south transects developed. Additional east-west transects could provide insight into aquifer existence for
supporting ground-water surface water connections along these tributaries. It seemed from the report for this
task that many wells exist in the area but only those that aligned with a perceived N-S transect and didn’t
overlap with previous transects developed by the consulting company (HDR) were used. There was no mention
of the number of well excluded versus included in the development of transect, and | wonder if a greater
understanding of the subsurface could have been developed if additional transects were generated.

Clarified in the MS thesis is that only wells illustrating deep stratigraphy were chosen but were not abundant. East-
west transects are illustrated in the MS thesis

Page 4 states, “Only wells with relatively good locational accuracy and with reliable data were used for the
creation of hydrogeologic cross sections.” What defines reliable in this context? Was a strict criterion used?

Clarified in the MS thesis.

Page 5 states, “Hydrostratigraphic interpretations are limited in part by the number of wells used for each cross
section (i.e., interpolating between large distances), the number of gravel pit exposures, and our interpretations
of the textural descriptions in well-driller logs made by well drillers (who are commonly not geologists).” As
mentioned above, | am curious how many wells were included versus excluded in the analysis. | am also not
clear how the gravel pit exposures were used in the development of the cross sections. | don’t think, based on
my reading, that they were explicitly used within the transects.

Clarified in the MS thesis.
Conclusions:

It is not clear to me based on the figures in the report, and on the text of the report, why there are statements in
the executive summary and in the conclusion section indicating the existence of connections between the GT
and the tributaries or the GT and the lower valley aquifer. The established transects were focused N-S and
cannot really provide much information about connections between the GT and the tributaries in the same way
that E-W transects would help clarify. The N-S transects can identify if there are potential aquifers in the GT but
not if these formation are connected with the tributaries — unless one assumes the N-S transect formations
extend uniformly in the E-W direction, which is unlikely to be correct. There could be confining units between
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the transect and the tributaries, for example.

The N-S transects help with identifying connections between the GT aquifer and the lower valley aquifer. But
throughout the report, it states that the available information is inconclusive and hard to interpret with regards
to a direct connection between these two formations. Section 4.1 stated, “Based on these observations, it is not
clear what groundwater connections there may be between the lower alluvium within the valley and that within
the GT.” Section 4.2 stated, “At this point, it is not clear how well connected the GT aquifers are to the
floodplain aquifers. No aquifer units appear to be interconnected between the floodplain and GT.” Section 4.3
stated, “At this point, however, it is not clear how well connected the two aquifer systems are.”

Thus, | was surprised to read in the first sentence of the conclusion section state, “Some of the Task 200 results
suggest that the GT between Hamilton and Concrete may be important sources of groundwater for the Skagit
River interconnected to several tributaries, including Muddy, Alder, and Grandy Creeks, and possibly also to the
Skagit River mainstem via hydraulic interconnections between the GT and the alluvial valley aquifer materials.”
Prior to this point in the report, | had thought that the report was pointing to the opposite conclusion.

| think the report should be revised to more clearly and carefully provide conclusions that align with the results.
Currently, it feels like the report is conflicting itself. In the same paragraph in the conclusion one sentence
states, “Grandy and Muddy Creek cross sections suggest connections between the upper glacial and lower
floodplain aquifer materials based on hydrostratigraphic units of sand that underlie the entire north side of the
Skagit River valley,” while another sentence in a few lines later states, “At this point, however, direct
groundwater connections between the GT and the floodplain/river are not clear.”

After sitting with these two sentences for a long period of time and puzzling over them, it could be possible the
authors are meaning to say that the transects indicate the possibility of a continuous sand unit across the GT
and lower valley, but whether this sand unit represents a groundwater connection is uncertain. More careful use
of the word ‘connection’ throughout the report and more clarification of what is meant with the use of that word
(e.g., material connection versus groundwater connection) would help readers more easily understand the
report and its conclusions.

The Task 200 report was a summary of preliminary work. The MS thesis provides more detailed analyses and
inferences about the hydrogeologic continuity between the terraces and upland areas to the north and the aquifer
systems in the Skagit valley floodplain. A detailed discussion, conclusions, and recommendations are in the MS thesis.

Task 300

Overall, | found the report for Task 300 hard to follow and | found the fact that the estimated rate of discharge
exceeded estimated rates of recharge highly problematic. Below | outline my concerns.

Section 3 — Methods of Analysis

Upon reading this section | had many questions about the decisions and approaches used. Later in the report,
some of my questions were answered and addressed, but in general, it is good practice to put all of the method
information together so readers do not get frustrated by a lack of clarity and understanding.

[Response: There are some instance where some details of the methods are discussed briefly in the results and discussion
sections, but it seems like the details are appropriate for the context in those sections. The primary, and required, details
about the methods are described in the appropriate location (in the methods section). Overall, the description of
methods provides a balance between readability, details, main points, and discussion pieces.]

The specific questions that arose for me while reading this section initially included:

3.1.1 Lyne and Hollick Digital Filter
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It was not clear what parameters in the equation on Page 9 were data, fitted values, or calculated values. Later,
it became clear that alpha was not fitted (which | thought it was initially), but simply assigned a value.

[Response: Additional text was added to Section 3.1.1 to clarify that the streamflow comes from stream gage
measurement records, the quickflow (and baseflow) are calculated, and the alpha parameter controls how the filter
influences the attenuation of the streamflow hydrograph.]

Page 9 states, “To reduce the warmup and cool down issues that arise as the recursive filter moves though the
data, starting values were specified for each filter pass with the first and last 30 days of data being reflected at
the start and end of the records, as described (with a worked example) by Ladson et al. (2013).” | am not familiar
with this method, but the terms warmup and cool down issues are not clear to me. What does this mean? | also
don’t know what it means for data to be reflected at the start and end of the records. Is this repeated data?

[Response: Reflected values are copies of the record of measurements in reverse order copied to the start and end of the
period of record. For instance, the set of streamflow values starts with recorded values from the 315t measurement day,
then goes to the 30™", then the 29", and so on until the 30" reflected value is a copy of the 2" streamflow day record,
and then the 315t value analyzed is actually the 15t measurement value in the record. The inverse logic is applied at the
end of the record as well. This sort of detail would be too much to add to the text, so instead the following text has
been added instead to help clarify: “Reflected values are just copies of the first and last 30 days of record added to the
period analyzed in reverse order. The first and last measurement in the period of record are not copied/reflected.”]

Page 10 — why were the six alpha values chosen? What is the justification for these values? As presented, it feels
relatively random, though | imagine there was justification to the choice.

[Response: The range chosen appeared to be reasonable based on review of the Ladson et al. (2013) article and the range
from 0.90 to 0.987 they evaluated—text has been added to Section 3.1.1 to indicate this. Additionally, as can be seen in
the results presented in Section 4.1.2, for instance on Table 4 and Figure 2, that there is a relatively large range of results
that can be derived for the example gage shown (0.45 to 0.71 in Table 4) that corresponds with a large difference in how
the baseflow component compares to the overall streamflow hydrograph throughout the year (relatively “spikey” with
changes in baseflow by over a factor of 10 times with an alpha of 0.90, and relatively subdued with changes of less than
about 4 times with an alpha of 0.99). This comment has caused us to clarify that the analyzed time period for the
presentation of the BFI values in Table 4 was for the period from 1/1/1981 through 12/31/2010.]

Page 10 —the described method of deciding which alpha value gave the best results was very qualitative and
made me question the validity of the approach. The text indicates it was just a visual judgment to decide which
alpha value performed best. By the end of the report, | understood that results from multiple alpha values were
carried forward through the analysis. But in the method section, it seemed that a single alpha value was going to
be used and decided upon by simple visual judgment. At this point, it also was not clear to me if a single alpha
value was used for the entire study, or if each gage had its own alpha value, or even if each storm event at each
gage had its own alpha value.

[Response: The alpha value does not have a straightforward way to select it, as it is generally recognized as lacking a
physical basis, and therefore the most appropriate value does depend on judgement/interpretation. For these reasons
(already described in the text) in our case the selection of the alpha parameter values was informed by a sensitivity
analysis, indeed with analyses carried forward with the use of six different alpha values. This was done despite 0.98 being
the one adopted as the best alpha value.

To clarify the last point, additional text was added to Section 3.1.1, “The most appropriate interpreted Lyne-Hollick
singular alpha value to adopt has been selected as equal to 0.98, which was used in the analysis of baseflow for all 44
gages, over their entire period of record. The comparative analysis against the results from the USGS-developed

Baseflow Separation Model (described in Section 3.1.2) retain the sensitivity analysis of the effects of altering the
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alpha value across the range from 0.90 to 0.99. In each analysis that uses a different alpha parameter value, the value
was held constant across the entire analyzed period of record.” Furthermore, it is worth pointing out that more
evaluation of why 0.98 was adopted as the most reasonable value is discussed in the second paragraph of Section 4.1.2,
including reference to another study (CSIRO and SKM 2010) that had also selected 0.98 as the best alpha value that
included comparison to chemical tracer estimates of the baseflow index. Despite all of this, the fourth paragraph states,
“there are not very-considerably drastic differences amongst estimated baseflow statistics caused by varying the alpha
parameter.”]

Section 3.1.2.

Page 11 — BFl was finally defined. But it was used multiple times in the report before this point.
[Response: BFl is first introduced in Section 1.2 with a brief/general definition of how it is calculated.]

Section 3.2

The numbers of wells used in the analysis was conflicting in this section of the report. In section 3.1.2. it said
that 31 wells were analyzed with the USGS Baseflow Separation Model. In section 3.2 is said 28 of the 33 gages
could be analyzed using the USGS BFS Model.

[Response: Section 3.1.1 and 3.1.2 discuss the box-and-whisker charts, and later those charts are mentioned as being
plotted in Appendix A. Going through all 44 plots in Appendix A, one will find that there are only 31 plots that include
analysis using the BFS Model method. At the beginning of Section 4.1.3 there is further discussion about how 13 of the
total of 44 gages could not be analyzed using the BFS Model method because calibration parameters have not been
developed. The difference between 31 gages (44 minus 13) and 28 gages analyzed with the USGS BFS model stems from
the reduction in the time window (1/1/1981-12/31/2010) used for the comparative analysis of baseflow to GW
recharge—see all the gages listed in Table 2. In Section 3.2.2 and 4.3 language was added to clarify this (“for comparison
with GW recharge”).

The value of 33 gages is clear from the language in the first sentence of the second paragraph of Section 3.2.2, that reads,
“To extract data from the historic gridded GW recharge and precipitation datasets, first there was a need to delineate
drainage basins associated with the gages analyzed for baseflow over the same time period (1/1/1981-12/31/2010),
which is a total of 33 streamflow gaging stations (out of the 44 total gages analyzed for baseflow).”]

Page 12 states, “Then the basins were delineated based on the nearest stream location automatically by
StreamStats.” | don’t know what this means. What is meant by the nearest stream location? How is the stream
location used in basin delineation? Is it used as a boundary condition somehow?

[Response: The nearest stream location, “to each gage point,” has been added to the text. Earlier in the paragraph the
web-link to the USGS StreamStats page is provided. We did not want to delve too deep into the methodology in our
report, since the way that StreamStats works can be read/understood from that resource. However, additional text and
another website reference has been added to help clarify.]

Page 12 states, “Within each subbasin, the mean annual GW recharge from the gridded dataset was plotted
against the GW discharge (baseflow) derived from the hydrograph separation of the two methods (Lyne-Hollick
and BFS Model) with all six of the Lyne-Hollick alpha parameters analyzed.” The direct use of baseflow to
estimate discharge assumes that the gage used to get baseflow sits at the outlet of the basin from which
recharge is derived. If the gage is further up inside the basin, and not at the outlet, there would be discharge into
the downstream segment not captured by the gage. | have to assume that the method for estimating the
contributing area for recharge to each gage is treating the gage as the outlet/end-point for the contributing area.
Clarification around this aspect would be helpful.

[Response: Text already exists that clarifies this point at the bottom of page 11, as follows: “To extract data from the historic
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gridded GW recharge and precipitation datasets, first there was a need to delineate drainage basins associated with the gages
[...].” It should also be clear from Figure 1 and text at the bottom page 1 that the gages sit at the outlet of the Skagit Basin and
the upstream subbasins analyzed for baseflow.]

Section 4 Results

In Figure 4 and Figure 5 the caption states, “including all gages and all years.” But the presented data are
different. In Figure 4, the data seem to be for individual rivers. In Figure 5, the data seem to be for the entire data
set lumped together (I think). More clarity on what is actually being presented would be helpful.

[Response: In Figure 4 the gages are first grouped by stream and then the median BFI value of each stream grouping is
plotted by method on annual hydrographs. Similarly, in Figure 5, all of the gages are grouped together and their quantiles (0%,
25%, 50%, 75%, 100%) are plotted for each method with BFI on a daily basis on annual hydrographs. Some additional
language to clarify has been added to the text describing these figures in Section 4.2.]

My biggest concern with this report is the finding that discharge far exceeds recharge. This result does not make
sense hydrologically and points to an error somewhere in the process, either in estimating recharge rates (a
previous report), estimating contributing areas, or estimating baseflow. The report does not take any concrete
steps to address this discrepancy other than to say this result was surprising. It is in fact physically impossible
to have more discharge than recharge. The result causes me to question the validity of the entire study. It is
good to see that discharge is generally less than precipitation, but in some locations, the estimated discharge
rate is close to or in one case exceeds the precipitation rate. These locations could use further scrutiny with
regards to the baseflow estimates.

[Response: See responses to comment #6 on Task 300 for Reviewer 2 and comment #7 on Task 300 for Reviewer 3.

The draft report text of Section 5.5 (Potential Future Work) outlines several concrete steps (or at the very least discusses
possible steps) to address the discrepancies between GW discharge and GW recharge rates. Note also that this study does in
fact have a good match for about one-third of the sub-basins, and it provides clear indications of which basins should be
investigated further to achieve better overall water budget estimates (where it might be possible to have the biggest effect in
terms of getting GW discharge and GW recharge rate estimates to align). Another thing to point out is that factors that have
been attributed to causing large errors in baseflow estimates are listed out already in the text, including: (1) the influence of
reservoir releases (as discussed in the Section 5.4); (2) high elevation basins where snowmelt is a dominant mechanism
generating runoff (which does occur in several areas of the Basin); and (3) sites that have isolated, extremely low flows as a
result of drying or freezing for example. The impact of reservoir releases are also discussed

Additional text has been added to Section 5.3 where the source of possible additional errors are described, and to Section
5.4 and 5.5 related to the relationship between large GW discharge to recharge discrepancies at gages downstream of at
least one of the five major dams in the Basin.]

The linear fits that cross the origin in Figures 8-11 need to be removed. The data are not well fit by the applied
line, and if the authors checked the residuals of the fit they would see that fit is not appropriate. In Figures 8 and
10, I see an almost flat line. In Figure 9, there could potentially be a linear relationship with an intercept closer to
50 in/year. The authors should check the appropriateness of the fit if they chose to try it. But in figure 11, | see no
clear relationship.

[Response: All four figures (8, 9, 10, and 11) have been updated, with only Figure 9 retaining the linear relationship line
(with the adjustment to allow the y-intercept to be non-zero with a value equal to 55.935 in/yr).]

Section 5.4 — Reservoir Releases

| was caught off guard by this section. It felt completely out of place in the discussion section when nothing
previously in the results or methods touched on this aspect of reservoir releases. If the authors want to keep
this in the report, it needs to be better integrated and supported by the previous sections. It is not good practice
to bring in a new idea/result into the discussion section.

[Response: Additional text was added to Section 1.2 (Objectives) to provide the needed introduction about the discussion
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of reservoir releases being included in the report, in the context of potential accuracy concerns.]
Task 400

Overall | found the report for Task 400 easy to follow and the analysis well done. | had only a few comments and

questions.

My main question when reading about the study was why a dry period was chosen for the seepage run survey — |
am guessing there was a rationale for this decision. Including that rationale in the report would make it stronger.
| was also curious why the seepage survey was not repeated over the year to capture the seasonality with this
measurement that was captured by the pressure transducers and vertical hydraulic gradient measurements.
Given the seasonality captured by the pressure transducers and vertical hydraulic gradients, | think it could be
possible to push the study a bit further and have a more nuanced conclusion about the gaining/losing/neutral
state of the streams. Currently, it seems the report has assigned stream sections as losing/gaining/neutral (e.g.,
Figure 5) based largely on the seepage survey with the pressure transducer data being used only as an
additional piece of information that either aligns or conflicts with the seepage survey. A more nuanced
approach would be seeing if the pressure transducer data can help inform an understanding of GW-SW
interactions across seasons as well as along the stream spatially. Maybe a stream section is gaining in the dry
period but losing in the web period, or vice versa.

[Response: | agree that the groundwater/ surface water interaction and dynamics could vary by season. We chose to
focus on the summer low-flow season under the premise that among all seasons, the summer low-flow period would be
the most sensitive to changes to groundwater levels from future water withdrawals. | clarified this point in Section 2.1
(Study Design). Given limited budget, we chose to focus on this time period. We did deploy level loggers in the spring of
2023 to validate successful installation and representativeness of shallow groundwater. As it turned out, level logger
failure and no groundwater communication (Grandy 3) required re-installation at some locations in 2024.This resulted in
a “mixed bag” of piezometer and stream gage periods of record.]

Task 500

When reading the Task 500 report | was confused about what was new information specific to this task versus
what was information gleaned from the previous tasks. | had the sense that a lot of the presented information

was based on the previous tasks and not new results.
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| suggest revising the report to clearly specify what is new work versus what is being pulled from the previous
tasks. The bullet points listed section 3 Methodology include many aspects that | think are based on the
previous tasks. Section 3.1 Well Log Database —is this the same databased developed in Task 2007 If yes,
referencing that report would be helpful. Section 3.2 Fieldwork and New Well — for the new well aspect in this
section, is this the same deep well described in the Task 200 report? Section 3.4 & 3.5 — the 2D cross sections
mentioned, are some of these cross sections the same as the Task 200 report? Section 3.7 Recharge — is this
based on Task 3007 Section 3.8 Seepage Run Survey — is this based on Task 4007? It was hard for me to evaluate
the report when | wasn’t sure where the information was coming from.

This report seems like the culminating effort of the previous tasks and the goal of the larger study — the
development of a conceptual 3D model of the area. However, the report had no discussion or conclusion
section. | was left wondering what was actually learned and how this culminating conceptual model can or has
been used to help inform groundwater resources or management in the Skagit.

The Task 200 report was a summary of preliminary, ongoing work that was built upon for Task 500 and the MS
thesis. The Task 200 report was delivered 1.75 years ago and much more work has been conducted, and on task
500. The MS thesis is serving as the final report and includes a more robust discussion, conclusions, and
recommendations
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REVIEWER 3

General comments

"Task 200": the first phase of evaluation of the possibility of connections between upland glacial outwash
terrace and Skagit River alluvial valley deposits.

The evaluation was done by developing 3 hydrostratigraphic cross sections using the "Xacto Section tool add-on
to ArcMap" and are mostly based on domestic water well logs, geologic maps, LIDAR DEM, gravel pit exposures,
previous reports, and one 310 foot deep monitoring well.

pl: "The cross sections and geology literature reviewed indicate the occurrence of unconfined aquifer materials
in the upland (glacial) terrace that are potentially connected to unconfined aquifers in the Skagit River valley,
therefore they are hypothesized to have hydraulic connections with the Skagit River or its tributaries. Aquifersin
the GT are variable in terms of number and extents of possible physical connections with the aquifer materials
in close proximity to the Skagit River in the alluvial valley." This is a lot of hypothesizing...

A more detailed analysis is provided in the MS thesis. Natural systems are complex, so yes, inferences are made
based on the best available information to offer some insight that may lead to further studies.

p3: "Acceptable wells were used to identify..." What makes a well "acceptable"? Depths and more details
(from the previous paragraph)?

Clarified in the MS thesis.

p5: "Cross sections were created using the hydrogeologic unit interpretations to connect units from neighboring
wells along each section together." How were these connections made? By "expert judgment," or was some
type of "automatic" process used (i.e., something in the ArcGIS software)?

Software was used to synthesize the well-log database and human judgement based on geologic maps and field
observations was used to interpolate where information was lacking. This is clarified in the MS thesis.

p5: "Passage of the ice itself over the GT left a thin (less than 16 feet) veneer of glacial till on top of the lacustrine
and advance outwash sequences..." This seems to imply confined groundwater conditions, rather than
unconfined (WT), since till is usually considered (very) low-conductivity.

Clarified in the MS thesis

p7: "Organic debris recovered during drilling is postulated to have an age of at least 20,000 years and may be
much older." On what basis?

The MS thesis states that the organic material was carbon dated to range between 29-31,000 calibrated years.

p8: "both cross sections display unconfined conditions within the floodplain." How do you evaluate unconfined
conditions in this instance? Did you find soil mottling, indicative of changes in water table height? Or do you
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mean you observed unsaturated sediments beneath the overlying clay layers? Or...?

p9: "Despite this, the inclusion of silt is very important and should not be overlooked, because every interval in
the well has silt logged." Agreed.

Agree. Clast size was used to combine geologic deposits into hydrogeologic units in the MS thesis.

p9: "As seen in , individual cross sections..." ??? Missing some information here.

[llustrated in updated figures in the MS thesis.

p9: "The variability in subsurface geology and spatial gaps in well logs makes the interpretation of the possible
groundwater connections between the GTs and Skagit River floodplain tenuous..." Agreed. "until more data are
collected and analyzed in subsequent evaluations..." Not sure | believe a reliable hydrostatigraphy can ever be
sorted out of this type of complex glacial/fluvial mess. I'm especially not certain that a meaningful 3D
framework can be established.

A more detailed analysis is provided in the MS thesis. Natural systems are complex, so yes inferences are made based
on the best available information to offer some insight that may lead to further studies.

Figure 5: No offense to the consultants that drafted this figure, but | am skeptical about the continuity of the
"Gravel Sand" layer shown on this cross-section. Other than seeing similar grain sizes in several wells, are there
mineralogical/petrological similarities between the wells? | suppose this is unknown, because drillers typically
don't make those kinds of determinations.

Best judgment along with geologic maps were used to infer the stratigraphy and stratigraphic connections. Further
study will be required. The MS thesis provides a discussion of the limitations of our interpretations.

Figure 9: Similar to my comments on Figure 5, | would say the "sand" layer connection between the Glacial
Terrace and Skagit River Floodplain deposits is highly speculative.

Best judgment along with geologic maps were used to infer the stratigraphy and stratigraphic connections. Further
study will be required. The MS thesis provides a discussion of the limitations of our interpretations.

Appendix D: This is an outstanding well log. | would have liked to see the construction details of the monitoring
well placed in this hole, though.

Not available.

Hydrograph Separation Report (Task 300)

p9: Lyne and Hollick Digital Filter: This is a very poor explanation of the Lyne and Hollick (1979) method. From
what is written, it is difficult for me to understand how this method works, what the alpha parameter represents,
or what the outcome of the filtering yields. How is it that multiple applications of the filter improve the output,

and why is the filter run "forward, backward, and forward" (in time, or in space)? Why three times? Why are
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different values of alpha used, and how would an investigator choose between them? What is the physical
meaning (if any) of alpha? What criteria are used to determine whether or not filtering (and therefore hydrograph
separation) are complete? Consideration of "whether the baseflow hydrographs were not too 'spikey' during
storm events..." hardly seems like a quantitative factor.

[Response: See responses to Reviewer 2 comments under 3.1.1 Lyne and Hollick Digital Filter. Almost all of these
questions are addressed there. | will add that Table 4 and Figure 2 (and related text in Section 4) were developed as
examples with the intent of informing the reader about how the method works and how the alpha parameter acts to vary
the resulting baseflows (i.e., its sensitivity).

On that isn’t addressed there relates to running the filter forward, backward, and forward (in time, or in space)? The filter
is run three times based on the method outlined by Ladson et al. (2013), and it is run directionally with respect to time.
Ladson et al. (2013) provides a succinct discussion about the number of passes that reads: “The number of passes that
are appropriate to separate baseflow depends on the time step of the flow values. For daily data, it has been common to
use three passes, and our recommendation is that this be continued. ... Passes should be in order, forward, backward,
Forward,” and adding, “The number of passes has also been used as a calibration parameter in some studies with the
objective being to match the appearance of baseflow derived from manual methods.” Such language, and some
additional language about the method has been added to the text in Section 3.1.1.]

pll: "Thirteen streamflow gages analyzed in this study have not been subject to this calibration, and therefore
baseflow separation using this method is not currently possible." Presumably, not possible for these thirteen
stations. Otherwise, why bring this method up at all?

[Response: Good point, text added to end of second paragraph of Section 3.1.2.]

pl17 and elsewhere: Is there any reason to think the Murray-Darling basin is a good analog to the Skagit River
basin?

[Response: Hard to say, it could, but the discussion is not meant to imply that. Clarification around this point has been
made to the text in Section 5.2 in the Discussion of Findings section instead of the results (more appropriate here).
Added text reads, “To be transparent, no attempt has been made in this study to assess how reasonable it would be to
assume that the Murray-Darling basin is a suitable analog to the Skagit River basin. However, the use of chemical
tracers to estimate baseflow at this scale is not common, and it provides an empirical measure not typically found.”]

p19: To what do you attribute the discrepancies between the two methods for these stations?

[Response: There is already a comparison presented between the calculated BFI values from the two baseflow separation
methods in Section 4.2, and further discussion about the findings in Section 5.1.

Figures 8-11: The linear best-fit lines should not have been constrained to run through the (0,0) point. A
constraint of this type causes an artifact in the fit; furthermore, it is clear that there does not need to be zero
precipitation when the groundwater discharge is zero (for example). That is, there is no physical reason for the
y-intercept of any of these plots to be forced to zero.

[Response: Agree, and in fact all linear relationship best-fit lines have been removed from the figures (except for Figure 9
where the y-intercept was not fixed at zero). See also the response to Reviewer 2 comment #4 under Section 4 Results]

pp33-34: "More effort in determining the physical basis for differences amongst the smaller number of sub-
basins analyzed that have the largest discrepancy in resulting baseflow estimates amongst the two techniques
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investigated in this study." It looks as though this sentence was missed in proofreading, but the intent is clear:
more work is needed to understand why some basins demonstrated large differences between the two
methods. Too bad. | would be really interested in knowing why there were large discrepancies in some cases.

[Response: Thank you for pointing out this error missed during proofreading. The possible explanations for the
differences (and similarities) have actually been explored and discussed, but to perform some of the work required to
elucidate the physical basis for the findings is indeed out of scope work, and there could be a lot of debate about the
most important areas within the Basin to study, and at what level of effort. The text has been updated (at the end of the
first paragraph of Section 5.1) to read, “More effort in determining the physical basis for differences amongst the
smaller number of subbasins analyzed that have the largest discrepancy in resulting baseflow estimates amongst the
two techniques investigated in this study would be interesting to study in more detail. While some efforts have been
made to delve into the possible explanations for these differences, determination of the physical basis is not part of
the scope of work of this study but could be the focus of future work, as discussed further in Section 5.5. Additional
discussion about the details of the differences and similarities is provided in the remainder of this section.”]

p34: "estimated GW discharge rates that are higher [than] the GW recharge rates..." There is no reason these
have to match on a short-term (e.g., annual) basis. There are a number of reasons why observed discharge may
be higher than observed recharge. The most likely of these is that water is being removed from long-term
storage (i.e., groundwater stored in aquifers is declining or glacial ice that contributes recharge is melting).
Another possibility (also likely) is that the recharge estimates are wrong. Recharge is notoriously difficult to
quantify, so this would not be very surprising.

[Response: We acknowledge that there are reasons why GW recharge would not be expected to match GW discharge on
a short-term basis, but the time period was 30 years (1981 through 2010) that forms the basis of the comparison made. It
could be argued that it is equally likely that GW discharge rates are wrong, and in fact there is likely error in estimates of
GW recharge and GW discharge.

The purpose of the comparisons (between the two GW discharge methods, and between both GW discharge methods
and the associated GW recharge estimates) was to elucidate the magnitude of differences to help in understanding the
magnitude of the issue in these estimation methods—text has been added to Section 5 to focus attention on this point.
In fact there is uncertainty in the alpha parameter used for the application of the Lyne-Hollick GW discharge estimation
method, as outlined well in Table 4 and Figure 2 (Section 4.1.2).

Text has been added to Section 5.3 to discuss the following results from other studies in comparison to the GW recharge
rates reported from this study:

“It is acknowledged that there could be an equal likelihood for the GW discharge and recharge rate estimates to have high
degrees of error. To elucidate the possible magnitude of the error of the recharge rates used in this study, they have a
basin-wide mean of approximately 22 percent of precipitation (Yoder et al. 2021) over the long-term, while the study of
Savoca et al. (2009) reports a recharge rate that is 33 percent of precipitation (for the lower Skagit Basin). In addition, the
study of Thomas et al. (1997) reports GW recharges rates exceeding 50 in/yr in the alluvial valley near Darrington, while the
comparable basin is shown to have a mean GW recharge rate of approximately 19 in/yr in this study. These comparisons
appear to indicate, along with comparison against the GW discharge rates determined in this study, that the GW recharge
rates overall could be underestimated.

With regard to GW discharge rates, there are a total of four subbasins analyzed that have GW discharge estimates that
exceed the precipitation estimates over the long-term (see Figure 10 and Figure 11). The estimated GW discharge rates are
still less than the precipitation rates almost entirely, with four instances of exceptions where GW discharge is greater than
precipitation (as pointed out in the second paragraph in Section 4.3). The cause of this could be due to physical processes
such as ice melt or long-term losses from storage but also could be due to inaccuracies in precipitation rate estimates
especially at high elevations, and errors in measurements of streamflow discharge rates, and also possibly the
overestimation of GW discharge from the methods used. To expand on this last possibility, the minimum and maximum
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differences between the estimated long-term mean GW discharge and recharge rates amongst all subbasins analyzed with
both GW discharge methods (n = 61) are -16.1 in/yr and 110.7 in/yr, with an average of 30.7 in/yr, and 13 of the largest
estimates of GW discharge are greater than 50 percent of the mean difference of 30.7 in/yr, whereas only one of the
smallest estimates of GW discharge have an absolute difference of greater than 50 percent of the mean. This indicates a
bias toward large GW discharge estimates relative to GW recharge estimates.”]

Surface Water Groundwater Interaction Study (Task 400)

p3: "interactions will be evaluated by measuring the hydraulic gradient between paired GW...and
SW...elevations..." I'm surprised the investigators didn't use seepage meters, either in place of or in addition to
piezometers. | think seepage meters would be easier to use and interpret, and probably be just as accurate or
more accurate than piezometer data.

[Response: Noted]

p3: If the seepage surveys were conducted only during low-flow periods, it is difficult to imagine they would be
useful for a water balance, since seepage direction can reverse as the channel water level changes over the
year.

[Response: It’s true that these results are only applicable to the low flow period. This aspect of the study design has been
updated in section 2.1]

p7: "when baseflow conditions were most prevalent." So, your data are biased. Since you are already
anticipating baseflow (inflow from groundwater), you aren't really expecting a losing reach.

[Response: No. Baseflow conditions simply mean that the flow that is in the stream is from groundwater discharge, as
opposed to surface and subsurface runoff. We expect to have both gaining and losing reaches during baseflow
conditions. These results were only intended to be applicable to the low flow period, when baseflow conditions are most
prevalent.]

p25: "This is likely because the water table is lower than the streambed elevation in the floodplain." It's not just
likely--it is the only explanation physically possible. Water always moves from regions of higher head to lower
head; therefore, if water is being lost out of the channel to groundwater, the piezometric surface (the water
table) of the groundwater must be lower than the water level in the channel.

[Response: The word “likely” was the groundwater elevation was not directly measured. It was inferred from the lower
downstream stream flow from the seepage run measurements.]

Three-Dimensional Hydrogeologic Framework (Task 500)

p3: "28 percent decrease in glacier contributions to summer streamflow, resulting in higher reliance on
groundwater to support baseflows..." Are you sure about this? In some areas (e.g., the Chilean Andes) glacier
melting contributes to higher recharge to groundwater and therefore increased baseflows--although,
unfortunately, this is only temporary, and will cease when the glaciers finish melting.

We corrected the report to state that the reduction in glacial surface meltwater was 24% (Riedel and Larrabee 2016).
We provide citations for historical glacier recession and projected due to climate change.
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p9: Usually, drillers report specific capacity (pumping rate divided by observed drawdown). Also, equation 1is a
time-varying version of the Theis (1935) equation based on the Cooper-Jacob approximation, and drawdown
data are generally evaluated using the Cooper straightline method, rather than assuming a storativity and
iterating a transmissivity. It would be much more accurate and informative to use the Cooper straightline
method--unless you didn't have time-series drawdown (i.e., all you had was specific capacity). It would have
been proper to discuss these issues in your report.

The hydraulic conductivity (K) estimates were based on driller well-log pump-test data and were only used to group
geological deposits with similar K ranges into hydrogeologic units. They were not used to determine groundwater
flow rates or directions. When resources do not allow for long-term well tests, the three equations used to estimate K
values are standard approaches used by the USGS in regional studies (e.g., Kahle and Olsen, 1995; Gendaszek, 2014).
The estimated K values are consistent with hydraulic conductivities measured in similar glacial and alluvial deposits in
Puget Sound aquifers.

p9 Equation 3 is a steady-state equation. Were the data you evaluated taken from a pumping well at steady
state?

See reply to the comment above.

p10: Averaging estimates made from equations for which one or both may not be applicable does not result in
an improved estimate. In statistics, this is known as the "emperor's nose fallacy."

The estimated K values were only used to group geological deposits having similar K ranges into hydrogeologic units.
The estimated K values are consistent with the deposit types in other regional studies and were not used to
determine groundwater flow rates or directions. This is clarified in the MS thesis.

p10: 1 am not a fan of "automated modeling" (i.e., AqQuaveo and similar). This type of automatic generation of
conceptual models cannot replace careful human judgment.

The modeling software was an efficient way to catalog and horizontally and vertically map the spatial distribution of
nearly 150 well logs. We generated 38 cross sections, evaluated their quality and used our human judgment to
interpolate and clarify the stratigraphy using geologic maps and field visits.

pll: Were the monitored wells pumping wells?

The wells monitored were domestic drinking water wells volunteered by landowners. Although the landowners were
notified prior to field visits, the wells may have been operating their wells prior to the measurements (some were used for
irrigation purposes). This is clarified in this in the MS thesis.

pl1: Were the linear regression equations calibrated in any way?

No, the recharge relationships were not validated but are consistent with other regional studies by the USGS (e.g.,
Vaccaro et al. (1998). Groundwater recharge was roughly estimated to generally illustrate its variability in the study area,
not for a thorough water budget or to predict groundwater flow.

p14: Alluvial fan deposits are distinct from fluivial (riverine) deposits, so the alluvial fans described here cannot

be "deposited from the Skagit River tributaries via fluvial deposition."
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We clarify in the MS thesis that the alluvial fans were formed by deposition from tributary streams. While the alluvial
fans are typically composed of sand and gravel, some fans in the study area are finer-grained because of the glacial
terrace geology they drain through.

p15: Was the area invaded by sea level rise at one time? | didn't know that (this is in reference to the
"Glaciomarine Drift").

Yes, there was a marine transgression to about 100m elevation at the end of the last ice age. The weight of the
continental glacier depressed the crust, and for a short time as sea levels rose lower Skagit Valley was inundated
before isostatic rebound lifted the lower part of the valley above sea level.

p25: "This is likely due to the water table being lower than the st[rJeam depth in the floodplain, compared to the
water table of the surrounding..." See my comment on groundwater flow direction in the Task 400 section.

Agreed. Both streams have gaining, losing, and neutral segments depending on geology. The seepage run analysis is
detailed in the Task 400 report. We update our interpretations in the MS thesis.

p25: "The stream could be gaining water or losing water." If it is neutral, it is neither gaining nor losing.

Agreed. Both streams have gaining, losing, and neutral segments depending on geology. The seepage run analysis is
detailed in the Task 400 report. We update our interpretations in the MS thesis.

| recognize the authors of this study were in a very difficult spot; that is, trying to discuss their observations and
possible groundwater and surface water behaviors in a domain of incredible geologic and hydrologic
complexity. | am grateful | didn't have to do this study. However, | dislike the ad hoc approach employed, by
which | mean that every observation or potential finding is accompanied by a tailor-made explanation similar to
"the stream is (gaining/losing/neutral) in this area, likely because (some possible thing)." It is better to sketch
out a set of basic premises that control flow, then apply the basic premises to all the observations, noting
whether or not they explain what is observed. If not, the conceptual model is probably not good. If they do
explain the observations, the conceptual model may be good (more testing is, of course, desirable). By
providing ad hoc explanations for every observation, every observation is made to fit, and there is no way of
testing whether or not the underlying conceptual model is useful (i.e., has explanatory power). The ad hoc
method is common, even in academic research, but it is not really helpful. Again, | do not envy the authors
their position, in which they are forced to make a meaningful picture out of a jumble of noisy data (often
collected for purposes other than developing a conceptual model). |think they have done a very credible job,
considering the complexity of the site and the information they had to work with.

| think there was some very good information gained from these four tasks, and they have no doubt contributed
to a body of knowledge on the Skagit River Basin groundwater. | also think it was premature to force the
investigators to develop a 3D geologic and hydrogeologic model of the area. | think a very common response of
agencies responsible for groundwater (or surface water) management is "we need a model." However,
developing a model without having a very specific idea of exactly how it will be used and what questions it will
be applied to answering is seldom, if ever, helpful. A model (geologic, hydrogeologic, or any other) should only
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be developed for a very specific purpose with a very narrow scope. | can't imagine the conceptual model
developed in Task 500 will be useful for any purpose, and certainly not as a framework on which to develop a
fully-integrated, basin-scale groundwater flow model. That is not, however, to say the work presented here is
useless. In fact, | see great utility in the work they have done drawing together the data in this basin, checking it,
putting the location information into a consistent format, and making it all available in a single source. This is an
invaluable resource on which future investigators can draw on to make their own, very specialized, models
(conceptual, geological, hydrological) for hypothesis testing.

The Conclusions and Recommendations section of the MS thesis summarizes the utility of the 3D conceptual
hydrogeologic framework (the most extensive to date) as a basis to guide more detailed studies before groundwater
management choices are made regarding water resources in the lower Skagit River Valley, including potential
managed aquifer recharge (MAR) sites It also summarizes and limitations of the 3D framework because of the limited
resources provided for the study.

Groundwater modeling would be the next logical step for examining the continuity of the aquifer systems and for
determining recharge rates and groundwater flow directions and rates in the study area. However, applying
Aguaveo’s MODFLOW (USGS, 2025) extension to model groundwater flow would be challenging using the conceptual
framework. We chose to break up the study area into four separate boundaries to capture and illustrate the complex
nature of the hydrostratigraphy, whereas MODFLOW requires a single modeling domain. Also, the version of the
Subsurface Analyst used to develop the conceptual models requires ESRI’'s ArcMap which is being phased out by ESRI.
The conceptual models would have to be rebuilt using my well database and the ArcGIS Pro version of Aquaveo’s Arc-
Hydro Groundwater Subsurface Analyst.
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