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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Length
inch (in) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.004047 sguare kilometer
square mile (mi?) 2.590 square kilometer
Volume
galon (ga) 3.785 liter
Flow rate
foot per day (ft/d) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
cubic foot per day (ft3/d) 0.02832 cubic meter per day
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°F=1.8°C+32
Sealevel: Inthisreport "sealevel" refersto the National Geodetic Vertical Datum of 1929 (NGVD of

1929)--a geodetic datum derived from a general adjustment of the first-order level nets of both the
United States and Canada, formerly called Sea Level Datum of 1929.
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Simulation of Ground-Water Flow and Potential
Contaminant Transport at Area 6 Landfill,
Naval Air Station Whidbey Island,

Island County, Washington

By F. William Simonds

ABSTRACT

A three-dimensional finite-difference
steady-state ground-water flow model was
developed to simulate hydraulic conditions at the
Area 6 Landfill, Naval Air Station Whidbey
Island, near Oak Harbor, Washington.
Remediation efforts were started in 1995 in an
attempt to contain trichloroethene and other
contaminants in the ground water. The model was
developed as atool to test the effectiveness of the
pump-and-treat remediation efforts aswell as
alternative remediation strategies. The model
utilized stratigraphic data from approximately
76 Navy and 19 private wells to define the
geometry of the shallow, intermediate, and deep
aquifers and the intervening confining layers.

Initial aguifer parameters and recharge
estimates from aguifer tests and published
remedial investigation reports were used in the
model and then adjusted until simulated water
levels closely matched observed water-level data
collected prior to the onset of remediation in 1995.
The calibrated model was then modified to depict
the remedial pump-and-treat system, in which
contaminated ground water is extracted, treated,
and returned to the ground surface for infiltration.
The water levels ssmulated by the modified model
were compared with observed water levels for
the 1998 calendar year, during which time the
pump-and-treat system was in nearly continuous
operation and the ground-water system had
equilibrated to steady-state conditions. Although
artificial boundaries were used in the model, the
choice of model boundary conditions was

determined not to have a significant effect on flow
simulation in the area of primary concern
surrounding the western contaminant plume and
extraction wells. Particle tracking results indicate
that the model can effectively simulate the
advective transport of contaminants from the
source area to the pumping wells and thus be used
to test alternative remedial pumping strategies.

INTRODUCTION

The United States Naval Air Station (NAS) at
Whidbey Island, Washington, was commissioned in
1942 and served as one of the most important facilities
in the Northwest for operation and maintenance of
patrol squadrons during World War 1. Located on the
largest island in the Puget Sound lowland (fig. 1), the
base continues to serve as a strategic air base and
training facility. From 1942 to about 1992, municipal
and industrial wastes generated at the base facilities
were disposed of in onsite landfills, open trenches, or
by burning. Although considered acceptable at the
time, past waste disposal practices have produced
potential health and environmental concerns through
the release of hazardous contaminants into the soil and
ground water.

Within Area 6, a 260-acre tract in the
southeastern corner of Ault Field (fig. 2), there are two
known waste-disposal areas. ahazardous-waste storage
area and a 40-acre landfill. The hazardous-waste
storage areais a4.5-acre tract located to the northwest
of the former landfill where an “acid” pit (used for
disposal of acids, caustics, and solvents), an oily-
sludge pit, waste oil tanks, and a solvent/caustics waste
tank were all located.

Abstract 1
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The 40-acrelandfill at Area6 was used primarily
to dispose of Navy household municipal waste from
1969-92. The landfill accepted solid waste, asbestos,
wood, rubble, animal remains, construction debris, and
hazardous liquids or sludge. The base of the landfill
was not lined. Disposal at the landfill began at the
northern end and progressed southward. An estimated
maximum of 2.2 million gallons of liquids and sludge
containing hazardous wastes was reportedly disposed
of in the northern two-thirds of the landfill from
1969-83.

Immediately southwest of Area 6, the City of
Oak Harbor operated a 70-acre landfill in aformer
borrow pit from 1953-82 (fig. 2). Approximately
129 tons of dry-cleaning wastes were reportedly
disposed of in the Oak Harbor landfill, along with
domestic wastes, demolition materials, and sewage
sludge (Ecology and Environment, 1988). A sewage-
sludge disposal area was located immediately south of
Navy monitoring wells PW-4, 6-S-29, and 6-S-19, and
amixed municipal-waste disposal areaislocated about
300 feet south of Navy wells PW-5, PW-6, and PW-7.
Although the site has not been fully characterized, the
quality of ground water beneath the landfill has been
monitored regularly at four locations during the 1990's
(R. Knudson, City of Oak Harbor, written
communication, 1998).

The Navy started remediation effortsin 1995 to
contain trichloroethene (TCE) and other contaminants
in the ground water at the Area 6 Landfill by capping
the landfill and installing an extraction, treatment and
recharge system (referred to as a pump-and-treat
system). In 1997, the U.S. Geological Survey began a
study in cooperation with the Navy to develop atool
that could test the effectiveness of the pump-and-treat
remediation efforts and alternative remediation
strategies.

Background

Ground water beneath Area 6 has been sampled
multiple times since 1988, confirming that the shallow
aguifer is currently contaminated with trichloroethene
(TCE), 1,1,1-trichloroethane (TCA), and other volatile
organic compounds (VOCs) that are probable
degradation products of TCE and TCA. Two somewhat
distinct contaminant plumes were identified at the site,
one that begins beneath the former hazardous-waste
storage area and spreads southward along the western

site boundary, and a second that begins beneath the
former landfill and also spreads southward (fig. 2).
The western plumeis primarily TCA, and TCE and the
degradation productscis-1, 2-dichloroethene (cisDCE),
1,1-dichloroethane (DCA), and 1,1-dichloroethene
(DCE). The eastern plumeis primarily landfill leachate
with TCA and the degradation products DCA and vinyl
chloride (VC).

In 1989, the Washington Department of Health
sampled 13 public wellslocated within a 1-mile radius
of Area6 and the City of Oak Harbor landfill and found
no detectable VOCs. Againin 1991, the Department of
Health sampled one public well and six private wellsin
the vicinity of Area 6 and found no evidence of
contamination in any of the wells. Six private water-
supply wellslocated within a 1-mile radius of Area 6
were sampled again in 1994, and no VOCs were
detected. As a precautionary measure, however, the
Navy began a program offering voluntary water
hookups to the public water-supply system for
landowners that could potentially be affected, and
many wells were subsequently abandoned.

The remedial action selected for treating
contaminated ground water at Area 6 included capping
the landfill and installing an extraction, treatment, and
recharge system (URS Consultants, 1993b). The goals
of the remedial action include preventing landfill
leachate from reaching ground water, preventing
further spread of VOCs, and reducing concentrations of
contaminants in the shallow aquifer, with the ultimate
goal of meeting State and Federal drinking water
standards at specified points of compliance.

The ground-water extraction and treatment
system began operation on June 27, 1995; the landfill
cap was completed in 1996. From the outset, the
pump-and-treat system encountered numerous
operational difficulties due to fouling of extraction and
treatment equipment and the subsurface drains and
reinjection wells by bacteria and iron precipitates
(Personal Communication, Sonia Murphy, U.S. Navy,
Poulsbo, Washington, 1999; Hart Crowser, 1999a).
Most of the recharge-related difficulties were overcome
by discharging treated water into an intermittent stream
located in aswale just northeast of the landfill and
alowing it to infiltrate to the water table; most of the
infiltration occurs in the vicinity of monitoring well 6-
S-26. Fouling problemsin extraction wells and
treatment equipment still remain, despite additional
recommended maintenance procedures (Hart Crowser,
1999b).
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Purpose and Scope

The purpose of this study was to develop atool
that could be used at some later time to evaluate the
effectiveness of the current remediation systemin
containing the western contaminant plume and to
compare aternative remediation strategies. A three-
dimensional finite-difference, steady-state ground-
water flow model for the Area 6 landfill and vicinity
was devel oped to provide a detailed depiction of the
hydrologic system with the flexibility to be modified to
simulate a variety of stresses on the system. This report
describes the three-dimensional ground-water flow
model and how it was devel oped, calibrated, and tested.
The model was devel oped specifically for the Area 6
landfill site and isfocused primarily on the former
hazardous-waste storage area, western contaminant
plume, and extraction wells. The source areafor the
eastern plume from the landfill itself is not well known
enough to realistically simulate the extent of
contamination in that area. The sensitivity of the flow
regime, within the area of primary concern, to
boundary conditions, hydrologic parameters, and other
assumptions also was evaluated. The Navy intends to
use the model to test the effects of operating fewer
extraction wells, to optimize the location of new
monitoring wells for a proposed monitored natural
attenuation remedy (Dinicola, 2000), and to conduct
more detailed modeling of the contaminant plume. The
model differsfrom previous models constructed for the
sitein that it incorporates stratigraphic data from more
Navy and private wells and is a three-dimensional
representation of the hydraulic flow regime.

The model input files used in this study can be
obtained on CD-ROM from the USGS District Office
in Tacoma, Wash.

Description of the Study Area

NAS Whidbey islocated on Whidbey Iland in
Island County, Washington, on the north end of Puget
Sound and the eastern end of the Strait of Juan de Fuca
(fig. 1). Theidandisfrom 1to 10 mileswide and
amost 40 mileslong. The topography of Whidbey
Island is characterized by rolling uplands 100-300 feet
above sea level, with steep bluffs along the coast. NAS
Whidbey islocated on the northern part of theisland,
just north of the City of Oak Harbor (population about
15,000). Forests cover the largest percentage of the
island, and urban and agricultural areas cover the

remainder. Land usein the vicinity of Area6, NAS
Whidbey is primarily residential with small
commercial areas and open forested or cleared tracts.
Theformer City of Oak Harbor Landfill isimmediately
southwest of Area 6.

Whidbey Island has a temperate marine climate
characterized by warm, dry summers and cool, wet
winters. Mean annual temperature is about 50°F;
January is the coolest month and August is the
warmest. Mean annual precipitation ranges from
18 inchesin the northern part of theisland to 34 inches
in the southern part; that for NAS Whidbey is about
20 inches. Snowfall averages less than 8 inches per
year (in/yr), and rainstorms are generally not intense.
There are no perennial streams draining the study area,
and surface water from extreme storm runoff drains to
the north into wetlands near the runways at Ault Field
(Dinicolaand others, 2000).

Previous Investigations

The Navy was prompted to begin remedial
actions at the site by a concern that contaminants could
be readily transported in the underlying ground water
from the base and into nearby public and private wells
on neighboring properties. An Initial Assessment Study
(IAS) of al Naval Air Station facilities was conducted
in 1984 to identify potential threats to human health or
the environment caused by past hazardous-materials
handling and disposal practices (Naval Energy and
Environmental Support Activity, 1984). The |lASreport
identified atotal of 35 sites as potential sources of
contamination that were grouped into 11 areas for
further investigation and possible remedial action.
Monitoring wellswere drilled and a confirmation study
was conducted in 1987 to verify and characterize the
extent of the contamination (SCS Engineers, 1988). In
February 1990, the Ault Field facility wasincluded asa
Superfund site on the EPA’'s National PrioritiesList. In
response to EPA’s listing and continued concerns about
the migration of VOCs in ground water, a Record of
Decision was signed in 1993 that committed the Navy
to construct a ground-water extraction and treatment
system at Area 6 (URS Consultants, 1993a). A
Remedia Investigations report was also prepared in
1993 describing the results of extensive
characterization of the site and available information
on distribution of contamination (URS Consultants,
1993b).
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The ground-water extraction, treatment, and recharge
system was installed and began operation in 1995. The
system currently extracts, treats, and recharges
approximately 275,000 gallons per day.

Four regional ground-water models were
developed by the U.S. Geological Survey (USGS) for
Island County to evaluate the potential for seawater
intrusion into public water-supply wells on Whidbey
and Camano Islands (Sapik and others, 1987). These
models provided the regional framework for later
ground-water models devel oped specifically for the
Area 6 landfill facility.

To aid in design and operation of the pump-and-
treat system, atwo-dimensional numerical flow model
for Area 6 was constructed using FLOWRPATH version
4 (IT Corporation, 1993; 1996; 1997). The purpose of
the two-dimensional model was to determine the
optimal locations for installation of extraction and
monitoring wells. Later versions of the model were
used to evaluate different remediation strategies by
varying pumping rates and locations of treated effluent
recharge sites (IT Corporation, 1996, 1997).

When bacteriaand iron precipitate buildup began
clogging treated effluent reinjection wells, the USGS
was asked to evaluate the effect on the regional ground-
water system if treated water was not recharged to the
aquifer. The USGS model developed for northern
Whidbey Island (Sapik and others, 1987) was modified
to ssimulate the effect of pumping ground water from
wells at the Naval Air Station, Area 6 landfill facility
(E.A. Prych, written communication, 1997). Although
the simulation showed only minor regional effects, the
need for a more detailed three-dimensional model
utilizing refined local stratigraphy and more accurate
hydraulic parameters became apparent.

Hydraulic conductivity estimates made during
theinitial remedial investigation ranged over two
orders of magnitude (URS Consultants, 1993b).
Multiple well aquifer tests at four of the extraction
wells were conducted in June 1998 to obtain more
reliable aquifer characteristics (Foster Wheeler
Environmental Corporation, 1998b). The results of the
1998 aquifer tests yielded hydraulic conductivity
values dightly higher than those used in the two-
dimensional ground-water model. The two-
dimensional FLOWPATH model was updated later in
1998 to account for the new aquifer-test data and to
correct several errorsin the previous model (Foster
Wheeler Environmental Corporation, 1998a).
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HYDROGEOLOGY OF THE GROUND-
WATER FLOW SYSTEM

Island County lies within the Puget Sound
lowland, a topographic and structural depression
between the Cascade Range on the east and the
Olympic Mountains on the west. Whidbey Island is
composed of unconsolidated Pleistocene glacial and
interglacial deposits overlying Tertiary and older
bedrock (Easterbrook and Anderson, 1968). The
unconsolidated deposits range in thickness from afew
hundred to 3,000 feet thick and represent deposits from
at |least three glaciations (Sapik and others, 1987).
Surficial deposits consist of unconsolidated sand and
gravel with local exposures of more densely compacted
glacial till and widely scattered glacial erratic boulders.

Geologic Framework and Hydrologic Units

Ground water in the vicinity of NAS Whidbey
generally occurs within a series of aguifers composed
of permeable sand-and-gravel layers deposited by
glacial melt water, separated by finer grained glacial
silt-and-clay or interglacial fluvial and lacustrine
deposits (URS Consultants, 1993b). These subsurface
materials have been locally characterized into six
hydrogeol ogic units (URS Consultants, 1993b; Sapik
and others, 1987). These units are the Vashon till,
Vashon advance outwash, and four subunits of the
Whidbey Formation.

6 Ground-Water Flow and Potential Contaminant Transport, Naval Air Station Whidbey Island, County, Washington



Beneath Area 6, the upper 200 feet of sediments
contain three principal water-bearing units, referred to
as the shallow, intermediate, and deep, or sealevel,
aquifers (fig. 3).

The shallow aquifer is contained within the
Vashon advance outwash sediments. It isamgjor
water-bearing zone in the region and extends
throughout all of Area 6. The shallow aquifer contains
the largest contaminant concentrations and is the
primary focus of this and previous investigations.
Although some water can be found perched above the
glacial till in small portions of Area 6, the shallow
aquifer is generally unconfined, with water levels
ranging from about 20 to 145 feet below the ground
surface. Ground-water flow directions are toward the
southwest in the northern part of the area and toward
the southeast in the southern part, forming a generally

accurate path from north to south (fig. 4). North of the
study area, a poorly defined flow divide separates a
component of flow to the northwest towards Ault Field.
Stratigraphy and thickness data are available from 44
Navy and various private wells that fully penetrate the
Vashon advance outwash (see table 6 at end of report).
The Vashon advance outwash is a medium to coarse
sandy gravel or gravely sand that becomesfiner grained
with depth. Including Vashon till where present, the
thickness of Vashon advance outwash ranges from 21
feet to 176 feet thick within the study area (fig. 5).
However, the saturated portion of the deposit ranges
from 13 feet to 61 feet thick and averages 30 feet thick.
The horizontal hydraulic conductivity is estimated to
be 87 feet per day (ft/d) for the upper portion of the
unit, and 70 ft/d for the lower, finer grained portion of
the unit.

A Z|IZ Z|1IZ zZ|Z A'
South 9 o S o S o North
— Q. O O O — 250
Model oo 6-S-14_0| 6523 a@f &85
layers - | 6-S-15
- 150
! Vashon Medium to coarse sandy o
advance gravely or gravely sand L
outwash - 100 >
Shallow|aquifer i
— = |
2 I B Sitysand | o : 50 S
3C suwwiti] [ Clysand,sit | 1 | Upperconfiningunit =
4[Z  Subunit 2] and,silt with some clay i _ 5
5 subunit 3 | Intermediate aquifer _LE\E//ECK
ubuni 1 e e I e ]
| Whidbey | ey genie), 51 Lower confining unit
Formationl — | | | T TEee=a——A
6 Subunit 4 Medium to coarse sand - 50
with some gravel Deep or sea-level aquifer
— —_— 100
~5x Vertical exaggeration (I) 5(|)0 | 10|00 FEET
| T T |
0 100 200 300 METERS
Figure 3. Generalized hydrogeologic section showing distribution of aquifer and confining units and the numbered layers used

in the ground-water model.
(Modified from Dinicola, 2000.) See figure 2 for trace of section.
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The uppermost subunit 1 in the Whidbey
Formation is a confining unit consisting of dark green
clay and fine sands and silts with minor peat and wood
material that immediately underlies the shallow
aquifer. The confining unit is generally about 10 feet
thick, but can vary from 1 foot to 40 feet thick within
the study area (fig. 6). Because of the fine-grained
nature of the material, the hydraulic conductivity for
thisunit is estimated to be 0.0002 foot per day.

The intermediate aquifer is defined as subunit 2
of the Whidbey Formation. Although not a major
water-bearing zone in the region, it extends throughout
northern Whidbey Island. Only very low
concentrations of contaminants have been detected
within this aquifer beneath Area 6. The intermediate
aquifer is generally confined, and water levels are
generally 5 to 20 feet lower than those in the shallow
aquifer. Ground-water flow directionsin the
intermediate aquifer are poorly defined, but are
generally from the northwest to the southeast (fig. 7).
Limited stratigraphic and thickness data are available
from 13 Navy and two private wellsthat fully penetrate
subunit 2 of the Whidbey Formation (see table 6). The
subunit consists of sand and silts or fine sand and may
contain thin, discontinuous, dark-gray silty clay layers.
Thickness of the unit varies from 4 feet to 69 feet thick
within the study area (fig. 8). The horizontal hydraulic
conductivity for this unit is estimated to be 10 ft/d.

Subunit 3 of the Whidbey Formationisa
confining unit consisting of dark-colored clay, sand,
and silts with gravel or silty clay layers and woody
material, and immediately underlies the intermediate

aquifer. The confining unit varies from 5 feet to

54 feet thick within the study area (fig. 9). Because
of the fine-grained nature of the material, the
hydraulic conductivity for this unit is estimated

to be 0.0002 ft/d.

The deep, or sealevel, aquifer is defined by
subunit 4 of the Whidbey Formation. Thisunitisa
continuous water-bearing zone in the region. No
contaminants have been detected in this aquifer
beneath Area 6, with the exception of those
resulting from a now abandoned, poorly constructed
monitoring well. The aquifer is confined, with water
levels ranging from 11 to 17 feet above sealevel.
Ground-water flow direction in the deep aquifer is not
well known but is generally towards the southwest.
Very limited stratigraphic and thickness data are
available from 4 Navy wells and 1 private well that
intercepts the deep aquifer (see table 6). Only one deep
drill hole, just northwest of the study area, penetrates
the entire section of glacial depositsand isfinished in
bedrock at a depth of 531 feet below land surface.
Subunit 4 of the Whidbey Formation consists of
medium to coarse sand with gravel. The thickness of
subunit 4 is estimated to be about 240 feet, based on the
one deep drill hole. However, the aquifer thickness
may be as much as 450 feet because the underlying
Double Bluff Formation consists of similar sand and
gravel glacial outwash material and the aquifer could
continue into it.

10 Ground-Water Flow and Potential Contaminant Transport, Naval Air Station Whidbey Island, County, Washington
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Hydraulic Properties of Aquifers and
Confining Units

The hydraulic conductivity of the aquifers and
confining units depends on the density and viscosity of
the fluid and the grain size, shape, sorting, and packing
of the matrix material (Freeze and Cherry, 1979). In
this study, no seawater isinvolved and density/viscosity
effects of the contaminants are assumed to be
negligible, so the fluid (water) of the regional flow
system is assumed to have a constant density and
viscosity. Earlier published hydraulic conductivity data
for the shallow, intermediate, and deep aquifers
beneath the Area 6 landfill are derived from single-well
pumping tests, slug tests and associated grain-size
analyses, and laboratory tests (URS Consultants,
1993b). The resulting hydraulic conductivities varied
widely, so in 1998 Navy contractors conducted
additiona multiple-well pumping tests at extraction
wells PW-1, PW-3, PW-5, and PW- 9 to better define
the values. Each test used one extraction well and 6 to
10 nearby observation wells (Foster Wheeler
Environmental Corporation, 1998b). The multiple-well
pumping tests yielded horizontal hydraulic
conductivity values for the shallow aguifer that ranged
from 47 to 126 ft/day (Foster Wheeler Corporation,
1998b). The average hydraulic conductivity for all the
wellsin the test was 87 ft/day, a value slightly higher
than the values (40 to 80 ft/day) used in the previous
modeling study (IT Corporation, 1997). The hydraulic
conductivity datafrom the multiple-well pumping tests
were considered more reliable and were used asinitial
estimates in this study.

Horizontal hydraulic conductivities are generally
greater than vertical hydraulic conductivities because
of the horizontal stratification of coarse and fine matrix
materialsin the glacial sediments. This vertical
anisotropy in hydraulic conductivity occursin both
aquifers and confining units. However, confining units
have such low hydraulic conductivities that the
horizontal component of flow is considered to be
negligible. Thus, a horizontal-to-vertical hydraulic
conductivity ratio of 1:1 was assumed for the confining
units. For aquifer materials, more reliable hydraulic
conductivity data are available. A Neuman analysis
conducted on one of the multiple-well pump tests
(PW- 3) allowed for direct computation of vertical
hydraulic conductivity in the shallow aquifer (Foster
Wheeler Corporation, 1998b; Neuman, 1975). Test
resultsindicated that ratios of horizontal to vertical

hydraulic conductivities for the aquifers were on the
order of 4:1t0 8:1, or about 5:1 on average (Foster
Wheeler Environmental Corporation, 1998b).

The ratio of horizontal to vertical hydraulic
conductivity isimportant in determining the leakance
between aquifer and confining layers. Leakanceisa
function of the layer thickness and the hydraulic
conductivity of each layer bounding an interface
between layers. Leakanceis generally calculated by the
equation:

Leakage = Q)

Z Z,
+

U
2xK, 2xK,

where

Zy is thickness of the upper layer;
Ky is conductivity of the upper layer;
Z1 is thickness of the lower layer; and

K1 is vertical hydraulic conductivity of thelower
layer.

Recharge

Virtualy all of the naturally occurring ground-
water recharge on Whidbey I1sland occurs by direct
vertical infiltration of precipitation. Very few
intermittent streams occur on the island and these flow
only during heavy rainfall events. Based on 10 to
40 years of precipitation records, Whidbey Island
receives an average annual precipitation of 18 to
34 infyr; approximately 20 in/yr falls at the study area
(Sapik and others, 1987). The amount of that
precipitation that recharges the aquifer can be
estimated on the basis of the type of land use and
associated root-zone depths, as well as on geological
considerations such as the presence of glacial till at the
surface. Previous recharge estimates by Sapik and
others (1987) range from 4 to 8 in/yr for forested land,
6 to 10 in/yr for agricultural land, and 8 to 12 in/yr for
barren rangeland. Previous recharge estimates by 1T
Corporation (1997), based on soil types, ranged from
3.5t09.0infyr.
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In this study, the presence of glacial till is
assumed to play an important role in governing the
amount of precipitation recharging the aquifer system.
In areas where highly compacted till with fine particle
size mantle the land surface, recharge to the aquifer is
limited because of the decreased infiltration capacity of
thetill (Bauer and Mastin, 1996). Thus, in this study,
till-mantled areas are assumed to have alower recharge
value (7.0 in./yr) than areas wheret till is not present
(10.0in./yr) (fig. 10). The wetland areato the north of
the Area 6 landfill is assumed to be an area of high
recharge due to the fact that little or no surface flow
leaves the wetland. Other wetland areas within the
study area represent localized areas of perched water;
they are wet only during heavy rain events and do not
appear to influence ground-water flow directionsin the
shallow aquifer.

Remediation activities have changed the
distribution of recharge across Area 6. The landfill was
capped with an impermeabl e barrier in 1996, beneath
which recharge was essentially eliminated. All
precipitation falling on the landfill cap was redirected
toward a retention pond (see fig. 10) on the north side
of the landfill where it could infiltrate. On June 27,
1995, the treatment plant was started and ground water,
extracted through pumping wells, was piped to an air-
stripping tower where VOCs could be volatilized and
removed. Treated ground water was returned to the
shallow aguifer, initially through injection wells, but
bacteria and iron precipitates caused clogging
problemsin the injection wells forcing treated water to
be directed to the retention pond. Eventually treated
ground water was directed to the intermittent stream
north and east of the landfill, where it could infiltrate
naturally to the shallow aquifer. All of the treated water
usually infiltrates before reaching the wetlands.

STEADY-STATE SIMULATION OF THE
GROUND-WATER FLOW SYSTEM

A three-dimensional, steady-state ground-water
flow model of the Area 6 landfill was developed asa
tool to test the effectiveness of the present pump-and-
treat system and to investigate alternative remediation
strategies. Specifically, the numerical model is
designed to evaluate whether water traveling down
gradient from aknown former hazardous-waste storage

areais being captured by the existing pumping wells.
Other important uses of the model include evaluating
the effectiveness of different remediation strategies,
such as the effects of operating fewer extraction wells,
and hel ping to optimize the location of new monitoring
wellsfor a proposed monitored natural attenuation
remedy (Dinicola, 2000).

Modeling Approach

The ground-water flow system was simulated
using Groundwater Modeling System (GMS version
2.1), acommercially available graphical user interface
that supports MODFLOW versions 1638 and 1323
(McDonald and Harbaugh, 1988), MODPATH version
3.0 (Pollock, 1994), and other analysis codes. The area
modeled in this study extends outside of the Naval Air
Station Area 6 boundary but is centered on the western
contaminant plume on the west side of the Area 6
landfill (fig. 2). The finite-difference grid used in the
model (fig. 11) was designed to provide highest
resolution for the area of primary concern, which
includes the former hazardous waste storage area,
western contaminant plume, extraction wells, and area
6 landfill. Care was taken to locate model boundariesin
such away as to minimize the influence of boundary
conditions on the area of primary concern, and to limit
the grid size for computational efficiency. Artificial
model boundaries had to be used because natural
hydrol ogic boundaries weretoo far away to beincluded
inthishighly localized modeling study. The limitations
of the artificial boundaries were tested by specifying
different boundary conditions and determining the
effect on the area of primary concern.

Two time periods were selected for ssimulation,
acalibration period that represented steady-state
conditions prior to the onset of remediation activities,
and a post-remediation period that represented steady-
state conditions after water levels had stabilized in
response to implementation of the pump-and-treat
system. No significant commercial or residential
pumping stresses are known to exist in the immediate
vicinity of Area 6 during either time period; most
domestic wells near the base boundary have been
abandoned and both NAS Whidbey and the City of Oak
Harbor use surface water as their primary water supply.

16 Ground-Water Flow and Potential Contaminant Transport, Naval Air Station Whidbey Island, County, Washington
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Water levelsin approximately 52 wells were
measured three times prior to the onset of remedial
activities (IT Corporation, 1995). These water levels,
measured on 5/19/94, 1/31/95- 2/1/95, and 6/19/95—
6/20/95, were the only data available to constrain the
pre-remediation steady-state condition. Although the
pre-remediation water levels showed a slight decrease
of about 1 foot, the change was likely related to below-
normal precipitation (table 1) and recharge in 1994
(fig. 12). For each well, measured water levels were
averaged to obtain a representative water level
indicative of the pre- remediation, steady-state
condition.

The 52 wells measured during the pre-
remediation period al so were measured on a monthly
basis during the post-remediation period along with
additional new monitoring wells, a selection of which
are shown on figure 12. In order to avoid changesin
ground-water storage due to pumping and climatic
affects, only water level datafrom 1998 were used to
constrain the simulation of the post-remediation period.
These monthly data were averaged to obtain a
representative water level indicative of the post-
remediation steady-state condition. The unsteady-state
transient response to the pump-and-treat systemis
evident in figure 12 between June 1995 and about
December 1997 where water levels were equilibrating
to anew steady-state condition. In addition to the new

pumping stress on the system, available precipitation
records (table 1) show adlight increase from 1994 to
1998 for the nearby climatological stations at
Coupeville and Port Townsend, as well asfor the
Olympic Mountains and San Juan Islands to the
northeast as awhole (table 1; NOAA, 1994, 1995,
1996, 1997, 1998). Thus, the transient ground-water-
level response seen from June 1995 to about December
1997 is due to the superimposed effects of the pump-
and-treat system and increased precipitation. The water
levelsin well 6-S-2 (an upgradient well not
substantially affected by remediation activities)
indicate an increase in ground-water storage from late
1995 through mid 1997, followed by a period of less
change. It is noteworthy that after the increasein
storage, the water level in 6-S-2 did not recede to the
pre-remediation level; this observation is further
discussed in the section entitled “ Simulation of post-
remediation conditions.

The model was calibrated using initial hydraulic
parameters derived from published reports. During
calibration, theinitial hydraulic parameters were
adjusted iteratively by trial and error until simulated
water levels most closely matched the averaged
pre-remediation water levels. As part of the calibration
processes a sensitivity analysis was performed to
determine which parameters had the greatest affect on
the model outcome.

Table 1. Precipitation data for Whidbey Island and nearby areas,
1994-98
Precipitation
(inches per year)?!
Year Coupeville Port Townsend NE Olymp|c_;s_ a_nd
San Juan Division
1998 21.86 (0.84) 23.00  (1.99) 109.82  (12.75)
1997 2639 (5.37) 2177  (0.75) 12540  (28.33)
1996 no data 21.39 (0.44) 109.04 (11.97)
1995 no data 237 (2.68) 11087  (13.80)
1994 no data 1393  (-7.09) 104.31 (7.24)

1Departurefrom normal for period of record shown in parentheses; data from
National Oceanic and Atmospheric Administration, 1994-98.
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The calibrated model was then modified to
simulate the existing remedial extraction and treatment
system by adding nine extraction wells that withdraw
water at average rates of flow published in quarterly
reports (1995, 1996, 1997, 1998, and 1999). In the
model, treated water was returned to the system by
adding the extracted volume to recharge cells |ocated
aong the intermittent stream.

To test the effects of assumed boundary
conditions on simulated flow within the area of primary
concern, scenarios were run using two different types
of boundary conditions. In both scenarios, water-level
distributions, fluxes through the area of primary
concern, and particle flow paths in the shallow aquifer
were compared.

Description of Model

The modeled areais overlain by arectangular
grid with cells that ranged in size from 25 ft to 300 ft
on aside (fig. 11). The smallest cells (25 ft by 25 ft)
were centered on the area of primary concern, which
includes contaminant source areas, extraction wells,
and the Area 6 landfill. In the horizontal dimensions,
the grid was made up of 189 rows and 130 columns and
covered atotal area of about 2.5 square miles. The grid
was oriented in the north-south direction, roughly
paralel to the primary ground-water flow direction.
Aquifer materials are assumed to be homogeneous and
isotropic and thus, there is no preferred alignment of
the transmissivity tensor.

In the vertical dimension, the modeled areawas
conceptualized as a ground-water flow system with six
layers (seefig. 3) based on subsurface geology from
lithologic logs from approximately 76 Navy wells and
19 private wells (URS Team, 1998). The unsaturated
zone, consisting of surficial gravels, Vashon till, and
the upper part of the Vashon advance outwash, was
included as part of layer 1 in the model; however,
ground-water flow calculations were performed only
on the saturated portions of the model. Layer 2 consists
of generaly finer grained sediments in the lower
portion of the Vashon advance outwash. Because the
contact between layers 1 and 2 is not well defined on
the available lithologic logs, layer 2 was
conceptualized as a 10-foot-thick layer with alower
hydraulic conductivity than layer 1. Together, layer 1
and layer 2 comprise the unconfined, shallow agquifer.
Layer 3isaconfining layer defined as subunit 1 of the

Whidbey Formation. Horizontal flow through layer 3
was assumed to be insignificant due to the low
hydraulic conductivity and presumably small
horizontal gradients of hydraulic head. Layer 4
represents the intermediate agquifer and is equivalent to
subunit 2 of the Whidbey Formation. Layer 5 isthe
lower confining unit and is equivalent to subunit 3 of
the Whidbey Formation. Horizontal flow through
layer 5 was also assumed to be insignificant due to the
low hydraulic conductivity and presumably small
horizontal gradients of hydraulic head. Layer 6 isthe
bottom or deepest layer in the model and represents the
deep aquifer, or subunit 4 of the Whidbey Formation.
Because the depth to bedrock, type of material, and
actual thickness of the deep aguifer are unknown, the
deep aquifer was assigned an estimated thickness of
250 feet based on one well in the areathat penetratesto
bedrock

Boundary Conditions

Conditions along the perimeter of the model are
important, as they may affect the results of the
simulation. Ideally, the location of model boundaries
should correspond to actual hydrologic boundaries.
However, when hydrologic boundaries cannot be
represented realistically in the model, it isimportant
that prescribed boundaries be located far enough away
that they do not have an effect on the simulated
conditionsin the area of primary concern. Of the
various types of boundaries typically used in ground-
water flow models (Franke and others, 1987), the
following types were applicable for use in this study.
One type is the streamline or stream-surface (no-flow)
boundary, used where the flow is parallel to aboundary
and no component of flow crossesthe boundary. Here a
specified flux of zero was assigned at the boundary.
Another type is a specified-head boundary, where head
is specified and the flow into or out of the model is
allowed to adjust accordingly. The bottom of the model
was specified as a constant-head boundary, used to
allow flow out the bottom of the model while
maintaining the same head value at all points. The top
of the model was specified a free-surface boundary,
represented by the water table, and allowed to rise and
fall as needed in response to recharge and flow through
the model.
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In this study, care was taken to locate lateral
model boundaries perpendicular to previously
published ground-water-level contoursin the shallow
aquifer (layers 1 and 2) so that a no-flow boundary
would be areasonable assumption on the east and west
sides of the model (fig. 13). The northern boundary of
the model was chosen to coincide with a postulated
hydrologic flow divide so that a no-flow assumption
would also be reasonable for layers 1 and 2 (seefig. 4).
The southern boundary was aligned parallel to ground-
water-level contours so that heads could be specified on
the basis of projections of observed water-level data.
The topography of the study area and conceptual
ground-water flow suggests that a wetland area just
southeast of the model boundary, and east of Oak
Harbor, could be a discharge area for the shallow
aquifer. In order to represent this concept, head values
near land surface were specified along the southeast
corner of the model for layers 1 and 2 to simulate
discharge to the wetland.

Limited observed water-level datafor the
intermediate aquifer (layer 4) indicates that ground-
water flow is generally toward the southeast corner of
the study area. To simulate flow in the intermediate
aquifer, acombination of specified-head and no-flow
boundaries were specified along the perimeter of layer
4 (fig. 14). The head values were specified along the
western and a portion of the eastern boundariesin such
away asto create flow directionsin the corresponding
model layer 4 that approximate the observed data.

The lower boundary of the model was defined as
the bottom of the deep aquifer (layer 6). Although very
few observational data are available for the deep
aquifer, datafrom 1991 and 1992 show a ground-water
flow direction to the southwest at a gradient of 0.00015
to 0.006 foot per foot (URS, 1993b). For the purposes
of this modeling study the observed gradient was
assumed to be insignificant, thus, al cellsin layer 6
were assigned a uniform constant head set at 14 feet,
equivalent to the average water level observed in wells
that penetrate the deep aquifer. All confining units
(layers 3 and 5) were assigned no-flow lateral
boundaries because any significant flow in these units
is assumed to be vertical.

Calibration of Model to Pre-Remediation
Conditions

The model was calibrated to the conditions
existing before installation of the landfill cap and
operation of remedial extraction wellsin June 1995.
The ground-water system was assumed to be at steady
state, based on the absence of any pronounced trendsin
water levels for the period May 1994 through June
1995 (seefig. 12). The model was calibrated by
running MODFLOW simulations and comparing the
simulated head values with observed pre-remediation
water-level data. Values for recharge, hydraulic
conductivity, and specified head cells at model
boundaries were systematically adjusted until
simulated heads most closely matched pre-remediation
water levelsand flow directions. Special care wastaken
to keep valuesfor hydraulic conductivity, recharge, and
specified heads within reported limits and not introduce
values unsupported by the available data.

Initial values for hydraulic conductivity were
established using values from the previous modeling
study by IT Corporation (1997) and the results of
recent aquifer tests (Foster Wheeler Environmental
Corp., 1998b). Hydraulic conductivitiesfor the shallow
aquifer were initially applied along northeast to
southwest trending zones of 90 ft/d, 85 ft/d, and 75 ft/d.
A horizontal to vertical conductivity ratio of 10to 1
was used initially in the calculation of leakance.
Recharge values initially were set in zones of high
(20 in/yr), medium (8 in/yr), and low (7in/yr) recharge,
similar to the previous modeling study (IT Corporation,
1997). The observed pre-remediation water levels are
from published measurements made on May 19, 1994,
January 31 to February 1, 1995, and June 19 to 20,
1995 (IT Corporation, 1995). This data set includes 39
wells with screensin the shallow aquifer and 7 wells
screened in the intermediate aquifer. Water-level
measurements for each well were averaged to obtain a
time-averaged representation of the pre-remediation
water level.
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Figure 13. Model boundaries and pre-remediation water levels for the shallow aquifer.
Model boundaries shown are for the no-flow boundary condition; only cells along the southern boundary have

specified heads (diamonds). Pumping wells are shown as red circles and monitoring wells are shown in black.
Contour interval is 1 foot.
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After each trial simulation, layer-wide
adjustments were made to hydraulic parameters until
simulated head distributionsin all the aquifers were
reasonably consistent with the observed data set
(figure 15a, figure 16a). The following changes were
made to the model during the calibration process.

(1) Zones of hydraulic conductivity were removed and
al cellsin agiven layer were assigned the same value
which was adjusted to obtain a best fit with the
observed data. Each modification to the hydraulic
conductivity in a particular model layer was
accompanied by are-computation of the leakance value
for each cell in that layer. (2) The ratio of horizontal to
vertical conductivity used in the leakance calculation
was changed from 10:1 to 5:1. (3) Recharge was
simplified into two zones of 7 infyr and 10 in/yr.

(4) Specified head values at boundary cells were
changed to match the observed head data and adjust
flow directions. Final hydraulic parameters, shownin
table 2, were selected to minimize the mean error of
computed verses observed values (see error summary,
(fig. 15b). For the intermediate aquifer, the observed
data set is sparse and athough flow paths appeared
reasonable (fig. 16a), the simulated heads did not
match aswell as did those for the shallow aquifer

(fig. 16h).

Sensitivity Analysis for the Calibrated Model

The sensitivity of model-computed values to
changesin model-input parameters was investigated by
using multiple model runs with systematically varying

model-input parameters. The model-computed values
used in the analyses were the computed heads for
shallow aquifer wells 6-S-21 and 6-S-27, the computed
gradient between wells 6-S-21 and 6-S-27, the mean
error of al wellsin the shalow aquifer, and the mean
error in al wellsin the intermediate aquifer. Model-
input parameters that were varied include recharge,
hydraulic conductivity of the shallow aquifer, and
leakance through the shallow aquifer (layer 2) and the
upper confining layer (layer 3). In each of the model
runs, a multiplier was applied to the model-input
parameter so that the value for each cell in the layer
was increased or decreased by the same amount. The
results of the sensitivity analyses are summarized in
table 3. Computed heads and the residual of computed-
minus-observed heads are shown for comparison.

The sensitivity analyses (table 3) show that
simulated changes in recharge and hydraulic
conductivity cause the greatest changes in model-
computed heads in both the shallow and intermediate
aquifers. Changing the leakance through the shallow
aquifer and upper confining unit also caused large
changes in computed heads, especialy in the
intermediate aquifer. In al the tests conducted, none
was able to significantly alter the gradient between
6-S-21 and 6-S-27. In all the simulations the computed
gradient was dlightly less than the observed gradient.
Because the model is focused on ground-water flow in
the shallow aquifer, the calibrated parameters were
adjusted to minimize errors in the shallow aquifer
rather than in the intermediate aquifer.
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Figure 15a. Simulated head distribution in layer 1, the upper portion of the shallow aquifer, for the pre-
remediation period.

Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed and yellow bars are within 4 feet. Colored bars above center
indicate simulated values greater than observed; bars below center indicate simulated values less than
observed. Specified head cells are indicated with diamonds. Brown areas indicate dry cells. Pumping wells are
shown as red circles and all other monitoring wells are shown as white. Contour interval is 1 foot.
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Figure 15b. Comparison of simulated and observed heads in wells with screens in the
shallow aquifer for the pre-remediation period and a summary of error.

Table 2. Hydrologic parameters used in the steady-state model

[Kn, horizontal hydraulic conductivity; Ky, vertical hydraulic conductivity; ft/d, feet per day; in/yr, inches
per year; n/a, no value assigned]

Riicnr;j:;g ’ (flf/g) Kn:Ky  Porosity! Layer type
Layer1 7.0and10.0 87 51 0.25 Unconfined
Layer 2 n/a 70 51 0.25 Confined/unconfined
Layer 3 n/a 0.0002 11 0.10 Confined
Layer 4 n/a 10 51 0.20 Confined
Layer 5 n/a 0.0002 11 0.10 Confined

Layer 6 Constant head elevation set at 14 feet above sea level

porosity values were used in MODPATH particle tracking simulations only.
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Figure 16a. Simulated head distribution in layer 4, the intermediate aquifer, for the pre-remediation period.

Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed, yellow bars are within 4 feet and red are greater than 4 feet.

Colored bars above center indicate simulated values greater than observed; bars below center in
simulated values less than observed. Specified head cells are indicated with diamonds. Pumping
shown as red circles and all other monitoring wells are shown as white. Contour interval is 1 foot.
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Table 3. Results of sensitivity analysis

[Changes in model-computed values caused by changes in model-input parameters, using the pre-remediation condition]

Head, 6-S-21 Head, 6-S-27 Corzgiitnetd
(observed 85.6) (observed 78.3) g
(feet) (feet) (observed
0.00317)
Mean error Mean error
Model input Change in Com-  Resi- Com- Resi- Com- Resi- . in
in shallow . .
parameter parameter puted dual puted dual puted dual . intermediate
aquifer )
aquifer
Calibrated None 85.2 -0.39 79.3 1.02 0.00195 -0.00122 0.008 -1.13
parameters
Recharge 20 percent 82.0 -3.6 76.8 -15 .00172  -.00145 -2.76 -19
decrease
20 percent 88.2 2.6 81.6 33 .00218  -.00099 2.68 -0.42
increase
Hydraulic 20 percent 88.3 2.7 817 34 .00218  -.00099 2.77 -04
conductiv- decrease
ity in the 20 percent 829 2.7 775 -.08 00178  -.00139 -1.94 -1.68
shallow increase
aquifer
Leskagein 20 percent 85.5 -0.06 79.6 13 .00195  -.00122 0.34 -1.94
layers2 and 3 decrease
20 percent 84.9 -0.7 79.1 0.8 .00191  -.00126 -0.22 -0.44
increase
100 percent 839 -1.7 78.3 -.005 .00185  -.00132 -1.09 157
increase
1,000 percent 81.0 -4.6 75.8 -25 .00172  -.00145 -3.92 6.07
increase

STEADY-STATE SIMULATION OF POST-
REMEDIATION CONDITIONS

Using the hydraulic parameters determined for
the steady-state, pre-remediation condition (table 2),
the model was then modified to simulate the steady-
state conditions resulting from the effects of the pump-
and-treat system and landfill cap. Nine extraction wells
were added to the model to simulate post-remedial
conditions. To simulate the reinfiltration of treated
water, the volume of water extracted from the wells
was returned to the aguifer by applying additional
recharge to those cells along the trace of the
intermittent stream (see fig. 11 for location on model

grid). Recharge for the area beneath the landfill cap
was adjusted to zero and the volume of water that
would have recharged the aquifer from precipitation
falling on the landfill cap was redirected to the
retention pond; evapotranspiration was not simulated.
Additional modificationsincluded adding a series of
drainsto represent engineered runway drainage waysin
the wetland area north of Ault Field Road. The drains
were added to simulate possible ground-water
discharge to the land surface should water-table
altitudes rise above land-surface altitudes in response
to the reintroduction of treated water and redirection of
landfill precipitation.
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The time period for which post-remediation
water levels were assumed to have been in steady-state
isfrom January 1, 1998 to December 31, 1998. For this
time period, data on flow rates for the extraction wells
were taken from published quarterly reports (Foster
Wheeler Environmental Corporation, 1998c-f). Actual
rates varied because iron and bacteria gradually fouled
the pump intakes causing electrical systemstofail. The
extraction wells generally were quickly treated with
biocide solutions to clear pump intakes and restore
flow rates. For modeling purposes, an average flow rate
was estimated using production data from January
1997 to January 1999 for each extraction well (table 4).
The flow rates used in the model slightly overestimate
the published average daily flow through the treatment
plant for the same period (Foster Wheeler
Environmental Corporation, 1998c-f). In the model,
water was extracted from layers 1 and 2 in proportion
to the length of screened interval in each layer (table 4).
Because layer 2 isasomewhat arbitrary designation
designed to simulate a poorly defined trend of finer
particles with depth, the slight difference in hydraulic

Table 4. Flow rates in extraction wells

conductivity between the two layers was not factored
into the proportioning of extracted water from layers 1
and 2.

Simulated heads and observed water levels were
compared for the shallow aquifer (fig. 17a) and for the
intermediate aquifer (fig. 18a). The data set of observed
water levels comes from quarterly reports containing
monthly measurements for the period January 1, 1998,
through December 30, 1998 (Foster Wheeler
Environmental Corporation, 1998c-f). The data set
includes 52 wells screened in the shallow aquifer and 7
wells screened in theintermediate aquifer. The monthly
water-level measurements were averaged for the year
to obtain awater level representative of the steady-state
remedial pumping condition. The twelve-month period
for 1998 was chosen because the pump-and-treat
system had been in continuous operation except for
March 9-30, when system maintenance was
performed, and June 3 to July 13, when pump tests
were being conducted (fig. 12). Also, water levels
appeared to be relatively stable during this period and
not affected by changes in ground-water storage.

[gal/min, gallons per minute; gal/d, gallons per day; ft3/d, cubic feet per day; data from Foster Wheeler Environmental

Corporation, 1998c-f]

Amount of extracted water?!

Pumping Average flow rate Layer 1 Layer 2
wells  (gal/min)  (gal/d) (ft3/d) (ft3/d)  (Percent) (ft3/d)  (Percent)
PW-1 30 43,200 5,776 4,332 (75) 1,444 (25)
PW-2 0 0 0 0 0
PW-3 30 43,200 5,776 4,332 (75) 1,444 (25)
PW-4 22 31,680 4,236 3,008 (71) 1,228 (29)
PW-5 22 3,1680 4,236 3,008 (71) 1,228 (29)
PW-6 23 33,120 4,428 3321 (75) 1,107 (25)
PW-7 20 28,800 3,851 2,580 (67) 1,271 (33)
PW-8 10 14,400 1,925 962.5 (50) 962.5 (50)
PW-9 20 28,800 3,851 1,925.5 (50) 1,925.5 (50)

Cumulative total 254,880 34,079

Published total, 252,000 33,692

January 1997 -
January 1999

parentheses indicate percent proportioned: the percentage of water extracted from each layer in proportion to the

length of screened interval in that layer.
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Figure 17a. Simulated head distribution in layer 1, the upper portion of the shallow aquifer, for the post-
remediation period.
Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed, yellow bars are within 4 feet and red are greater than 4 feet.
Colored bars above center indicate simulated values greater than observed; bars below center indicate

simulated values less than observed. Green circles indicate cells with assigned drain attributes, and specified
head cells are indicated with diamonds. Pumping wells are shown as red circles and all other monitoring wells

are shown as white. Contour interval is 1 foot.
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Figure 17b. Comparison of simulated and observed heads in wells with screens in the
shallow aquifer for the pre-remediation period and a summary of error.

The simulated water levels for the shallow
aquifer matched the observed data set generally within
2 feet. Although simulated water levelsin several wells
were as much as 2 to 4 feet too low, most wells were
about afoot too low. Overall the simulated water levels
matched the observed data with a mean error of -

1.27 feet (fig. 17b). Onereason for the lower simulated
water levels throughout the model was that more
ground water appeared to be in storage during the post-
remediation simulation period than during the pre-
remediation period (fig. 12). The same recharge
estimate was used for simulations of both periods, so

it appears that there may have been somewhat more
recharge prior to and during the post-remediation
period. Simulated water levelsin the intermediate
aquifer did not match as well. Although the mean error
for the intermediate aquifer was -1.87 feet (fig. 18b),
simulated water levelsin several wellswere as much as
6 feet too low.

Simulated head distributions in the shallow
aquifer for the steady-state remedia pumping
condition (fig. 17a) differ from those of the steady-state

pre-remediation condition (fig. 15a) in that a prominent
ground-water mound developsin the vicinity of the
intermittent stream during remedial pumping
conditions. A less obvious but anticipated result is the
deflection of contours that represents drawdown
around pumping wells. The effects of the pump-and-
treat system are evident in figure 12 where wellsin the
vicinity of the ground-water mound show a significant
water-level increase. The formation of the ground-
water mound has the effect of redirecting a portion of
ground-water flow toward the northern boundary of the
model. Because the northern boundary is a specified
no-flow boundary, ground-water flow is redirected
paralle to the northern edge of the model. This does
not occur in reality, and thus indicates that the northern
no-flow boundary assumption may not be valid for the
remedial pumping condition. Because the ground-
water mound likely causes some amount of flow to
cross the northern boundary of the model, the effect of
that flow on the area of primary concern was evaluated.
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Figure 18a. Simulated head distribution in layer 4, the intermediate aquifer, for the post-remediation period.

Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed, yellow bars are within 4 feet and red are greater than 4 feet.
Colored bars above center indicate simulated values greater than observed; bars below center indicate simulated
values less than observed. Specified head cells are indicated with diamonds. Pumping wells are shown as red
circles and all other monitoring wells are shown as white. Contour interval is 1 foot.
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Figure 18b. Comparison of simulated and observed heads in wells with screens in the
intermediate aquifer for the pre-remediation period and a summary of error.

Evaluation of the Effects of Boundary
Conditions on Model Results

The assumed validity of no-flow boundaries
along the east, north, and west sides of the model was
evaluated by comparing results from two steady-state
remedial pumping simulations, each with different
boundary conditions for the shallow and intermediate
aquifers. In the first simulation, as described in the
previous section of this report, the shallow aquifer had
no-flow boundaries aong the east, north, and west
sides and specified heads along the south boundary of
the model (fig. 17a). The intermediate aquifer had no-
flow boundaries along the northeast and south sides
and heads were specified along the west and southeast
boundaries of the model (fig. 18a). In the second
simulation, all no-flow boundariesin the shallow and
intermediate aquifers were replaced with specified
heads fixed at pre-remediation water levels. The
differencesin water levels, fluxes through the area of
primary concern, and potential contaminant migration
between model runs were compared in order to test the

validity of the no-flow boundary assumption and
determine the sensitivity of the choice of boundary
conditions on the area of primary concern.

Sensitivity of Water Levels to Boundary Conditions

A simulation was run using specified heads fixed
at pre-remediation water levels at boundary cells for
both the shallow (fig 19a) and the intermediate
(fig. 20a) aquifers. The resulting distributions of
computed head are generally similar to the distributions
of heads using no-flow boundaries (figs. 17a, 18a). The
primary difference between the two simulations is that
for the shallow aquifer, water-level contours are
dissimilar near the northeastern boundary. Another
difference is that, for the shallow aquifer, computed
water levels in the specified-head boundary condition
scenario are 1 to 2 feet lower than in the no-flow
boundary condition scenario. For the shallow aguifer,
thisresultsin agreater error compared to the observed
water-level data set (fig. 19b).
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Figure 19a. Simulated head distribution in layer 1, the upper portion of the shallow aquifer, for the post-
remediation pumping simulation with specified head boundary conditions.

Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed, yellow bars are within 4 feet and red are greater than 4 feet.
Colored bars above center indicate simulated values greater than observed; bars below center indicate
simulated values less than observed. Green circles indicate cells with assigned drain attributes, and specified
head cells are indicated with diamonds. Pumping wells are shown as red circles and other monitoring wells are
shown as white. Contour interval is 1 foot.
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shallow aquifer for the post-remediation period and a summary of error.

Differences between the two simulations are less
pronounced for the intermediate aquifer although the
specified-head boundary condition scenario produced a
dlightly greater error compared to the observed water-
level data set (fig. 20Db).

The lower simulated water levelsin both of the
remedial pumping scenariosis, in part, related to
variability of precipitation and ground-water recharge
that is not accounted for in this model. Because
ground-water recharge was calibrated to the dightly
drier 199495 conditions, it is reasonabl e to expect that
simulated water levelsfor 1998 (representing relatively
wet 199698 conditions) might be consistently lower
than observed water levels. The reason for the greater
error for the specified-head simulation is that with
specified-head boundary cells water is allowed to exit
the model, thus lowering water levels.

Sensitivity of Fluxes to Boundary Conditions

When treated water is discharged to the
intermittent stream, a ground-water mound develops
that revisesflow at the northern boundary and creates a
new ground-water divide farther south. Thus, flow

across the northern boundary isinduced. In the no-flow
boundary scenario, water cannot escape and is forced
to flow parallel to the boundary. In the specified-head
boundary scenario, water is allowed to enter and exit
the model as needed. To determine what effect the
choice of boundary conditions had on the modeling
results, the fluxes across model boundaries were
examined. For each scenario net fluxes through each
layer were computed for the entire model and for the
area of primary concern. Flux through the area of
primary concern was determined by computing the flux
through the dense grid of 25-by-25 foot cellsin the
model. A comparison of fluxes through the model and
the area of primary concern for each boundary scenario
are shown on figure 21.

The flux analysis suggests that the fluxes
throughout the model, especially downward fluxes, are
relatively insensitive to alternative boundary
conditions. Lateral fluxes through model layers are
greater when specified head boundaries are used. The
proximity of the northern model boundary to the
ground-water mound creates aminor problem in that
some flow isinduced across the model boundary.
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Figure 20a. Simulated head distribution in layer 4, the intermediate aquifer, for the post-remediation pumping
simulation with specified head boundary conditions.

Locations of wells with observational data (black circles) are shown with calibration targets. Green bars indicate
simulated values within 2 feet of the observed, yellow bars are within 4 feet and red are greater than 4 feet.
Colored bars above center indicate simulated values greater than observed; bars below center indicate
simulated values less than observed. Specified head cells are indicated with diamonds. Pumping wells are
shown as red circles and all other monitoring wells are shown as white. Contour interval is 1 foot.
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Figure 20b. Comparison of simulated and observed heads in wells with screens in the
intermediate aquifer for the post-remediation period and a summary of error.

The flux out of the model through cells along the
northern boundary in the specified head scenario was
on the order of 3,850 cubic ft/d for the shallow aquifer.
Although thisinduced flux isasmall portion of the
total flow through the model (0.03 percent), it may
represent a significant portion (13 percent) of the
amount of treated water being returned to the ground-
water system. Within the area of primary concern,
fluxes through the 25-by-25 foot cells were very
similar for both scenarios (fig. 21). Therefore, it is
reasonable to conclude that although the original no-
flow boundary condition assumption may be violated
for the remedia pumping condition, the effect on
fluxesin the area of primary concern isinsignificant.

Sensitivity of Potential Contaminant Migration to
Boundary Conditions

To determine if simulated contaminant migration
is affected by specified conditions at the model
boundaries, the paths of particles were compared for

each alternative boundary condition. A MODPATH
simulation was devel oped in which an array of particles
was placed in 306 model cellsin the vicinity of the
hazardous waste storage area. Using hydrologic
parameters from table 2 and pumping rates from

table 3, two particle-tracking simulations were
performed using the post-remediation steady-state
model with each boundary condition. Particle tracking
is based on computed ground-water velocities and thus
requires that porosities be specified for the aquifer and
confining unit materialsin the model. Porosity values
of 0.25 for the shallow aquifer, 0.20 for the
intermediate aquifer, and 0.10 for confining units were
estimated based on the grain size of the materialsin
each layer and input into the MODPATH simulation
(table 2). Particles were placed in the center of cellsin
layer 1 and allowed to pass through weak sinks as they
moved advectively with ground water. In both post-
remediation steady-state simulations with different
boundary scenarios the effects of dispersion were not
accounted for, all other parameters were held constant.
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The results of the MODPATH simulations
(fig. 22) show how the particles move with ground
water. In both scenarios al particlesremained in layers
1 and 2 and were effectively captured by three of the
extraction wells (PW1, PW3, and PW5). Particles
followed a north to south trgjectory that was nearly
identical for both specified-head and no-flow boundary
scenarios. Maximum travel time for particles to reach
PW-5 in the specified-head boundary scenario was
2,079 days (5.7 years) and dlightly longer, 2,279 days
(6.2 years) for the no-flow boundary scenario. The
difference in travel time may be due to the dlightly
lower hydraulic gradient when using the specified-
head boundaries. The similarity of particle tracks
further suggests that choice of boundary condition does
not greatly affect simulated ground-water flow within
the area of primary concern.

DISCUSSION OF GROUND-WATER FLOW
SIMULATION

The two steady-state pumping simulations
modeled in this study, no-flow and specified-head
boundary conditions, represent conceptual end
members of a spectrum of possible model boundary
configurations. In reality, neither head nor flux is
constant at those boundaries, both vary in time and
space. Designating these conditions at the model
boundariesisnot an ideal situation, but in some casesit
isanecessary alternative to extending the model to real
hydrologic boundaries that are either poorly defined or
far from the area of primary concern. The solutions
obtained for the two simulations modeled in this study
appear to be insensitive to the boundary conditions.
The fact that both pumping scenarios yielded similar
output in terms of flow direction, head distribution, and
particle tracking lends credence to the modeling
approach used in this study. Although the model may
misrepresent the flow system near the model
boundaries, the calibrated model provides areasonable
approximation of the three-dimensional ground-water
flow system in the vicinity of the contamination plume
and extraction wells.

Flow Within and Between Aquifers

The downward component of ground-water flow,
governed by the leakance parameter, is controlled
primarily by the vertical hydraulic conductivity of the
confining units. In the two steady- state simulations,
downward flow between the layers was nearly identical
with 53 percent of the recharge moving through the
shallow aquifer from layer 1 to layer 2 and 11percent of
the recharge passing through the upper confining unit,
layer 3, into the intermediate aquifer, layer 4. Vertical
downward movement of water through the upper
confining layer is estimated at arate of 0.0002 ft/d (see
table 2). Based on average thickness and vertical
hydraulic conductivity, travel time of the contaminant
by advective transport through the upper confining
layer is estimated to be 137 years, but could take
between 14 years where the layer is thinnest and 550
yearswhere it isthickest. Travel timesfor particles
advected from the source area to the extraction wells
suggest that ground water is moving at a horizontal
velocity of about 420 feet per year (ft/yr). Thisestimate
iswithin the range of velocities (320 to 640 ft/yr)
computed for the same area using hydraulic gradient,
hydraulic conductivity, and porosity (Dinicola, 2000).

The volumetric water budgets for each scenario
listed in table 5 are derived from MODFL OW output
filesand include all layersin the model. Fluxes at
constant-head cells are similar in the pre-remediation
and no-flow remediation scenarios, but when specified-
head cells are used as a boundary condition, additional
water is allowed to enter and exit the model. Drains
were used in the no-flow and specified-head
remediation scenarios, however head distributionswere
generally lower with the specified-head boundary
condition so the drains were not activated. Recharge
from precipitation was held constant for all the
simulations. In the no-flow and specified-head
remediation scenarios, water extracted from wells was
added to the recharge from precipitation. The recharge
input for the specified-head boundary condition isless
than the no-flow scenario because specified-head cells
do not accept recharge. Total volumetric budgets for
no-flow and specified- head boundary condition
scenarios differ by about 10 percent.
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Table 5.
scenarios

Model-derived volumetric ground-water budget for three

[Cumulative volumes shown in cubic feet for aperiod of 1 day]

Remediation
Pre- No-flow Specific-head
remediation boundary boundary

IN:

CONSTANT HEAD = 18,731 18,569 45,391
WELLS = 0 0 0
DRAINS = 0 0 0
RECHARGE = 89,535 123,570 112,850
TOTAL IN = 108,270 142140 158,240
OUT:

CONSTANT HEAD = 108,270 103,290 124,160
WELLS = 0 34,079 3,4079
DRAINS = 0 4,769.8 0
RECHARGE = 0 0 0
TOTAL OUT = 108,270 142,140 158,240

Potential Contaminant Migration

The advective migration of contaminants from
the hazardous-waste storage area can be modeled using
particletracking. Flow paths of particlesdo not seemto
be greatly influenced by the boundary assumptions
used in the model, asindicated by the nearly identical
particle tracks (see fig. 22); only travel times were
affected dlightly. In both scenarios particles remained
inlayer 1 except intheimmediate vicinity of extraction
wells PW-1, PW-3, and PW-5, where approximately
25 percent of the extracted water from each well is
withdrawn from layer 2. In the simulations no particles
entered the upper confining unit (layer 3) or the
intermediate aquifer (layer 4). The model simulations
indicate that all particles were effectively captured by
three of the nine extraction wells (PW1, PW3, and
PWS5). Analytical data show that contaminant
concentrations are highest along an elongate area
encompassing PW1, PW3, and PW5, suggesting that
these wells extract the majority of contamination
originating from the hazardous waste storage area
(Dinicola, 2000). The other extraction wells do not
appear to have an influence on the western
contamination plume, however they do appear to
capture V C contaminants and landfill leachate from the

eastern plume. The effectiveness of the pump-and-treat
system in containing landfill leachate was not
addressed in thismodel. Simple modifications to the
existing model would allow this and other evaluations
to be made.

Model Limitations

The purpose of the model was to develop atool
that could be used to evaluate the effectiveness of the
current remediation system and to compare aternative
remediation strategies. To that end the model is useful,
but for the area of primary concern only, including the
hazardous waste storage area, landfill, extraction wells,
and monitoring wells. The ability of the model to
realistically simulate ground-water flow in the vicinity
of the model boundaries and in theintermediate aquifer
isless certain. It is recognized that the assumption of
steady-state conditions may not be perfectly valid for
the simulations because of changing climatic
conditions and variable extraction rates. However,
every attempt was made to calibrate the model to the
period of time when precipitation and pumping
conditions were most stable.
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Another important limitation is that the steady-state
model cannot simulate the period(s) of transition from
different pumping scenarios. Variability of
precipitation and infiltration make recharge probably
the most uncertain parameter used in the model. The
tendency of the model to underestimate heads greater
than 85 feet and overestimate heads less than 85 feet
suggests that hydraulic conductivity may have some
zonal variation within individual layers and may not be
homogenous, as assumed in the model. Zonal
variations in hydraulic conductivity, in combination
with the poorly constrained recharge estimates, create
the potential for a non-unique solution. However, these
parameters were constrained to reasonable ranges and
adjusted so that simulated results achieved a best fit
with observational data.

The contaminant migration simulations did not
account for the effects of dispersion or physical and
chemical retardation of the contaminant. The particle
tracking model was based on advective transport only.
The long, narrow shape of the western contaminant
plume suggests that |ateral dispersion isnot adominant
transport process at Area 6. Dinicola (2000) concludes
that dispersion does not have a substantial effect on
contaminant transport in the shallow aquifer because of
the relatively homogenous aquifer materials and high
transmissivities.

SUMMARY AND CONCLUSIONS

A three-dimensional, steady-state, ground-water
flow model was devel oped to test the effectiveness of
remediation efforts to contain trichloroethene and other
contaminants in the ground water at the Whidbey
Idand Naval Air Station, Area 6 landfill facility. The
model was calibrated by adjusting model input
parameters until a best fit was achieved between
simulated and observed water levels prior to
installation of a pump-and-treat remediation system in
July 1995. The calibrated model was subsequently
modified to simulate the steady-state pumping
condition of the pump-and-treat remediation in 1998.
Simulated water levels compared favorably to observed
average water levels measured in 1998. The effect on

simulated water levels within the area of primary
concern was evaluated using two boundary condition
scenarios (1) mostly no-flow and (2) al specified-head
boundary conditions. Simulated water levels and fluxes
near the perimeter of the model domain are sensitive to
different boundary conditions, although the fluxes,
water levels, and potential contaminant migration
within the specific area of primary concern are
insengitive to different boundary conditions. The
sensitivity of the model to boundary conditionsis
pronounced in the northern part of the modeled area
and is caused by the southward migration of the
northern hydraulic boundary due to recharge of treated
water through a nearby intermittent stream.

Flux analysis for the area of primary concern
surrounding the western contamination plume,
extraction wells, and observation wells within the
landfill facility indicates that the model is reasonably
calibrated within the area of primary concern.
However, the calibration is less certain near the model
boundaries. The advective transport of contaminants
from the hazardous-waste storage area was simul ated
using particle tracking. Particles originating in the
hazardous-waste storage area had nearly identical
trajectories in both pumping simulations, indicating
that advective flow in the vicinity of the contamination
plume is unaffected by the choice of boundary
conditions used in the model. Although the ssimulated
water levels do not fit the observational data precisely,
the model can be used to test the effectiveness of the
existing pump-and-treat system and simulate the
effects of various pumping strategies that involve
equivalent or lesser pumping rates once the system
reaches a new steady-state for the new pumping rate. It
is less suitable for simulating increased ground-water
withdrawal due to the close proximity of the model
boundaries to Area 6. Advective transport of ground-
water contamination can be simulated and interactions
between the shallow, intermediate, and deep flow
systems can be evaluated. However, model calibration
isless certain for the intermediate and deep aquifers
dueto alack of data.
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Table 6. Summary of well data

[AIl units except latitude//longitude are in feet; <, less than; nd, no data; Layer 1, Vashon till and advance outwash; Layer 2, Vashon advance outash; Layer 3,
Whidbey unit 1; Layer 4, Whidbey unit 2; Layer 5, Whidbey unit 3; Layer 6, Whidbey unit 4]

Measur- Well

- : Well .
well . from of
number num- tude tude p_onnt su_rface above measur- land bottom screen
ber altitude  altitude land ing of hole
surface point surface
33N/O1E-26A05 PW-1 481920 1223824 170.8 170.8 0 122 122 48.8 875
33N/O1E-26J14 PW-2 481858 1223816 212.8 212.8 0 168.5 168.5 43 1325
33N/O1E-26H10 PW-3 481913 1223826 1984 198.4 0 150 150 484 108
33N/O1E-26J15 PW-4 481855 1223816 209 209 0 165 165 14 128
33N/O1E-26J16 PW-5 481900 1223825 197.5 197.5 0 158 158 395 120
33N/O1E-26J16 PW-6 481900 1223822 201.5 201.5 0 160 160 415 116.5
33N/O1E-26J17 PW-7 481900 1223819  209.3 209.3 0 165 165 43 133
33N/O1E-26J18 PW-8 481858 1223811 217.8 217.8 0 166 166 51.8 145
33N/O1E-26J19 PW-9 481855 1223809  205.5 205.5 0 150 150 55.5 130
33N/O1E-25L01 6-S-1 481907 1223745 173 170.9 21 112.1 110 60.9 89.1
33N/O1E-25C01 6-S-2 481928 1223740 183.6 182.1 15 1135 112 70.1 95
33N/O1E-25N02 6-S-3 481854 1223803  202.9 201.2 17 144.7 143 58.2 124.7
33N/O1E-26J01 6-S4 481900 1223817 213 210.2 2.8 149.3 146.5 63.7 132.3
33N/O1E-25F03 6-S-5 481917 1223742  183.6 181.5 21 109.1 107 745 97.1
33N/O1E-26H01 6-S-6 481909 1223826 197.5 195.5 2 134 132 63.5 114
33N/O1E-26A01 6-S-7 481932 1223825 96.9 95.4 15 61.5 60 354 30
33N/O1E-25D01 6-S-8 481932 1223801  163.7 161.8 19 99.9 98 63.8 74.9
33N/O1E-26H06 6-S-9 481917 1223811  174.2 177.9 -3.7 108.3 112 65.9 91.3
33N/O1E-26A02 6-S-10 481924 1223821  152.3 148.9 34 163.4 160 -111 934
33N/O1E-26G01 6-S-11 481915 1223829  190.8 188.3 25 143 140.5 47.8 1325
33N-01E-26G02 6-S-12 481907 1223830 193.1 190.4 2.7 150.7 148 24 137.2
33N/01E-26J02 6-S-13 481901 1223826  197.8 194.7 31 159.6 156.5 38.2 148.1
33N/O1E-26H03 6-S-14 481910 1223821 2115 204.5 7 164 157 475 152
33N/O1E-26H04 6-S-15 481914 1223820  200.6 186.5 14.1 155.6 1415 45 136.6
33N/O1E-25M01 6-S-16 481906 1223800  195.7 191.9 38 141.8 138 53.9 119.8
33N/O1E-25M02 6-S-17 481901 1223802  206.1 195.2 10.9 148.9 138 57.2 127.9
33N/O1E-26G03 6-S-18 481913 1223845  142.7 140.8 19 79.9 78 62.8 61.4
33N/O1E-26R01 6-S-19 481854 1223809 2194 216.3 31 172.1 169 47.3 146.6
33N/O1E-26B01 6-S-20 481928 1223833  109.2 106.2 3 63.5 60.5 457 22
33N/O1E-26A03 6-S-21 481924 1223826  157.7 155.1 2.6 109.1 106.5 48.6 66.1
33N/O1E-26A04 6-S-22 481921 1223821 1735 170.7 2.8 125.3 1225 48.2 112.8
33N/O1E-26H05 6-S-23 481910 1223821  211.7 204 7.7 143.7 136 68 128.7
33N/O1E-26G04 6-S-24 481907 1223830 192.6 190.1 25 1225 120 70.1 108
33N/O1E-26J03 6-S25 481900 1223826  197.9 195.5 24 128.9 126.5 69 117.4
33N/O1E-26A05 6-S-26 481929 1223819 1285 125.7 2.8 79.3 76.5 49.2 65.8
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Table 6. Summary of well data—Continued

Top of
L\;gﬁl Svtvue(ljly Bo:)tfom Top of  Top of Top of Top of Top of Top of DoBbIe ngd(ff
number number  screen Layer1 Layer2 Layer3 Layer4 Layer5 Layer6 Bluff rock
Formation
33N/01E-26A05 PW-1 1175 nd 170.8 49.3 nd nd nd nd nd
33N/01E-26J14 PW-2 167.5 212.8 202.8 45.8 nd nd nd nd nd
33N/01E-26H10 PW-3 148 198.4 168.4 489 nd nd nd nd nd
33N/01E-26J15 PW-4 163 209 149 45 nd nd nd nd nd
33N/01E-26J16 PW-5 155 197.5 167.5 415 nd nd nd nd nd
33N/01E-26J16 PW-6 156.5 nd 2015 425 nd nd nd nd nd
33N/01E-26J17 PW-7 163 nd 209.3 453 nd nd nd nd nd
33N/01E-26J18 PW-8 155 nd nd nd nd nd nd nd nd
33N/01E-26J19 PW-9 150 nd nd nd nd nd nd nd nd
33N/01E-25L01 6-S-1 9.1 170.9 153.9 <60.9 nd nd nd nd nd
33N/01E-25C01 6-S-2 105 182.1 162.1 71.1 nd nd nd nd nd
33N/01E-25N02 6-S-3 134.7 201.2 191.2 64.2 nd nd nd nd nd
33N/01E-26J01 6-S-4 142.3 210.2 153.2 <63.7 nd nd nd nd nd
33N/01E-25F03 6-S-5 107.1 181.5 119.5 <745 nd nd nd nd nd
33N/01E-26H01 6-S-6 124 195.5 185.5 <63.5 nd nd nd nd nd
33N/01E-26A01 6-S-7 40 95.4 69.4 454 nd nd nd nd nd
33N/01E-25D01 6-S-8 84.9 161.8 146.8 <63.8 nd nd nd nd nd
33N/01E-26H06 6-S-9 101.3 177.9 162.9 <65.9 nd nd nd nd nd
33N/01E-26A02 6-S-10 103.4 148.9 138.9 46.9 389 -10.1 nd nd nd
33N/01E-26G01 6-S-11 142.5 188.3 168.3 47.3 nd nd nd nd nd
33N-01E-26G02 6-S-12 147.2 190.4 161.4 4.4 nd nd nd nd nd
33N/01E-26J02 6-S-13 158.1 194.7 165.2 39.2 nd nd nd nd nd
33N/01E-26H03 6-S-14 162 204.5 184.5 49 nd nd nd nd nd
33N/01E-26H04 6-S-15 146.6 186.5 166.5 535 nd nd nd nd nd
33N/01E-25M01  6-S-16 129.8 191.9 171.9 64.9 nd nd nd nd nd
33N/O1E-25M02  6-S-17 147.9 nd 195.2 58.2 nd nd nd nd nd
33N/01E-26G03 6-S-18 714 140.8 125.8 <62.8 nd nd nd nd nd
33N/01E-26R01 6-S-19 166.6 nd 216.3 51.3 nd nd nd nd nd
33N/01E-26B01 6-S-20 62 106.2 96.2 46.2 nd nd nd nd nd
33N/01E-26A03 6-S-21 106.1 155.1 152.6 49.1 nd nd nd nd nd
33N/01E-26A04 6-S-22 122.8 nd 170.7 49.7 nd nd nd nd nd
33N/01E-26H05 6-S-23 138.7 nd 204 <68 nd nd nd nd nd
33N/01E-26G04 6-S-24 118 nd 190.1 <70 nd nd nd nd nd
33N/01E-26J03 6-S-25 1274 195.5 175.5 <69 nd nd nd nd nd
33N/)1E-26A05 6-S-26 75.8 nd 125.7 51.2 nd nd nd nd nd
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Table 6. Summary of well data—Continued

o Mgasur- Well well .
Local Svtvl:acljly Lati- Longi- Meiizur- 3::)9&2? plcr;i?lt C::?;h depth Altletlltjde Top
well . from of
number num- tude tude pplnt su_rface above measur- land bottom screen
ber altitude  altitude land ing of hole
surface point surface

33N/O1E-26J08 6-S-27 481856 1223826 198.6 198.6 0 130 130 68.6 120
33N/01E-26J09 6-S-28 481856 1223825 198.6 198.6 0 155 155 43.6 146
33N/01E-26J10 6-S-29 481854 1223814 2131 2131 0 164 164 49.1 144
33N/01E-26Q02 MW-1 481845 1223834 152.8 152.8 0 131 131 21.8 121
33N/O1E-26R02 MW-2 481847 1223822 187.8 187.8 0 99 99 88.8 90
33N/01E-26R03 MW-3A 481845 1223815 177.9 177.9 0 22 22 155.9 15
33N/O1E-26R04 MW-3B 481845 1223815 178.2 178.2 0 120 120 58.2 109
33N/O1E-26R05 MW-4 481854 1223816 209.6 209.6 0 138 138 71.6 129
33N/01E-26J11 MW-5 481858 1223821 207.1 207.1 0 140 140 67.1 127
33N/01E-26Q03 MW-6 481852 1223827 188.9 188.9 0 139 139 49.9 124
33N/O1E-26H09 MW-7 481917 1223826 199.5 197.4 21 152.1 150 47.4 1184
33N/O1E-26J12 MW-8 481904 1223822 205.9 203.9 2 164 162 41.9 122
33N/01E-25M03 MW-9 481857 1223806 2125 2105 2 154.5 152.5 58 132
33N/01E-26J13 MW-10 481906 1223817 216.2 208.6 7.6 169.6 162 46.6 121
33N/O1E-25E01 MW11 481917 1223800 172.8 170.6 22 112.2 110 60.6 83
33N/01E-25D02 MW-12 481924 1223754 1828 180.8 2 122 120 60.8 98
33N/01E-25C03 MW-13 481921 1223746 194.4 192.4 2 123 121 714 101
33N/O1E-25E02 MW-14 481915 1223750 183 180.9 21 1111 109 719 93
33N/01E-25E03 MW-15 481917 1223801 1722 172.2 0 109 109 63.2 89
33N/O1E-26A09 N6-37 481921 1223822 172.3 170.9 14 96 94.6 76.3 85.5
33N/01E-26A10 N6-38 481923 1223825 163.9 163.3 0.6 98 97.4 65.9 79.5
33N/01E-26A06  6-1-1 481921 1223821 174 171.3 27 181.2 1785 -7.2 163
33N/01E-26G05  6-1-2 481915 1223830 190.7 188.5 22 179.2 177 115 162
33N/01E-26H02  6-1-3 481909 1223826 198.6 196.2 24 187.9 185.5 10.7 166
33N/01E-26J04  6-1-4 481900 1223826 194.8 194.8 0 1935 193.5 13 1725
33N/01E-26B02  6-1-5 481928 1223833 108.7 106 2.7 95.7 93 13 815
33N/01E-26B03  6-1-6 481921 1223842 139.3 136.9 24 1374 135 19 120
33N/01E-26G06  6-I-7 481913 1223845 1428 140.3 25 140.5 138 23 124
33N/01E-26A07 6-1-8 481924 1223826 157 154.6 24 161.9 159.5 -4.9 147
33N/01E-26J05 6-D-1 481924 1223821 2119 210.2 17 261.7 260 -49.8 241
33N/O1E-25L02 6-D-2 481921 1223807 1729 172.9 220 220 -47.1 206
33N/01E-25C02 6-D-3 481900 1223752 183 181.7 13 202.8 201.5 -19.8 189.5
33N/01E-26A08 6-D-4 481900 1223752 171.1 1711 0 220 220 -48.9 193
33N/01E-23Q01  P-1 481935 1223830 97 97 0 20 20 77 5
33N/01E-23R01  P-2 481936 1223824 96.1 96.1 0 20 20 76.1 5
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Table 6. Summary of well data—Continued

Top of
Lvsgﬁll S\Li?ly Bo;tfom Top of  Top of Top of Top of Top of Top of Doﬁble ngdcff
number number  screen Layer 1 Layer2 Layer3 Layer4 Layer 5 Layer 6 Bluff_ rock
Formation
33N/01E-26J08 6-S-27 130 nd nd nd nd nd nd nd nd
33N/01E-26J09 6-S-28 166 nd nd nd nd nd nd nd nd
33N/01E-26J10 6-S-29 164 nd 2131 49.1 nd nd nd nd nd
33N/01E-26Q02 MW-1 126 152.8 144.8 <218 nd nd nd nd nd
33N/01E-26R02 MW-2 95 nd 187.8 <88 nd nd nd nd nd
33N/O1E-26R03  MW-3A 20 nd 1779 <1559 nd nd nd nd nd
33N/O1E-26R04  MW-3B 114 nd 178.2 <58.2 nd nd nd nd nd
33N/01E-26R05 MW-4 134 nd 209.6 <716 nd nd nd nd nd
33N/01E-26J11 MW-5 132 207.1 202.1 <67.1 nd nd nd nd nd
33N/01E-26Q03 MW-6 129 nd 188.9 <49.9 nd nd nd nd nd
33N/01E-26H09 MW-7 148.4 nd 197.4 47.9 nd nd nd nd nd
33N/01E-26J12 MW-8 162 nd 203.9 24 nd nd nd nd nd
33N/01E-25M03 MW-9 152 nd 2105 58.5 nd nd nd nd nd
33N/01E-26J13 MW-10 161 nd 208.6 47.1 nd nd nd nd nd
33N/01E-25E01 MW-11 108 170.6 150.6 61.6 nd nd nd nd nd
33N/O1E-25D02  MW-12 118 180.8 148.8 62.8 nd nd nd nd nd
33N/01E-25C03 MW-13 121 192.4 142.4 724 nd nd nd nd nd
33N/01E-25E02 MW-14 108 180.9 160.9 729 nd nd nd nd nd
33N/01E-25E03 MW-15 109 nd nd nd nd nd nd nd nd
33N/01E-26A09 N6-37 95.5 nd 170.9 <74.9 nd nd nd nd nd
33N/01E-26A10 N6-38 89.5 163.3 150.8 73.8 nd nd nd nd nd
33N/01E-26A06 6-1-1 177 171.3 162.3 47.3 41.3 14.3 <-7.2 nd nd
33N01I-26G05 6-1-2 172 188.5 160.5 46.5 385 135 nd nd nd
33N/01E-26H02 6-1-3 176 196.2 176.2 45.2 412 14.7 nd nd nd
33N/01E-26J04 6-1-4 1825 194.8 176.8 41.8 34.8 9.8 nd nd nd
33N/01E-26B02 6-1-5 91.5 106 91 45 36 14 nd nd nd
33N/01E-26B03 6-1-6 130 136.9 116.9 41.9 35.4 39 nd nd nd
33N/01E-26G06 6-1-7 134 125.3 34.3 333 3.8 nd nd nd nd
33N/01E-26A07 6-1-8 157 nd 154.6 20.6 14.6 -2.9 nd nd nd
33N/01E-26J05 6-D-1 251 210.2 153.2 34.2 30.2 20.2 -27.8 nd nd
33N/01E-25L02 6-D-2 216 172.9 156.4 60.9 50.9 24.9 -10.1 nd nd
33N/01E-25C02 6-D-3 199.5 181.7 166.7 58.7 46.7 22.7 6.7 nd nd
33N/01E-26A08 6-D-4 203 nd 171.1 13.1 12.1 -2.9 -18.9 nd nd
33N/01E-23Q01 P-1 20 nd 77 nd nd nd nd nd nd
33N/01E-23R01 p-2 20 nd 76.1 nd nd nd nd nd nd
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Table 6. Summary of well data—Continued

Measur- Well well
Local Study _ _ Me_asur- Original ing depth depth Altitude Top
Lati- Longi- ing ground point from at
well well ; from of
tude tude point surface above measur- bottom
number number . . : land screen
altitude  altitude land ing of hole
. surface
surface point
33N/01E-23Q02 P-3 481935 1223828 96.7 96.7 0 20 20 76.7 5
33N/01E-23R02 P-4 481935 1223824  96.7 96.7 0 20 20 76.7 5
33N/01E-26J06 P-5 481855 1223808 204.6 202.3 2.3 140.3 138 64.3 128
33N/01E-26J07 P-6 481855 1223809 205.3 203 23 142.3 140 63 129
33N/01E-26H07 P-7 481913 1223825 204.7 201.9 2.8 142.8 140 61.9 130
33N/01E-26H08 P-8 481914 1223826 201.6 199.2 24 142.4 140 59.2 125
33N/O1E-26N05 Hilberdink 481848 1223916 100 100 0 120 120 -20 115
33N/01E-35G03 A381 481822 1223835 nd nd nd 16 nd nd 11
33N/01E-36C Rodewald 481834 1223735 nd nd nd 39 nd nd 33
33N/01E-N02 Dickson 481847 1223908 109 109 0 67 67 a2 62
33N/01E-26Q01 Oak Harbor 481848 1223837 140 140 0 214 214 -74 184
M&E
33N/O1E-26MO1 Enterprises 481901 1223916 140 140 0 128 128 12 nd
33N/01E-26D05 DOE 481933 1223913 117 117 0 682 682 -565 nd
Top of
Local Study Bottom Top of  Top of Top of Top of Top of Top of Double Top of
well well of Bed-
Layer 1 Layer2 Layer3 Layer 4 Layer5 Layer 6 Bluff
number number screen . rock
Formation
33N/01E-23Q02 P-3 20 nd 76.7 nd nd nd nd nd nd
33N/01E-23R02 P-4 20 nd 76.7 nd nd nd nd nd nd
33N/01E-26J06 P-5 138 202.3 <64.3 nd nd nd nd nd nd
33N/01E-26J07 P-6 139 203 173 <63 nd nd nd nd nd
33N/01E-26H07 P-7 140 201.9 166.9 <61.9 nd nd nd nd nd
33N/01E-26H08 P-8 135 199.2 169.2 <59.3 nd nd nd nd nd
33N/O1E-26N05 Hilberdink 120 nd 100 14 -12 nd nd nd nd
33N/01E-35G03 A381 16 nd nd nd nd nd nd nd nd
33N/01E-36C Rodewald 38 nd nd nd nd nd nd nd nd
33N/01E-N0O2 Dickson 67 109 76 42 nd nd nd nd nd
33N/01E-26Q01 Oak Harbor 214 nd 140 85 53 23 -6 nd nd
M&E
33N/01E-26M01 Enterprises nd nd 117 37 -3 -73 -81 -323 -531
33N/01E-26D05 DOE 117.5 nd 170.8 49.3 nd nd nd nd nd
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