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Variable-Density Groundwater Flow and Contaminant
Transport, Operable Unit 1, Naval Base Kitsap, Keyport,

Washington

By Richard M. Yager, Wendy B. Welch, Alexander Headman, and Richard S. Dinicola

Abstract

Chlorinated volatile organic compounds (CVOCs) have
migrated to groundwater beneath a former 9-acre landfill
at Operable Unit 1 (OU-1) on Naval Base Kitsap, which
was active from the 1930s through 1973 on the Keyport
Peninsula, in Kitsap County, Washington. Biodegradation of
CVOCs at OU-1 limits the mass of dissolved-phase CVOCs
in groundwater that discharges to surface water, but con-
taminant concentrations up to 630 milligrams per liter persist
in localized areas, likely from the dissolution of residual,
non-aqueous phase liquids. Variable-density groundwater-
flow and contaminant-transport models were developed using
the SEAWAT-Version 4 computer program to simulate the
direction and rate of groundwater flow in a 5.9 square-mile
(mi2) - area surrounding the Keyport Peninsula, to estimate the
CVOC mass in groundwater and the rate of mass loading, and
to assess possible remedial activities at OU-1.

The study area is underlain by Quaternary deposits con-
sisting of alternating glacial and interglacial sediments ranging
from 500 to 1,500 feet (ft) thick. A hydrogeologic model
delineated a sequence of 10 units including a relatively thin
package (less than 100 ft) of recent sediments (Vashon Stade
and younger) beneath the Keyport Peninsula that are underlain
by the much thicker (more than 300 ft) Clover Park Aquitard,
which overlies a confined, sea-level aquifer.

A shallow lagoon, tide flats, marsh (including a pond
and outlet creek), and Dogfish Bay (a segment of Liberty Bay
connected to Puget Sound) adjacent to OU-1 are the principal
areas of groundwater discharge. Water levels in these surface-
water bodies fluctuate in response to semi-diurnal tidal cycles.
Daily ranges in water-level fluctuations range from 10.5 ft
in Dogfish Bay to 0.5 ft in the marsh. Groundwater-level
response to tidal fluctuations in and near OU-1 is as much
as 7.3 ft.

Three-dimensional (3D), constant-density groundwater
flow was simulated using MODFLOW-2005 and MODFLOW-
NWT models that were run alternately in an iterative
sequence to converge on a common numerical solution.
MODFLOW-2005 employed the HUF2 package to represent
thin, discontinuous hydrogeologic units beneath OU-1, and the

aquifer system was treated as confined to obtain the numerical
solution for hydraulic head. MODFLOW-NWT was employed
to obtain a hydraulic head distribution while treating the aqui-
fer system as unconfined, but it does not support the HUF2
package. The water table computed by the MODFLOW-NWT
model was used to specify as inactive the model cells in the
MODFLOW-2005 model that were above the simulated water
table, thereby reducing the saturated thickness in the confined
simulation.

The groundwater-flow model utilized a variably spaced
grid with 15 model layers, 120 rows, and 88 columns; cell
widths ranged from 25 ft near OU-1 to 500 ft near model
boundaries. Ten model layers of equal thickness represent the
Quaternary Vashon Stade or younger deposits, while the bot-
tom four model layers represents the Clover Park Aquitard and
deeper units. The top model layer represents surface water.
The groundwater-flow simulation included a steady-state
period that provided initial conditions to a 31-day transient
period that represented approximately 30 tidal cycles. Tidal
fluctuations in seawater were approximated by a diurnal func-
tion that ranged from a single low-tide stage to a high-tide
stage, corrected for the specific gravity of seawater. Water
levels in the tide flats and the marsh pond and its outlet were
specified as the average high, low, and mean levels measured
during July and August 2018.

Model boundaries coincide with the grid of a previously
developed regional Kitsap Peninsula groundwater-flow model,
which was used to set head and flow boundaries in model
layers representing the permeable interbeds within the Clover
Park Aquitard and an underlying aquifer. Hydraulic heads at
model boundaries within the Quaternary Vashon sediments
were assigned to maintain the simulated water table below
land surface. Groundwater discharge to surface water and
groundwater withdrawals from deep wells were represented
as internal boundaries, and net outflow from shallow ground-
water withdrawals and infiltration from septic systems was
included in the estimated recharge values. Recharge values
computed by a Soil-Water Balance (SWB) model for the
model domain were adjusted during model calibration.

Two alternative models (A and B) with differing stor-
age properties were constructed to assess the ramifications
of representing changes in storage from the fluctuating water
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with the confined numerical model. In Model A, a specific
storage (S;) value of 2.0x10-¢ ft-! was assigned to all hydro-
geologic units, while in Model B, the S, value of the upper-
most unit (Qvr sediments) was increased to 0.1 to approximate
an unconfined storage value associated with specific yield. A
multiplicative scaling factor based on the Qvr unit thickness
was applied in Model B to reduce the S, values where the

unit spanned multiple model layers. Unconfined storage near
the water table at OU-1 was underestimated in Model A and
overestimated in Model B.

Values of hydraulic conductivities and recharge were
adjusted in both models A and B during calibration to match
99 observations of 4 types of data: groundwater levels (69),
water-level fluctuations in wells in response to tides (26),
vertical hydraulic gradients (3) and streamflow (1). Pseudo
water-table altitudes computed by MODFLOW-NWT were
also specified at 23 upland locations. Observation weights
accounted for differences in units or ranges of measurements
such that the observations were weighted equally. Parameter
values were initially estimated in the confined transient
MODFLOW-2005 Model And then updated in the unconfined
steady-state MODFLOW-NWT model. The MODFLOW-
NWT water table was then used to update inactive model cells
in the MODFLOW-2005 simulation, and parameter estimation
was reapplied. This procedure was continued until the volu-
metric water budgets of both simulations were nearly equal.

A total of 24 parameter values were specified, of which
15 were estimated through nonlinear regression using UCODE
in Model A and 16 were estimated in Model B. The remaining
parameters were estimated through trial and error or assigned
from literature values. The average recharge rate computed
by the SWB model (16.7 inches per year [in/yr]) was reduced
to 4.2 in/yr in Model A (comparable to the rate of 4 in/yr
estimated for the northern part of the Kitsap groundwater-flow
model) and 6.7 in/yr in Model B. This difference indicates
that the SWB model likely overestimates recharge in uplands
where relatively permeable soils at land surface are under-
lain by lower permeability sediments at depth. In these areas,
infiltration through the soil profile likely discharges as inter-
flow to local drainage, rather than entering the groundwater-
flow system.

The standard error in model fit in both models A and B
was similar for groundwater levels and pseudo water-table
altitudes (7.8 and 11.1 ft, respectively), but better for water-
level fluctuations in Model A (1.0 ft) than in Model B (1.3 ft).
The directions of the three vertical hydraulic-gradient observa-
tions were simulated correctly, with errors ranging from 25
to 66 percent, but simulated base flow to a perennial stream
70 percent less than the measured value in Model A and 40
percent less in Model B. The simulated hydraulic-head dis-
tribution in both models indicates that OU-1 is just north of a
regional discharge area that limits groundwater flow from the
landfill toward uplands located south and west of the tide flats
and the marsh. Simulated vertical groundwater flow is down-
ward beneath the uplands and upward beneath the lowlands
and surface-water bodies.

Two SEAWAT simulations of steady-state, variable-
density flow and transient solute transport were conducted
for both models A and B in a 1.3 mi2 domain surrounding the
Keyport Peninsula. A 5,000-yr simulation with a single solute
(seawater) established the initial distribution of seawater for a
50-year simulation with two solutes (seawater and CVOCs).
Both simulations used the design and parameter distributions
from the corresponding groundwater-flow model. The trans-
port model domain extends from surface water to the upper
part of the Clover Park Aquitard.

Seawater concentrations in both transport simulations
ranged from 0 percent for fresh water (specific gravity 1.0) to
100 percent for seawater (specific gravity 1.022). Constant-
concentration boundaries were specified in model layer 1 to
represent seawater. An implicit finite-difference (FD) method
with upstream weighting was used in the single-solute simula-
tion which has 100-day time steps in the 5,000-year simula-
tion. The predicted distributions of seawater equilibrated and
the simulated transition zone between fresh water and seawa-
ter was about 100 ft wide near the tide flats west of OU-1 in
Model A, where saline water overlies fresh water at shallow
depths, and 125 ft in Model B.

Inflow of CVOCs at OU-1 was represented in dual-
solute simulations through mass-loading rates (MT-!) at
seven persistent contaminant sources, adjusted to reproduce
the maximum observed CVOC concentrations in 2017. The
expected biodegradation of CVOC:s, initially neglected in the
transport simulation, was addressed in an alternative transport
simulation. The total-variation-diminishing (TVD) method
was used to minimize numerical dispersion using 0.5-day time
steps in the 50-yr simulation. The predicted CVOC plume
stabilized at a contaminant mass of 256 kilograms (kg) and
a mass-loading rate of 150 grams per day (g/d) in Model A.
Most of the contaminant mass (134 g/d) discharged to small
creeks draining the southern edge of OU-1, while the remain-
der discharged to the marsh and tide flats. A northern plume
with 30 percent of the CVOC mass migrated toward the marsh
pond and creek, and a southern plume with 70 percent of the
mass that migrated toward small creeks south of OU-1. The
predicted CVOC mass was 310 kg with a mass-loading rate of
73 g/d in Model B, in which groundwater flow through deeper
sediments beneath OU-1 was restricted by higher vertical
anisotropy. The two contaminant plumes intermingled and
were diverted westward to Dogfish Bay by higher hydraulic
conductivity values in Model B, and less CVOC mass (48
g/d) discharged to the small creeks and more mass discharged
to the marsh pond and creek (7.8 g/d) and the tide flats
(160 mg/d).

Results of groundwater-flow and contaminant-transport
simulations in both models A and B indicate that geologic
and hydraulic barriers limit the migration of CVOCs from
the former landfill at OU-1, including the low-permeability
Clover Park Aquitard, upward hydraulic gradients beneath
the Keyport Peninsula, underflow from upland areas south
of OU-1, and the density difference between fresh and saline
water beneath the tide flats and in Dogfish Bay. Uncertainty



in the rates of recharge and hydraulic properties produces
uncertainty in the estimated mass-loading rate of CVOCs at
OU-1. Higher rates of recharge and groundwater flow require
larger mass-loading rates to maintain a stable configuration of
the contaminant plume.

Reductive dechlorination of CVOCs at OU-1 was rep-
resented in an alternative 50-yr transport simulation using a
first-order, removal rate-constant of 10-3 d-! that corresponds
to a half-life of 850 days, as computed from the CVOC
contaminant mass (256 kg) predicted by the transport simula-
tion with Model B and an estimated biodegradation rate (150
g/d). A stable 77-kg CVOC plume formed within 10 years of
migration, and one half of the CVOC mass was lost through
biodegradation (75 g/d). Nearly all the remainder (71 g/d)
was discharged by the southern plume to a small creek south
of OU-1. The areas of the northern and southern plumes were
67 percent and 32 percent less, respectively, than the areas
computed by the original transport simulation.

Both models A and B provide an adequate fit to hydrau-
lic and contaminant data, but additional data are required
to determine which model more accurately predicts actual
contaminant migration at OU-1. Both models predict similar
contaminant masses and biodegradation rate constants. Model
predictions differ in terms of some of the hydraulic parameters
and in the CVOC mass-loading rates and contaminant plume
configurations. While Model B better represents the effects
of tidal fluctuations on unconfined storage and uses recharge
rates closer to the SWB estimated rates, Model A better pre-
dicts the groundwater-level response to tidal fluctuations.

Two alternative 50-yr, contaminant-transport simulations
with Model A assessed the sensitivity of predicted CVOC
migration to the depiction of tidal fluctuations. Mean tides
were lowered in seawater, the tide flats, and Marsh Creek
in a 50-yr steady-state simulation with the total-variation-
diminishing (TVD) solver to match average water levels
measured during July and August 2018. Diurnal tidal fluctua-
tions were also represented in a 50-yr transient simulation with
the finite difference solver that computed 600 repetitions of a
31.05-day transient period. Both alternative representations of
tidal fluctuations had a small effect on the simulated CVOC
plumes, because the period of the fluctuations (12 hr) is rapid
compared with the groundwater velocity (20 ft/yr) beneath
OU-1, so tidal fluctuations only slightly alter groundwater-
flow paths.

Three 50-yr, steady-state contaminant-transport simula-
tions with Model A predicted the effects of potential source-
control scenarios on the contaminant plumes by reducing
CVOC mass-loading rates by factors of 50, 90, and 99

Introduction 3

percent, respectively. Under each scenario the mass of CVOCs
decreased rapidly and then slowly approached a new dynamic
equilibrium. The reductions of CVOC mass in groundwater
were 46, 86, and 95 percent, respectively, but sizes of the
contaminant plumes were largely unchanged.

Introduction

Chlorinated volatile organic compounds (CVOCs) have
migrated to groundwater beneath a former 9-acre landfill
at Operable Unit 1 (OU-1) of Naval Base Kitsap in Kitsap
County, Washington. Naval Base Kitsap is located on the
Keyport Peninsula, which protrudes into an extension of Puget
Sound called Liberty Bay (fig. 1). The three predominant
groundwater contaminants are the chloroethene compounds
trichloroethene (TCE), cis-1,2-dichloroethene (cis-DCE),
and vinyl chloride (VC); six other contaminants of con-
cern include the chloroethene and chloroethane compounds
tetrachloroethene (PCE), trans-1,2-dichloroethene (trans-
DCE), 1,1,1-trichloroethane (1,1,1-TCA), 1,1-dichloroeth-
ane (1,1-DCA), chloroethane (CA) and 1,1-dichloroethene
(1,1-DCE). Recently another solvent 1-4 dioxane was also
detected at the site (Department of the Navy, 2015). A need for
remedial action was identified because some of the contami-
nants present a potential risk to humans, primarily through
drinking contaminated groundwater or through ingesting
seafood harvested from contaminated surface water (URS
Consultants, Inc., 1998).

The U.S. Navy began a cooperative effort with the U.S.
Geological Survey (USGS) in 1995 to evaluate the effec-
tiveness of natural attenuation processes for removing and
controlling the migration of CVOCs in groundwater at OU-1
through field and laboratory studies conducted from 1996
through 2000 (Dinicola and others, 2002). Additional collec-
tion of geochemical and contaminant concentration data was
conducted by the USGS from 2001 through 2004 (Dinicola,
2006). The USGS studies demonstrated that biodegradation
of CVOC:s in shallow groundwater at OU-1 is substantial
and prevents most of the mass of dissolved-phase CVOCs in
groundwater beneath the landfill from discharging to surface
water (Dinicola, 2006). However, dissolved-phase contami-
nant concentrations in the hundreds of milligrams per liter
continue to persist in localized areas of OU-1. These data
indicate that residual sources of chloroethenes in the form of
non-aqueous phase liquid remain at the site, and that biodegra-
dation is only partly effective at reducing the dissolved-phase
contaminants that are generated from these sources.
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Figure 1.
Keyport, Washington.

Location of study area showing topography and surface drainage, transport domain and Operable Unit 1, Naval Base Kitsap,



In 2018, an additional USGS effort was begun to simulate
variable-density groundwater flow and contaminant transport
in the vicinity of OU-1 using a revised hydrogeologic model
of the site and a refined delineation of persistent contaminant
sources, based on data collected by the U.S. Navy in 2016
and 2017 (Battelle Memorial Institute, 2018). The groundwa-
ter flow and contaminant transport models were developed
using SEAWAT-Version 4, a computer program based on
MODFLOW and MT3DMS to simulate three-dimensional,
variable-density groundwater flow coupled with multi-species
solute transport (Langevin and others, 2007). These models
were used to simulate the direction and rate of groundwater
flow near OU-1, estimate the CVOC mass in groundwater and
the rate of mass loading, and assess possible remedial activi-
ties at OU-1. Additional tasks were undertaken in support of
the model development, including measurements of the timing
and magnitude of water-level changes in response to tides and
estimates of groundwater recharge on and around the Keyport
Peninsula.

Purpose and Scope

This report describes the hydrogeology in the vicinity of
the Keyport Peninsula, including a discussion of the surficial
geology and the hydrologic setting. The report includes gener-
alized geologic sections that show the principal hydrogeologic
units that underlie the study area. The report also presents
measured water-level changes in response to tides and the esti-
mation of groundwater recharge using the Soil Water-Balance
(SWB) model (Westenbroek and others, 2010). The report
documents the design and calibration of a three-dimensional,
groundwater-flow model that was used to simulate the pat-
tern and rate of groundwater flow and to estimate values of
hydraulic properties of the hydrogeologic units that control the
flow of groundwater. The report also documents the design of
variable-density, groundwater flow and contaminant transport
models that were used to simulate the migration of CVOCs
from localized sources at OU-1. Applications of additional
model simulations are presented to show the effects of tidal
fluctuations and biodegradation on the migration of CVOCs.
Finally, applications of model simulations are presented that
predict the fate of contaminants at OU-1 after three hypoth-
esized reductions of localized sources through potential
remedial activities.

Previous Studies

Geologic, water-level, and contaminant-concentration
data are available from site characterization studies and
long-term monitoring conducted for the U.S. Navy using
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direct-push and auger drilling and groundwater sampling from
monitoring wells (Department of the Navy, 2015; Battelle
Memorial Institute, 2018). CVOC mass-degradation rates and
fluxes to surface water were calculated by Dinicola and others
(2002) and Dinicola (2006) from contaminant concentrations
and water-level contour maps. A three-dimensional character-
ization of hydraulic head and groundwater flow rates in the
575 square mile (mi2) area surrounding the Keyport Peninsula
is available from a steady-state, numerical groundwater-

flow model of the Kitsap Peninsula developed by Frans and
Olsen (2016).

Contaminant History

The landfill at OU-1 is on the narrow strip of land con-
necting the Keyport Peninsula to the mainland and is adjacent
to tide flats that are an extension of Dogfish Bay, which is a
segment of Liberty Bay (figs. 1 and 2). The OU-1 landfill is
unlined at the bottom and was constructed in a marsh. The
landfill was the primary disposal area for domestic and indus-
trial wastes generated by Naval Base Kitsap from the 1930s
through 1973. Paints, thinners, solvents, acids, dried sludge
from a wastewater-treatment plant, and other industrial wastes
were disposed in the landfill (Department of the Navy, 1993).

The most concentrated disposal area for waste paints
and solvents was at the southern end of the landfill where the
maximum total CVOC concentrations in groundwater were
over 100 milligrams per liter (mg/L) in 2017 (fig. 3). The
term “total CVOCs,” as used in this report, is the sum of the
positively detected concentrations (in either mass or moles
per unit volume) of six chloroethene and three chloroethane
compounds of concern at OU-1. Total CVOC concentrations
were less, but still over 10 mg/L in the central part of the
landfill in 2017. Results from long-term monitoring indicate
that the extent of the CVOC plume in groundwater at OU-1
has been relatively stable, and that a phytoremediation remedy
employed at both the northern and southern ends of the landfill
has not been as effective as originally anticipated (Department
of the Navy, 2015). Non-aqueous phase liquids in the sub-
surface are assumed responsible for both the persistence and
magnitude of CVOC concentrations in these “hotspots,”
locations where CVOC concentrations are substantially higher
than in surrounding areas. Additional characterization of the
hotspots in 2017 through vertical profiling using direct-push
sampling revealed maximum CVOC concentrations of 630
mg/L as much as 28 ft below land surface in the southern part
of OU-1, and 120 mg/L more than 15 ft below land surface in
the central part of OU-1.
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Figure 2. Locations of former landfill and data-collection sites used to monitor tidal fluctuations at Operable Unit 1, Naval Base
Kitsap, Keyport, Washington.
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Description of Study Area

Groundwater flow was simulated in a 5.9 mi2 area sur-
rounding the Keyport Peninsula extending from Liberty Bay
to the uplands 2 mi south of the peninsula. The area includes
Virginia Point, a residential area with domestic wells located
0.6 mi northwest of OU-1 across Dogfish Bay. Study area
boundaries were delineated to coincide with the model grid of
the Kitsap Peninsula used by Frans and Olsen (2016), so simu-
lated groundwater levels from their model could be used to set
boundary conditions for the Keyport models. Variable-density
groundwater flow and contaminant transport was simulated
within a smaller 1.3 mi2 transport domain within the larger
5.9 mi2 study area that is centered on OU-1 and surrounds the
Keyport Peninsula (fig. 1).

Geologic Setting

A summary of the major Quaternary events on the
Kitsap Peninsula surrounding Naval Base Kitsap is given
below and is based on the work of Garling and others (1965),
Vaccaro and others (1998), Jones (1999) and Welch and oth-
ers (2014). Plate tectonics and Pleistocene glaciations are the
two major processes that have shaped the present-day Puget
Lowland. The advance and retreat of continental glaciers in
the Pleistocene Epoch of the Quaternary Period beginning
over 100,000 years ago left behind as much as 3,000 ft of
unconsolidated deposits in the Puget Lowland with 500-1,500
ft of unconsolidated deposits commonly found beneath the
Kitsap Peninsula. Underlying these unconsolidated deposits
are Tertiary bedrock units consisting primarily of sedimen-
tary claystone, siltstone, sandstone, beds of coal, and volca-
nic rocks.

The Puget Lobe of the Cordilleran ice sheet advanced
and retreated several times into the Puget Lowland from the
mountains of British Columbia since the beginning of the
Quaternary Period and left behind a complex sequence of
alternating glacial and interglacial sediments. The Vashon
Stade of the Fraser Glaciation (12,000—18,000 years ago) was
the most recent and extensive of the major advances that cov-
ered the Kitsap Peninsula. The sequence of glacial deposits in
each glacial interval typically contains advance outwash sand
and gravels, overlain by glacial till (poorly sorted mixture of
indurated clay, silt, sand and gravel) and covered by reces-
sional outwash sand and gravels. Each major glacial interval
was followed by an extended interglacial period where fluvial,
lacustrine, bog and marsh deposition dominated. Interglacial
deposits typically consist of clay, silt, or discontinuous lenses
of sand and gravel or peat. Since the end of the last glaciation,
erosion has been the dominant geomorphic process affecting
the Kitsap Peninsula. Alluvial sediments, typically sands and
gravels, have been deposited by streams in valleys and marsh
deposits formed in low-lying poorly drained areas.

Hydrogeologic Units

For this study, unconsolidated deposits were described
by a hydrogeologic model that grouped the deposits into
ten hydrogeologic units consisting of aquifers and confin-
ing units (table 1; figs. 4 and 5) that were based on lithologic
(depositional facies, grain size, and sorting) and hydrologic
characteristics, and relative stratigraphic position. Generally,
in the Puget lowland, saturated glacial outwash or coarse-
grained interglacial deposits form aquifers, whereas deposits
such as till and fine-grained interglacial deposits form con-
fining units. The hydrogeologic units defined in this study
are similar to units defined by previous investigations of the
Kitsap Peninsula (Welch and others, 2014) and the Keyport
Peninsula (URS Consultants Inc., 1997); however, they have
been reinterpreted for this study, and the extents or thicknesses
of individual units are not directly comparable. Drillers’ logs
for wells containing descriptions of lithology were the primary
source of information for the definition of hydrogeologic units
in the vicinity of the Keyport Peninsula. The hydrogeologic
analysis was conducted using a geographic information system
(GIS) that included locations and lithologic information for
more than 300 wells, surficial hydrogeology from Welch and
others (2014), and lidar-derived digital land-surface altitudes.

Unit 1. Unit 1 is present at land surface and is primarily
composed of Vashon recessional outwash (Qvr), artificial fill
and topsoil found near OU-1, and surficial alluvial deposits.
This unit consists of silt, sand, and gravel deposits that closely
follow river valleys and the shoreline, as well as modified
land/artificial fill composed of heterogeneous material rang-
ing from clay to gravel and trash. The average thickness of
Unit 1 throughout the study area is about 8 ft and is 10 ft
beneath OU-1.

Unit 2. Unit 2 consists of recent marsh and estuary
deposits (Qm) which are composed of uncompacted silt or
silty sand that generally underlie Unit 1 and are distinguished
in drillers’ logs by dark organic material. Unit 2 extends from
Dogfish Bay, underlies the tide flats and OU-1, and extends
eastward beneath the shallow lagoon. The average thickness
of Unit 2 throughout the study area is 14 ft and is 6 ft beneath
OU-1. Unit 2 was divided into marsh (Qmarsh) and estuary
(Qestuary) units for the purpose of estimating hydraulic con-
ductivity in model calibration.

Unit 3. Unit 3 is present at land surface throughout much
of the study area and consists primarily of Vashon till (Qvt).
The till is a dense mix of sand and gravel in a clay matrix.
Unit 3 mantles the hilltops south of the Keyport Peninsula
and is not present at OU-1. The average thickness of Unit 3
throughout the study area is 32 ft but varies spatially from a
thin veneer on hilltops to more than 150 ft near Port Orchard.

Unit 4. Unit 4 primarily consists of Vashon advance
outwash (Qva). Unit 4 is found beneath Unit 3 throughout
the study area and is exposed at land surface along coastal
bluffs and hillsides. It consists of well-sorted sand or sand



Table 1.
Kitsap groundwater flow models and previous investigations.

Description of Study Area 9

Hydrogeologic units defined in this study and correlation between hydrogeologic units and model layers of the Keyport and

[U.S. Geological Survey Kitsap Model: From Welch and others (2014). Stratigraphic units: From URS Consultants, Inc., 1997, table 3-2. Abbreviations: —,

not applicable]

Keyport model (this report)

U.S. Geological Survey

Kitsap model Stratigraphic units

Transport model Flow model Hydrogeologic model

Unit identifier and

Hydrogeologic units hydrostatigraphy

Layer 1-Water
Layer 2—-11 Qv

Layer 1-Water

Layer 2-11 Qv Unit 1 (Qur, fill)

sediments sediments
Unit 2 (Qm)
Unit 3 (Qvt)
Unit 4 (Qva)
Unit 5 (Qvsemi)
Unit 6 (Qvinter)
Layer 12 Layer 12 Unit 7 (QClup)
o Layer 13 Unit 8 (QC1pi)
Layer 14 Unit 9 (QCllow)
Layer 15 Unit 10 (QA1)

A, fill and topsoil

) ) Er, recessional aquifer
Qvr, Vashon recessional aquifer
B, marsh

C, estuary
Et, Vashon till

Ea, Upper aquifer
H1, Upper aquifer

H2, middle aquitard

Qvt, Vashon till confining unit

Qva, Vashon advance aquifer

H4, intermediate aquifer

Jo, intermediate aquifer
QC1, upper confining unit Km, Clover Park aquitard

Ks, Clover Park coarse-grained
zone

Km, Clover Park aquitard

QClpi, permeable interbeds

QC1, upper confining unit

QAI1, sea-level aquifer

and gravel with lenses of silt and clay. The average thickness
of Unit 4 throughout the study area is 40 ft but is only 6 ft
beneath OU-1.

Unit 5. Unit 5 is a laterally discontinuous sandy silt with
some clay (Qvsemi) that only occurs in the area surrounding
OU-1. Unit 5 forms a semi-confining layer between Units 4
and 6 that can only be distinguished from those units by its
finer grain size. The average thickness of Unit 4 throughout
the study area is 8 ft and is 6 ft beneath OU-1.

Unit 6. Unit 6 consists of sand, gravel, and silt deposits
(Qvinter) in the area surrounding OU-1 that overlies a continu-
ous clay layer known locally as the Clover Park Aquitard,
Lawton Clay (Battelle Memorial Institute, 2017) or QC1
(Welch and others, 2014). The average thickness of Unit 6
throughout the study area is 12 ft and is 11 ft beneath OU-1.

Units 7, 8 and 9. The Clover Park Aquitard is divided
into three parts: the upper clay (Unit 7), the permeable
interbeds (Unit 8), and the lower clay (Unit 9). Units 7 and
9 (QC1) are thick and laterally extensive consisting of early
Vashon, low-permeability lacustrine silt and clay and underly-
ing interglacial fine-grained deposits. Units 7 and 9 are present
throughout the study area with average thicknesses of 232 ft
and 121 ft beneath OU-1 for Unit 7, and average thicknesses
of 92 ft and 60 ft within OU-1 for Unit 9. The permeable

interbeds (QCpi) in Unit 8 are locally continuous deposits of
sand and gravel that lie between Units 7 and 9 (fig. 6). The
average thickness of Unit 8 where it exists in the study area
is 65 ft.

Unit 10. Unit 10 is a confined aquifer commonly referred
to as the sea-level aquifer (QA1) or Salmon Springs Drift
(Welch and others, 2014) that is present beneath most of
study area. Unit 10 consists primarily of sand and gravel with
silt interbeds and is the lowermost unit represented in the
groundwater-flow model.

Hydrologic Setting

The topograp