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Hydrogeology and Simulation of Ground-Water Flow at
Dover Air Force Base, Delaware

By Kurt C. Hinaman and Frederick J. Tenbus

Abstract

Dover Air Force Base in Kent County,
Delaware, has many contaminated sites that are in
active remediation. To assist in this remediation, a
steady-state model of ground-water flow was
developed to aid in understanding the hydrology
of the system, and for use as a ground-water-
management tool. This report describes the
hydrology on which the model is based, a
description of the model itself, and some
applications of the model.

Dover Air Force Base is underlain by
unconsolidated sediments of the Atlantic Coastal
Plain. The primary units that were investigated
include the upper Calvert Formation and the
overlying Columbia Formation. The uppermost
sand unit in the Calvert Formation at Dover Air
Force Base is the Frederica aquifer, which is the
deepest unit investigated in this report. A
confining unit of clayey silt in the upper Calvert
Formation separates the Frederica aquifer from the
lower surficial aquifer, which is the basal
Columbia Formation. North and northwest of
Dover Air Force Base, the Frederica aquifer
subcrops beneath the Columbia Formation and the
upper Calvert Formation confining unit is absent.
The Calvert Formation dips to the southeast. The
Columbia Formation consists predominately of
sands, silts, and gravels, although in places there
are clay layers that separate the surficial aquifer
into an upper and lower surficial aquifer. The
areal extent of these clay layers has been mapped
by use of gamma logs.

Long-term hydrographs reveal substantial
changes in both seasonal and annual ground-water
recharge. These variations in recharge are related
to temporal changes in evaporation, transpiration,
and precipitation. The hydrographs show areas
where extensive silts and clays are present in the
surficial aquifer. In these areas, the vertical

gradient between water levels in wells screened
above and below the clays can be as large as
several feet, and local ground-water highs
typically form during normal recharge conditions.
When drought conditions persist, water drains off
these highs and the vertical gradients decrease. At
the south end of Dover Air Force Base,
hydrographs of water levels in the Frederica
aquifer show that off-Base pumping can cause the
water levels to decline below sea level during part
of the year.

A 4-layer, steady-state numerical model of
ground-water flow was developed for Dover Air
Force Base and the surrounding area. The upper
two layers represent the upper and lower surficial
aquifers, which are in the Columbia Formation. In
some areas of the model, a semi-confining unit is
used to represent an intermittent clay layer
between the upper and lower surficial aquifer.
This semi-confining unit causes the local ground-
water highs in the surficial aquifer. The third
model layer represents the upper part of the
Calvert Formation, a confining unit. The fourth
model layer represents the Frederica aquifer. The
model was calibrated to hydraulic heads and to
ground-water discharge in Pipe EIm Branch, both
of which were measured in September 1997. For
the calibrated model, the root-mean-squared errors
for the hydraulic heads and the ground-water
discharge in the Pipe EIm Branch were 9 percent
of the range of head and 3 percent of discharge,
respectively. Heads simulated by use of the model
were consistent with a map showing average water
levels in the region.

The U.S. Geological Survey’s MODPATH
program was used to simulate ground-water-flow
directions for several areas on the Base. This
analysis showed the effects of the local ground-
water highs. In these areas, ground water can flow
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from the highs and then dramatically change flow
direction as it enters the lower surficial aquifer.
The steady-state model has several limitations.
The entire ground-water system is under transient
hydraulic conditions, due mainly to seasonal and
yearly changes in recharge and to withdrawal from
irrigation wells. Yet this steady-state model is still
considered to be an effective tool for
understanding the ground-water-flow system
underlying the Base for average conditions. If the
ground-water system undergoes changes, such as
an increase in pumping from existing or new wells
in the surficial aquifer or in the Frederica aquifer
at or near the Base, then the model may need to be
verified for these conditions and, if necessary,
recalibrated. Nevertheless, the model can be used
to determine ground-water-flow pathlines in areas
of the Base where flow directions are constant. In
addition, the steady-state model is a necessary step
in the development of transient models and solute-
transport models, which are planned for future
ground-water monitoring on the Base.

Introduction

Dover Air Force Base (DAFB), located in Kent County,
Delaware (fig. 1a), has been in operation almost continu-
ously since 1941. Various activities in support of the
military mission have resulted in contamination of shallow
ground water underlying the Base by synthetic organic
compounds (Bachman and others, 1998). As a result, DAFB
is now actively engaged in an Installation Restoration
Program (IRP) to assess and remediate contaminated ground
water underlying the Base.

Background

DAFB is an active military installation that covers an
area of approximately 4,000 acres (fig. 1b). Ground-water
contamination has been found in several areas on the Base.
Some of these areas are adjacent to one another, some are
adjacent to the Base boundary, some are affected by a unique
geologic or hydrologic setting, and some are difficult to
characterize because of physical-access problems. In 1995,
the U.S. Geological Survey (USGS) in cooperation with the
DAFB, and as part of a long-term-monitoring project, began
work on a Base-wide ground-water-flow model to help
assess the ground-water-contamination issue.

A significant amount of information about the
environmental setting and contamination at and near DAFB
has been collected and synthesized. Most of the work has
been compiled in a summary by Dames & Moore, Inc., and
HAZWRAP (Hazardous Waste Remedial Actions Program)
(1993). Other environmental investigations with ground-
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water components have been conducted near DAFB (CH2M
Hill Southeast, Inc., 1988a, 1988b). A Base-wide remedial
investigation (RI) has been completed recently (Dames &
Moore, Inc., and HAZWRAP, 1993; U.S. Army Corps of
Engineers and Dames & Moore, Inc., 1994; 1997a, 1997b,
1997c). In addition, DAFB has been selected as a ground-
water remediation field laboratory (GRFL), where new
technologies in ground-water remediation are tested
(Applied Research Associates, Inc., 1996). An industrial
and government consortium, Remediation Technology
Development Forum (RTDF), has studied contamination at
DAFB in order to develop other remediation technologies
(U.S. Environmental Protection Agency, 1996a, 1996b,
1996¢). Other groups also have studied ground-water
contamination at DAFB (Ball and others, 1997; Eng, 1995;
Johnston, 1996). The USGS recently investigated natural
attenuation at several sites on the eastern side of the Base
(Bachman and others, 1998) (fig. 1c).

In addition to the environmental investigations already
conducted, DAFB and the surrounding area have been the
subject of numerous geologic and hydrologic investigations,
only a few of which are cited in this report. In the 1950,
Marine and Rasmussen (1955) studied the ground-water
resources of Delaware. In the mid-1950's, DAFB drilled a
high-capacity water-supply test well, which was documented
in two reports (Rasmussen and others, 1958; Benson and
others, 1985). Jordan (1962, 1964) and Johnston (1973)
studied the geologic formations in the area. Several studies
(Boggess and Adams, 1965; Adams and others, 1964; Davis
and others, 1965; Boggess and others, 1965) compiled maps
of the water table and soil-engineering characteristics. Inthe
mid- to -late 1960's, the water resources of the Delmarva
Peninsula were investigated (Cushing and others, 1973). In
the 1970’s, Leahy (1976 and 1979) determined the hydraulic
characteristics of the Piney Point aquifer, which underlies
the Calvert Formation, and the overlying confining units.
During the 1970's, regional numerical simulations of
ground-water flow in the Dover area were done for the
unconfined aquifer (Johnston, 1976), the Piney Point aquifer
(Leahy, 1979), and the Piney Point and Cheswold aquifers,
which are in the lower part of the Calvert Formation (Leahy,
1982). In the early 1980's, geologic maps of the area were
published (Pickett and Benson, 1983; Benson and Pickett,
1986). Spoljaric (1988, 1989a, 1989b, and 1991) compiled
geologic and hydrologic information of the area. Spoljaric
(1986) also studied the concentration of sodium in the Piney
Point Formation. Vroblesky and Fleck (1991) reported the
results of the USGS Regional Aquifer-System Analysis of
the Northern Atlantic Coastal Plain, which included the
Coastal Plain of Delaware. Phelan (1990) described the
water use in the St. Jones River Basin, which includes
DAFB.

As remedial activities proceed at DAFB, many factors
need to be considered. It is important to know if remedial
activities at one site will affect other sites, and which sites
need to be remediated first. If long-term monitoring is used
with the remediation process, it is essential that ground-

water-monitoring wells be correctly placed to intercept flow
from contaminated areas, and to select an appropriate
monitoring frequency. It is useful to know the likelihood of
contaminant transport in areas where physical access for
installing monitoring wells is difficult. It is also important to
know the likelihood of contaminant transport off Base or to
deeper aquifers. An examination of the hydrogeology at
DAFB, coupled with a numerical model of ground-water
flow, is helpful in addressing these concerns.

This report is part of the Long-Term-Monitoring Project.
This project is managed by the USGS for the 436th Support
Group, Civil Engineer Squadron Environmental Flight (436
SPTG/CEV) of DAFB.

Purpose and Scope

This report describes the hydrogeology of DAFB and the
development and use of a numerical model that simulates
steady-state ground-water flow at DAFB. The report
includes a compilation of recharge, as well as a compilation
of hydraulic conductivities for hydrogeologic units above the
base of the Frederica aquifer. Also included are data, such as
gamma logs and stream discharge, that were collected as part
of this investigation, and an analysis of these data to describe
the ground-water-flow system. A conceptual model
developed on the basis of the compiled hydrogeologic data is
presented. The report details the assembly of a numerical
model and provides examples of the use of the model as a
management tool for environmental work at DAFB,
including simulations of ground-water pathways for several
contamination sites.

Description of Investigation Area

DAFB is located in Kent County, Delaware, about
3.5 miles southeast of the center of Dover, Delaware (fig.
1b). It encompasses approximately 4,000 acres, including
annexes, easements, and leased property (U.S. Army Corps
of Engineers and Dames & Moore, Inc., 1994). Land use in
the surrounding area is primarily cropland and wetlands,
with some rural residential development.

Land use at DAFB can be divided into two main
categories: areas with no manmade structures and areas with
manmade structures (fig. 2). Most of the land areas with no
manmade structures are located in the eastern, southern, and
northern parts of the Base. These areas are mainly forests or
fields. The areas with structures include runways and
tarmacs, hangars and industrial buildings, offices, and
on-Base housing east of US Route 113 and Delaware
Route 1. Figure 2 shows the major areas in the vicinity of
DAFB that are covered by pavement, such as runways and
large parking lots (fig. 2). West of US Route 113 and
Delaware Route 1, manmade structures include off-Base
housing, the Base elementary school, and a golf course.

DAFB is located on the Delmarva Peninsula, within the
Atlantic Coastal Plain. It is underlain by unconsolidated
deposits of clay, silt, sand, and gravel that lie unconformably
on crystalline basement. The sediments range in age from
Early Cretaceous to Holocene (Benson and Spoljaric, 1996).
The Coastal Plain sediments thicken to the southeast, with
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progressively younger units subcropping beneath a surficial
blanket of Pleistocene deposits (Benson and Spoljaric,
1996).

The topography of DAFB is relatively flat with little
spatial variation. The surface elevations range from about
5 ft above sea level near the St. Jones River, to about 30 ft
above sea level at the northwestern boundary of the Base.
The northwest-southeast trending runway has an elevation of
28 ft above sea level, which is higher than most of the
surrounding area (U.S. Army Corps of Engineers and
Dames & Moore, Inc., 1997a).

Delaware has a humid, continental climate with well-
defined seasons. Delaware Bay, Chesapeake Bay, and the
Atlantic Ocean have a considerable effect on the climate
because winds from the bays and ocean tend to moderate
temperatures. Summers are warm and humid. The winters
are mild and there are few prolonged periods of freezing
weather. Freezing of soils is rare and ground-water recharge
occurs throughout most of the year. The proximity of large
bodies of water and the inflow of southerly winds cause high
relative humidity throughout the year (Rasmussen and
others, 1958; U.S. Department of Agriculture, 1941; Wood,
1996).

Precipitation near DAFB averages about 46 in. per year
and is distributed fairly uniformly, with the greatest amount
during the summer. Monthly precipitation ranges from an
average minimum of less than 3 in. in February, to an
average maximum of more than 5 in. in August (National
Oceanic and Atmospheric Administration, 1996; Wood,
1996). Mather (1969) estimated annual evapotranspiration
losses in central Delaware to be about 25 in.
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Hydrogeology

Ground-water flow and solute transport are strongly
influenced by the hydrogeologic framework of the DAFB
area. The accuracy of results from model simulation of
ground-water flow and the usefulness of these results to
subsequently determine future ground-water conditions is
dependent upon how well the ground-water-flow system is
understood. For this reason, it was essential to develop an
accurate conceptual model of the hydrogeology at DAFB.

One of the first tasks in the project was to review the
historical literature for a description of the hydrogeologic
system. This literature and records from regulatory
agencies, primarily DNREC, provided historical hydro-
geological data, such as well records. Concurrently, a
geographical information system (GIS) data base of hydro-
geological data was assembled. Use of a GIS allowed
different types of data, such as well records and geologic
maps, to be compiled and combined into one source. A
conceptual model of the hydrogeologic system was
developed on the basis of data and information located in the
literature survey, and gaps in hydrogeologic data were
identified. To fill these gaps, several types of data were
collected. Synoptic ground-water levels were collected
concurrently with measurements of ground-water discharge
measured at streams and drains at and near DAFB. These
data were necessary to calibrate the model. Continuous
recorders were installed in many ground-water wells and on
some surface-water bodies to determine the water-level
fluctuations. Analyses of the concentrations of chloro-
fluorocarbon and tritium in ground water was used to
estimate ages of the water. These ages were then used to
define the conceptual model of the ground-water-flow
system, and to help calibrate the ground-water-flow model.
Gamma logs were collected to determine the thickness of
fine-grained sediments in the surficial aquifer. These logs
also were used to determine the thicknesses and infer the
lithology of the sediments in the upper Calvert Formation
confining unit.

Geologic Framework

The stratigraphic units that have been identified in the
DAFB area (Benson and Spoljaric, 1996) are shown in
figure 3 and in table 1. In this area, the geologic formations
dip gently and thicken to the southeast (Pickett and Benson,
1983; Benson and Pickett, 1986). North of DAFB, the
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Figure 3. Stratigraphic column and hydrogeologic units in the Dover Air Force Base area, Delaware

(stratigraphic column modified from Benson and Spoljaric, 1996).
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Table 1. Generalized stratigraphic, lithologic, and hydrologic characteristics of geologic formations
underlying the Dover Air Force Base area, Delaware

[Modified from Benson and Spoljaric, 1996; Benson, Jordan, and Spoljaric, 1985; DAFB, Dover Air Force Base; >, greater than]

Approximate
thickness at

DAFB General Hydrogeologic
System Series Formation (feet) lithology unit
Quaternary Pleistocene Columbia A 35-85 Sand, silt, gravel, clay Surficial aquifer
Tertiary Middle to Calvert 0 at DAFB Sand Choptank aquifer
Lower Miocene subcrops south grouped with
of DAFB Surficial aquifer
15-40 Silt Confining unit
25 Sand Frederica aquifer
90 Silt Confining unit
60 Sand Cheswold aquifer
100 Silt Confining unit
35 Glauconitic sand Historically included
with Piney Point
aquifer
Middle Eocene Piney Point 215 Sand and sandy silt Piney Point aquifer
Middle to
Lower Eocene Deal 310 Silts and clays Confining unit
Upper Paleocene
Upper Paleocene Vincenttown 55 Glauconitic sandy to Confining unit
clayey silt
Lower Paleocene Hornerstown 30 Glauconitic silt Confining unit
Cretaceous Upper Cretaceous Navesink 20 Glauconitic silt Confining unit
Mt. Laurel 70 Silt-clay matrix Confining unit
with glauconite
and shell calcite
Marshalltown 35 Very fine sand and silt Confining unit
Englishtown 60 Fine to very fine sand Confining unit
Merchantville 100 Coarse siltand very fine | Confining unit
sand
Magothy 100 Sands and silts Magothy aquifer
Potomac >50 Clays and sands Confining units and

aquifers in other
parts of Delaware

A Quaternary deposits in Delaware Geological Survey stratigraphy.
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Frederica aquifer, which consists of the upper sand of the
Calvert Formation, subcrops under the overlying Columbia
Formation (fig. 4) (Pickett and Benson, 1983). South of
DAFB, the Choptank aquifer subcrops under the Columbia
Formation and overlies the upper confining unit of the
Calvert Formation (Benson and Pickett, 1986). Numerous
publications include cross sections showing the geology of
this area (see Pickett and Benson, 1983; Benson and Pickett,
1986; Benson and Spoljaric, 1996).

The Calvert Formation consists of a gray-to-blue to
greenish-gray silt, with subordinate sand and shell beds
(Leahy, 1982; Benson and others, 1985; Spoljaric, 1988;
U.S. Army Corps of Engineers and Dames & Moore, Inc.,
1997a). It ranges in thickness from about 290 ft beneath
DAFB to over 600 ft in southern Delaware (U.S. Army
Corps of Engineers and Dames & Moore, Inc., 1997a). In
the DAFB area, it is divided into five units; two sandy layers
that separate three silty layers (Marine and Rasmussen,
1955; Benson and others, 1985; U.S. Army Corps of
Engineers and Dames & Moore, Inc., 1997a). This
investigation focused on the upper parts of the Calvert
Formation; the sand layer known as the Choptank aquifer, a
clay and silt layer that forms the confining bed between the
surficial aquifer and the underlying sand, and the Frederica
aquifer (table 1).

At DAFB, the Columbia Formation * consists of fluvial
deposits of fine-to-coarse sand with silt and clay lenses and
less common lenses of gravel. The sediments generally fine
upward (U.S. Army Corps of Engineers and Dames &
Moore, Inc., 1997a), but the amount of fining varies. The
top of the Columbia Formation throughout the investigation
area is defined as the land surface, which was derived from
USGS 7.5-minute quadrangle topographic maps with a
contour interval of 5 ft. The base of the Columbia Formation
(fig. 5) was defined using two different data sets. Within
DAFB boundaries, the base of the surficial aquifer was
determined from well logs. Outside of DAFB, the
thicknesses of the Columbia Formation and recent marsh
sediments (Benson and Pickett, 1986; Pickett and Benson,
1983) were subtracted from land-surface altitude to obtain
the base of the surficial aquifer. The thickness of the
formation ranges from about 35 ft in the northwestern corner
of the Base to about 85 ft in the eastern part of the Base.

In some areas of DAFB, the upper Columbia Formation
contains fine-grained sediments such as silts and clays, and
the lower surficial aquifer consists of cleaner sands, silts and
gravels. In some of these areas, a clay and silt sequence
separates the upper and lower Columbia Formation. This
sequence was seen at DAFB in split-spoon samples and
direct-push cores. In areas outside the Base boundary, the
sequence was not mapped.

Gamma logs were used to extend the clay and silt
sequence to areas with no split-spoon samples or direct-push
cores. Figure 6 shows the locations of the gamma logs,
which show the gamma radiation of the sediments. In
general, higher gamma counts are correlated with finer-
grained materials, which was confirmed by sediments in
samples collected from wells. The gamma logs collected for
this investigation were not calibrated; consequently, the
gamma counts are relative counts. A count of 40 cps (counts
per second) was used as a dividing line between sediments
classified as fine-grained and coarser sediments. At each
well, the total thickness of these finer-grained sediments was
noted, as was the top and base of the finer-grained
sediments. The top of the fine-grained sediments was
subsequently compared to the average water level in the
well. The average water levels are from regional data that
includes the DAFB area. The thickness of the finer-grained
sediments below the average water table was plotted and
contoured (fig. 6). The rationale for mapping only that part
of the section below the water table will be addressed
later.

Hydrologic Framework

This investigation focused on ground-water flow in and
through the shallow hydrogeologic system in the DAFB
area. The units of interest included the upper and lower
surficial aquifer, the confining unit in the upper part of the
Calvert Formation, and the Frederica aquifer (fig. 3 and table
1). These units are of primary importance to the
environmental work being conducted at DAFB for the
following two reasons: The sources of contamination are all
at or just below the ground surface, and most of the
contamination discovered to date is in the surficial aquifer,
with only minor amounts in the Frederica aquifer.

Ground-water recharge to the shallow hydrogeologic
system in the DAFB area comes from precipitation that (a)
does not run off directly into surface drainage ways, (b) is
not evaporated, or (c) is