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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain
millimeter (mm) 0.03937 inch
meter (M) 3.281 foot
kilometer (km) 0.6214 mile
square meter (m?) 10.76 square foot
liter (L) 33.82 ounce, fluid
liter (L) 0.2642 gdlon
cubic meter per day (m®d) 0.0002642 million gallons per day
meter per second (m/s) 3.281 foot per second
meter per day (m/d) 3.281 foot per day
kilogram per second (kg/s) 2.205 pound per second
meter per year (m/yr) 3.281 foot per year
cubic meter per day (m®/d) 264.2 gdlon per day
cubic meter per second (m?3/s) 22.83 million gallons per day
kilogram (kg) 2.205 pound avoirdupois
kilogram (kg) 0.0685 slug
kilogram per cubic meter (kg/m3) 0.06242 pound per cubic foot
kilogram per cubic meter (kg/m3) 0.00194 slug per cubic foot
kilogram per meter-second (kg/m-s) 67.2 pound per foot -second
meter per day (m/d) 3.281 foot per day
meter squared per day (m?/d) 10.76 foot squared per day
meter per second squared (M/?) 3.281 foot per second squared

Temperature in degrees Celsius@¥ may be converted to degrees FahrenheiEjras follows:

°F=(1.8x°C) + 32
Temperature in degrees Fahrenh®ifH) may be converted to degrees Celsiu€] as follows:

°C=(CF-32)/1.8
Sea level: In this report, “sea level” refers to 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.

Altitude, as used in this report, refers to distance above or below sea level.

Transmissivity: The standard unit for transmissivity is cubic meter per day per square meter times meter of aquifer thickness
[(m3d)/rr12]m. In this report, the mathematically reduced form, meter squared per de, (mused for convenience.

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L).



The Potential for Saltwater Intrusion in the Potomac
Aquifers of the York-James Peninsula, Virginia

By Barry S. Smith

ABSTRACT

The most productive aquifers of the Virginia
Coastal Plain are in the Potomac Formation. Water sup-
pliesin the Potomac aquifers are impaired, however, by
saltwater in some areas. A two-dimensional, density-
dependent, solute-transport model was used to investi-
gate saltwater movement in the Potomac aquifers and
the potential for saltwater intrusion or upward migra-
tion of saltwater.

The model was designed to represent a simpli-
fied section of the Potomac aguifers and associated
confining units near Lee Hall, Va. Solute-transport sim-
ulations show that the direction of ground-water flow
and the hydrogeologic properties, particularly the per-
meability of aquifers and the distribution of confining
sediments in the Potomac Formation, control the sys-
tem hydrodynamics and saltwater movement in the
Potomac aquifers. The simulations indicate |lateral
intrusion for the Lower Potomac aquifer near Lee Hall,
Va. Velocity vectors of the simulationsindicate that a
hypothetical, but typical, production well in the Middle
Potomac aquifer could induce upconing only within the
immediate vicinity of the well. Migration of saltwater
from the Middle and Lower Potomac aquifers east of
the hypothetical well also was indicated by the
simulations.

INTRODUCTION

The Coastal Plain aquifers supplied 89 Mgal/d of
water to the counties, cities, industries, and utilities of
Virginiain 1990. Most of that water, 79 Mgal/d, came
from the Potomac aquifers (McFarland and Focazio,
1993). The population of the Coastal Plain of Virginia
has increased since 1990, primarily along interstate
highways from the suburbs of Washington, D.C.,
southward to Richmond, and southeastward to Hamp-
ton and Norfolk (fig. 1). Demands for freshwater have

increased with the population. More production wells
have been added to supplement existing demands and
expected needs,; however, supplies of freshwater in the
most productive aquifers are impaired by saltwater in
some areas.

In coastal areas, ground-water pumping can
cause saltwater intrusion—the movement of saltwater
into freshwater aquifers. Pumping of water from the
Potomac aquifers and from shallower aquifers has low-
ered ground-water levels substantially and has changed
the direction of ground-water flow over much of the
region. These changes, and the proximity of some
pumping centers to saltwater sources in and near the
aquifers, has increased the potential for saltwater
intrusion.

Brackish (slightly saline) water generally com-
prises a transition zone between freshwater and
saltwater in the Coastal Plain aquifers. Where the aqui-
fers are brackish, they are nevertheless usable.
Freshwater can be injected and stored temporarily in
brackish aquifers; an Aquifer Storage and Recovery
(ASR) system is operated in Chesapeake, Va. (fig. 2).
Desalination systems also can be designed to pump
brackish water that can then be reduced by electrolysis
or reverse osmosis. Brackish water pumped from wells
completed in the Potomac aquifers in Chesapeake and
in Newport News is desalinated before distribution.

Very saline water, however, is more expensive to
desalinate. The city of Virginia Beach, which is under-
lain by the most saline parts of the Potomac aquifers,
receives freshwater through a pipeline from Lake Gas-
ton, a reservoir more than 70 mi away.

Purpose and Scope

The Chloride Project is a cooperative program of
the U.S. Geological Survey (USGS) and the Hampton
Roads Planning District Commission (HRPDC) that
began in 1995. The first objective of the Chloride
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Project was to evaluate the spatial and temporal distri-
bution of concentrations of chloride (assuming that
chloride is a potentia indicator of saltwater intrusion)
in the Cretaceous (Potomac) and early Tertiary (Chick-
ahominy-Piney Point) agquifers. In 1996, about 80
observation wells were selected from existing wellsin
the Coastal Plain for the Chloride Project network.
Wells greater than 2 in. in diameter with discrete
screened intervals open to a single aquifer in and near
brackish-water and saltwater zones were generally
selected for the network. A quality-assurance plan for
sampling and analysis of the network also was written
in 1996. Under the plan, a part of the network is sam-
pled each year and new wells

are added to the network where 77

ered peak-ring crater (fig. 1) beneath the mouth of the

Chesapeake Bay (Poag and others, 1994) was proposed
and accepted as a new cooperative study by the USGS
and the HRPDC. A revision of the geologic framework
in the vicinity of the buried crater would be afirst step
toward arefinement of the hydrogeologic framework of
the entire Coastal Plain.

Approach

The potential for lateral intrusion or upconing of
saltwater in the Potomac aquifers, and the factors that
affect the distributions of saltwater in those aquifers,

76°

possible or deleted from the PN
network when necessary.

A second objective of the
Chloride Project, which isthe
focus of this report, wasto R
evaluate the factors that affect
the distribution of chloride (or
more specifically, the distribu-
tion of saltwater as determined
by dissolved-solids concentra-
tions) in the aquifers, and a
third objective, also addressed
in thisreport, wasto assessthe ..
potential for lateral intrusion
and(or) upconing of saltwater
in the aquifers.

In 1997, atwo-dimen-
sional solute-transport model
was tested as a possible means
of evaluating hydrogeologic
controls on saltwater move-
ment in the Potomac aquifers,
and whether saltwater intrusion
or upconing of saltwater should

be of concern to the manage- N . &\Q
ment of ground-water supplies 37 = HAMPTON 5 —
in the Coastal Plain. Prelimi- T Y N -
nary results from the solute- PR s Y
transport mode! indicated that D Lo
the hydrogeologic framework NN I
was an important control on the ~ \ FRANKL'NQ’?/ EXPLANATION
potential for saltwater intru- e _l_WRGNA | | L — CRATERRIMS
| NORTH CAROLINA |

WASHINGTON, D.C.

APPALACHIAN
PLATEAUS

sion, and in 1998, arevision to
the geologic framework in the
vicinity of arecently discov-
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Figure 1. Location of the study area in the Coastal Plain of Virginia.
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were evaluated with the aid of a two-dimensional, den-
sity-dependent, ground-water flow and solute-transport
model. The USGS solute-transport model SUTRA
(Voss, 1984) was used to represent asimplified vertical
section of the Potomac aguifers and the hydraulic prop-
erties of the aquifers and associated confining units
near Lee Hall, Va. The Lee Hall section was selected
because more information about the agquifers and con-
fining units was avail able there than el sewhere and
because data collected during and prior to the Chloride
Project indicated that saltwater could be moving in the
Lower Potomac aquifer, but not in the shallower aqui-
fers, near Lee Hall.

Location of the Study Area

The Lee Hall areais anarrow strip of land
between the York and James Riversin Virginia (fig. 3).
The U.S. Naval Weapons Station, Fort Eustis Military
Reservation, and Colonial National Historic Park arein
the Lee Hall area. The boundaries of James City

County, York County, and the City of Newport News,
Va.,, intersect at Interstate 64 just 2 mi northwest of the
town of Lee Hall. The City Reservoir of Newport News
isalso near Lee Hall.

Acknowledgments

Theinitial hydraulic properties of the aquifers
and confining units simulated for the section near Lee
Hall were from aquifer tests during Phase |1 of the
Brackish Ground-Water Devel opment (BGD) Project
of Newport News, Va. (Camp Dresser and McKee, and
Russnow, Kane, and Assoc., 1995, p. 4-4 and 4-10).
Some of the dissolved-solids concentrations used in the
Lee Hall simulations also were collected in collabora-
tion with test drilling and well installations of the Phase
Il BGD Project. Art Russnow of Russnow, Kane, &
Associates was particularly helpful in coordinating
those activities.

PREVIOUS STUDIES

Sanford (1913, pl. 1)
mapped the probable chlorine
(chloride) content of artesian
waters from 200 to 700 ft
below sealevel in the south-
eastern part of the Virginia
Coastal Plain. He reported
that the mineralization of the
deep artesian watersincreased
toward the southeast. He
noted that the increase was not
due directly to increase of
depth nor to changesin the
chemical composition of the
enclosing beds (p. 51). San-
ford (1911, p. 82 and 83)
noted that saltwater was flow-
ing from Potomac Formations
that were not marinein origin.
He believed that this saltwa-
ter had invaded from above
during high stands of the sea
but had not been flushed as
well as beds further to the
west, where the Potomac For-
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Figure 2. Location of the Hampton Roads Planning District in southeastern Virginia.
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noted that one possible cause
of the incomplete flushing or
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poor circulation was the decrease in permeability of the
artesian aquifers downdip, caused by fining of the sedi-
ments or pinching out of water beds.

Cederstrom (1943, pl. 3) mapped a broad wedge
of high concentrations of chloride in the artesian aqui-
fers beneath the Coastal Plain of Virginia. Chloride
concentrations were greater than 250 mg/L at the apex
of the wedge just north of Williamsburg, Va., on the
York-James Peninsula (p. 10); however, he did not
know why the high chloride areawas in the form of a
wedge (Cederstrom, 1957, p. 40).

Cederstrom (1943, p. 13 and 1957, p. 40 and
pl. 5) also reported that increases of mineralization in
the artesian aguifers were not necessarily a function of
depth, but he noted that the increase was coincident
with adownwarping in the

geologic structure of the 76° 40

Va., and thought it possible that gradual increasesin
concentrations would continue if water levelsin the
aquifers continued to decline. He noted that increased
pumping in the Fort Eustis area during the drought of
1941-42 resulted in temporary increasesin chloride
concentrations in those wells and thought that brackish
water had migrated to the well field from downdip or
from depth (Cederstrom, 1945, p. 119).

Back (1966, fig. 2) mapped 350-mg/L isochlors
in the Cretaceous and in the Tertiary sediments from
New Jersey to Virginia. He quoted Sanford (1911)
regarding the post-depositional submergence of sedi-
ments and infiltration of seawater as the origin of
saltwater in the aquifers but also believed that some of
the deep saltwater could have come from the solution

76° 35'

water-bearing sands
beneath the York-James
Peninsula. He agreed with
Sanford (1911; 1913) that
the movement of freshwa-
ter eastward through the
artesian beds had not been
sufficient to completely
remove the seawater that
had previously saturated \
the agquifer. Cederstrom
(1957, p. 41) dso agreed
that water-bearing sands of
lower permeability gener-
aly have higher chloride
concentrations because
they have not been flushed
as well as more permeable
sands. He noted that
marked changesin miner-
alization over relatively
small distancesin some
areas of the York-James
Peninsula defied a reason-
able explanation
(Cederstrom, 1943, p. 10
and 11).

Cederstrom (1943,
p. 16-18) reported marked
initial increases in chloride
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Figure 3. Lee Hall area, Virginia.
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of minerals and the concentration of ions by filtration
through clays (Back, 1966, p. A9).

Litchler and Wait (1974, fig. 9 and 10) contoured
chloride concentrations in vertical sections of the
Lower Cretaceous (Potomac) aquifer(s) north and
south of the James River. They believed that saltwater

7 mlyr) in the Middle Potomac aquifer depending on
the proposed withdrawal rates. The potential for the
vertical migration of saltwater between aquifers from
the proposed wells also was discussed.

Richardson (1994) investigated the saltwater-
freshwater interfaces of the Yorktown-Eastover and
was slowly, but surely, encroaching westward in the Columbia aquifers of the Eastern Shore of Virginia.
aquifers because of “heavy” pumping (p. 51). She found no changes in the movement of the saltwa-

Larson (1981, figs. 2-8) contoured chloride con- ter-freshwater interfaces from historical pumping
centrations along several vertical sections of the through 1988, as simulated by the USGS computer
Coastal Plain and areally mapped the depth to the ~ Model SHARP (p. 62). Hypothetical increases in simu-
250 mg/L chloride concentration (pl. 2). He noted thatlated pumping near the shore, however, resulted in slow
a wedge of saltwater at shallow depth coincided with movement of the interfaces landward over a period of
the mouth of the Chesapeake Bay near the York-Jame20 years (p. 100 and 107). Richardson also warned of
Peninsula (p. 13). He also reported increases in the the possibilities of inducing downward leakage of salt-
chloride content of some wells over time and attributegvater from the Chesapeake Bay or the Atlantic Ocean
those increases to local infiltration from nearby bays ofnto shallow aquifers.

estuaries (p. 20) rather than a regional phenomenon

(p. 22).
Laczniak and Meng (1988, p. 36 and fig. 29)

Potential changes in the concentrations of chlo-
ride, dissolved solids, and other constituents from
proposed ground-water pumping in the Lee Hall area

reported that the hydrochemistry of aquifers changed Were investigated for the city of Newport News, Va., by
with depth at Newport News Park near Lee Hall, va. Camp Dresser and McKee (1994 and 1996). Those
The water in the aquifers changed from a calcium- studies assumed that low vertical permeabilities in the
bicarbonate type near the land surface to a sodium  €onfining units would inhibit vertical flow. They
bicarbonate and then a sodium-chloride type with believed that the horizontal transport of constituents
increasing depth. They attributed the change to increa4@s more important than vertical transport in affecting
ing residence time of the water with depth, noting ~ Potential changes in water quality (p. 2-35). Travel-
longer ground-water flow paths from the Fall Line for times for vertical flow through the Middle and Upper
the deeper ground water. Laczniak and Meng (1988, Potomac confining units were estimated at greater than
p.77) also simulated ground-water flow of the York- 100 years.
James Peninsula from 1890, before pumping began, Poag and others (1994, p. 691) presented evi-
through 1983. dence of a buried peak-ring impact crater 85 km wide
Focazio and others (1993, pl 1-5) mapped the @nd up to 2 km deep cutting through the upper Eocene
major ions, including chloride and dissolved solids, in @nd Cretaceous sediments, beneath the mouth of the
the Coastal Plain aquifers of Virginia. They described Chesapeake Bay and the surrounding area (fig. 1). The
different zones of ground-water types based on the gefuter ring of the crater beneath the York-James Penin-
eral chemical evolution from shallow recharge areas irfula conformed with changes in chemical-
the west to deeper discharge areas eastward (p. 12). concentration gradients that had been mapped previ-
They agreed with earlier investigators that the sourcesQUsly by Focazio and others (1993). The association of
of chloride in the mostly stream-deposited Potomac the inland saltwater wedge to the structure of the crater
sediments were probably from submergence of the se§as confirmed by Bruce and Powars (1995, p. 8).
iments during marine transgressions, and they believed
that another possible source of chloride was “offshore”
evaporite deposits (p. 13).

Potential ground-water velocities from proposed
withdrawals near saltwater interfaces were estimated in
a technical memorandum prepared for the city of Ches-
apeake, Va. (CH2M Hill, 1993, table 4-1). Those
velocities ranged from 6 to 10 ft/yr (2 to 3 m/yr) in the
Upper Potomac aquifer and from 9 to 23 ft/yr (3 to

10 The Potential for Saltwater Intrusion in the Potomac Aquifers of the York-James Peninsula, Virginia



THE POTOMAC AQUIFERS AND
CONFINING UNITS

Sediments beneath the Coastal Plain of Virginia
have been divided into alayered sequence of aquifers
and intervening confining units. Sand, gravel, and shell
deposits of sufficient saturated thickness to yield sig-
nificant quantities of water have been defined as
aquifers. Continuous clay and silt deposits of low per-
meability have been defined as confining units (Meng
and Harsh, 1988).

Hydrogeologic Framework

The Potomac Formation is an eastward thicken-
ing wedge of alternating sand, silt, and clay deposits of
Cretaceous age beneath the Coastal Plain of Virginia.
The sands of the Potomac Formation are primarily
gray, poorly sorted, fine to coarse grained, quartzo-
feldspathic and are interbedded with grey to green
sandy clays and silt or laminated carbonaceous clays
(Mixon and others, 1989, Sheet 1). Three confined
aquifers were mapped in the sediments of the Potomac
Formation by the USGS during the Regional Aquifer
System Analysis (RASA) of the Virginia Coastal Plain.
These aquifers were named the Upper, Middle, and
Lower Potomac aquifers, and the confining sediments
above each aquifer were similarly called the Upper,
Middle, and Lower Confining Units (Meng and Harsh,
1988, table 1, p. ¢12 and c13). Fractured basement
rocks, an extension of those from the Piedmont of Vir-
ginia, lie beneath the Lower Potomac aquifer.

The sediments of the Lower and Middle Potomac
aquifers were deposited by streams and have similar
stratigraphy. The Lower Potomac aquifer typically con-
sists of coarse, arkosic quartz sands with intervening
clays that were deposited by low-gradient rivers and
meandering streams flowing across a broad aluvial
plain (Harsh and Laczniak, 1990, p. F10). The Middle
Potomac aquifer typically consists of intercalated
lenses of medium sand, silt, and clay, which were
deposited by low-gradient streamsin fluvial and deltaic
environments (p. F9). The Lower and Middle Potomac
aquifers are separated by sequences of finely lami-
nated, usually brown, grey, or dark green carbonaceous
clays interbedded with thin, sandy clays, which collec-
tively are known as the Lower Potomac confining unit.
The Lower and Middle Potomac aquifers are not, how-
ever, easily distinguishable or completely separated
everywhere by a confining unit because fluvial and del-
taic deposits are generally discontinuous over relatively

short distances. The confining unit above the Middle
Potomac aquifer is predominantly a massive, red mont-
morillonitic clay but is finely laminated in places

(p. F9). The Upper and Middle Potomac aquifers also
are not completely separated everywhere by confining
sediments.

The sediments of the Upper Potomac aquifer are
of marine origin and were deposited either in amar-
ginal outer-delta or a near-shore marine environment.

They aretypically medium to very fine quartzose sand
interbedded with dark micaceous clay, varying amounts
of shell material, lignite, and glauconite (Harsh and
Laczniak, 1990, p. F9). The sediments of the Upper
Potomac confining unit are dark green to black, highly
micaceous silty clays, interbedded with red to yellow
clay (p. F9).

A recently discovered, peak-ring crater buried
beneath the Chesapeake Bay, the Eastern Shore of Vir-
ginia, and the eastern half of the York-James Peninsula
(fig. 1) has altered some previous concepts of the
hydrogeol ogic framework of the Coastal Plain. In the
Lee Hall area, the confining unit above the Upper Poto-
mac aquifer, which was previously believed to be
primarily sediments of amarginal outer-delta or a near-
shore marine environment, isalso in large part an
Eocene deposit of disturbed beds, coarse breccia, and
tsunami deposits above which are finer g ecta material
(Poag and others, 1994, p. 692). The tsunami-breccia
and ejecta deposits are known as the “Exmore beds,” or
the “Exmore tsunami deposits,” from the type area near
Exmore, Va. In the Lee Hall area, the Exmore deposits
are thicker to the east within the buried rim of the crater
and thinner west of the rim (D.S. Powars, U.S. Geolog-
ical Survey, and T.S. Bruce, Virginia Department of
Environmental Quality, written commun., 1997).

Aquifer and confining-unit properties

Permeabilities of the Potomac aquifers and con-
fining units (table 1) were derived initially from aquifer
tests conducted by the City of Newport News in the
Lee Hall area during the BGD Project (Camp Dresser
and McKee and Russnow, Kane, and Assoc., 1995,

p. 4-4 and 4-10). Transmissivity data from those aqui-
fer tests were divided by aquifer thickness to derive a
hydraulic conductivity for each unit. The hydraulic
conductivity of each unit was converted to metric units
and then to “intrinsic” permeability by use of the equa-
tion derived by Hubbert (1940), as described by Freeze
and Cherry (1979, p. 27) and rearranged:

The Potomac Aquifers and Confining Units 11



Table 1. Horizontal hydraulic conductivities and simulated permeabilities of the Potomac aquifers and confining units

Hydraulic conductivity Simulated permeability
Unit (meters (meters (slr(;iltji:rle R(ZZTJI;?SI
per day) per second) meters) meters)
Upper Confining unit 1.3 1.5x10° 1.5x 1012 36x101
Upper Potomac aquifer 22.6 2.6x 10 2.7x 10 27x 101
Middle Potomac confining unit 1.3 1.5x 107 1.5x 1012 1.4x 101
Middle Potomac aquifer 12.2 1.4x 10 1.4x 1011 1.4x 101
Lower Potomac confining unit 27 31x10° 32x 1013 36x 10715
Lower Potomac aquifer 2.1 2.4 %10 2.4x 1012 2.4x 10712
k= k& D interpretation of compensated gamma-gamma density
PY logs, which had indicated porosities from 35 to
where k is permeability, in square meters, 40 percent.
K is hydraulic conductivity, in meters per The dispersivity of the units is not known and
second, probably changes with the rate and direction of solute
u isfluid viscosity, in kilograms per meter movement at all scales (Domenico and Schwartz, 1990,
second, p. 369). It was assumed that the horizontal dispersivity
p isfluid density, in kilograms per cubic was 1 to 2 orders of magnitude greater than the vertical
meter, and dispersivity, because the magnitude of dispersion is

generally much greater in the direction of the principal
velocity than perpendicular to it (Henry, 1964,

p. C-73). A horizontal dispersivity of 100 m and a ver-
tical dispersivity of 1 m were used in initial
simulations, and in subsequent solute-transport tests
those values provided acceptable results.

g isthe acceleration of gravity, in meters
per square second.

A fluid viscosity of 0.001 kg/m-s, an accelera-
tion of gravity of 9.8 m/s?, and afluid density of
1,000 kg/m3 were assumed and used to convert from
the hydraulic conductivities to permeabilities. Ground-
water temperature was assumed to be uniform.

Most aquifers of water-deposited sediments are
stratified and consequently are anisotropic (Jacob,

Ground-Water Flow and Saltwater
Contamination

1963, p. 274). Because of the lenticular geometry of the Before wells were installed to withdraw water
Potomac sediments, the horizontal permeabilities of all from the Coastal Plain, freshwater in the confined aqui-
units were assumed to be 10 times the vertical fers flowed from the higher altitudes along the Fall
permeabilities. Line eastward toward the coast (Harsh and Laczniak,

1990, p. F10 and F-12 and figs. 38, 39, and 40). Some
freshwater discharged beneath the major river valleys
of the Coastal Plain. Near the coast, fresh ground water
from the confined aquifers discharged by upward leak-

confining unit was “removed” during these tests by age through the confining units and bottom sediments

assigning the resultant permeability a value equal to mtolzhe estuarc;ei, t'dail rivers, and inlets offthehChesa-
that of the Middle Potomac aquifer. The resultant per- P€ake Bay and the Atlantic Ocean. Some freshwater

meabilities were then used for subsequent simulationgS0 Would have discharged by diffusion and dispersion
and for the results of this report. into saltwater zones at the seaward limits of the

aquifers.
The porosity of the Potomac aquifers and confin- g ) ) L
The first deep water well in coastal Virginia was

ing units was assumed to be 30 percent. Brown and drilled i iina b ,
Silvey (1977, p. 17) used an effective porosity of 0.30 rilled at Fort Monroe (fig. 2). Dri Ing began in 1864,
but the well was abandoned as a failure in 1869 (San-

for analyses of Cenomanian and Albian Age sands ¢ _ . ine”
(Upper and Middle Potomac aquifers) in the Norfolk, ord, 1913, p. 99). Water de_scnbed as ‘very saiine
Va., area. The porosity was based on core analyses ah%>® from a depth of 599 ft in the well to the surface of

Initial permeabilities of the confining units were
tested and changed during solute-transport simulations
so that simulated pressures would conform more
closely to measured water levels. The Middle Potomac
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the parade ground at the fort. Saltwater was flowing
from the non-marine Potomac Formation, as noted by
Sanford (1911, p.82 and 83), and must have invaded the
formations during higher stands of the sea and(or)
invaded during the cataclysmic aftermath of the Eocene
bolide that | eft a crater buried beneath the mouth of the
Chesapeake Bay and the surrounding area (Poag and
others, 1994, p. 691).

Fresh flowing water was encountered by wells
drilled elsewhere in the Coastal Plain of Virginia, and

the Coastal Plain aquifers supplied 89 Mgal/d, of which
79 Mgal/d came from the Potomac aquifers (McFar-
land and Focazio, 1993).

Production wells were completed in some shal-
low aquifers adjacent to tidal rivers and bays. In some
areas, such as at Buxton Hospital on the north shore of
the James River in Newport News and in the town of
Cape Charles on the Eastern Shore of Virginia (fig. 2),
wells became contaminated with brackish water within
months after production began (Cederstrom, 1943,

by the late 1800’s, the deep confined aquifers of coastad. 21). A few wells open to shallow confined aquifers

Virginia were recognized as an important source of

near coastal areas were still flowing in 1990, but most

freshwater. Before 1945, annual rates of ground-watemwere producing salty water (Harsh and Laczniak, 1990,
withdrawals from the confined aquifers were probably p. F13).

less than 10 Mgal/d (Harsh and Laczniak, 1990,
p. F13). By the mid-1940’s, increased well construc-
tion to meet demands for water and decades of

unrestricted artesian-well flows had lowered water lev-

els in the deep confined aquifers, and pumps were
generally required to lift water to the surface (Ceder-
strom, 1945, p. 76).

After production wells began pumping in the
mid- to late 1940’'s, water levels in the deep confined
aquifers were lowered, which resulted in coalescing

POTENTIAL FOR SALTWATER INTRUSION

The USGS and the HRPDC began the Chloride
Program in 1995 to collect and sample water from the
Cretaceous and Tertiary aquifers at selected sites in the
Coastal Plain in order to determine the spatial and tem-
poral distribution of chloride in the aquifers and to
determine which aspects of saltwater intrusion, if any,
could be of concern to present and future ground-water

cones of depression centered on major pumping centeggipplies. Dissolved-solids and chloride concentrations
(Harsh and Laczniak, 1990, p. F12 and figs. 55, 56, anth the aquifers of the Virginia Coastal Plain had indi-
57). From the 1950's through the 1970’s, withdrawals cated that saltwater was present in the Cretaceous and

from the confined aquifers increased substantially,
peaking at about 103 Mgal/d in the late 1970’s (Kull
and Laczniak, 1987, p. 11 and fig. 4).

Tertiary deposits toward the east, particularly near the
tidal rivers, inlets, bays, and estuaries of the Chesa-
peake Bay and the Atlantic Ocean.

As pumping increased and water levels declined
forming coalescing cones of depression, ground waterDefinition of Saltwater and Saltwater Intrusion
from surrounding areas was captured and began flow- )
ing toward the mgajor pumping Wpells. Consequgently, the _Saltwate_r has been defined by the amount of sol-
directions of flow changed in many areas and reverseéiIte d'SSOIV.e din the_ water as m'eas_ureo_l t_)y
in some areas of the Coastal Plain. Near the coast, c_oncentratlons of Q|_ssolveq solids in milligrams per
where freshwater had previously discharged by upwarcIJter 9r parts per million (Krieger and others, 1957
leakage through confining sediments into estuaries, p-5):
tidal rivers, inlets, and bays, saltwater could begin leak-
ing downward from those sources. Where freshwater

Dissolved solids

. . . Description (milligrams per liter)
had dispersed and diffused into saltwater at the seaward_ :
edges of the confined aquifers, saltwater could begin Sightly saline..................... 1,000t0 3,000
moving |andward. MOderately saine................. 3,000 to 10,000
Through the 1980's, ground-water withdrawals Veysdine................oo.. .. 10,000 to 35,000
Brine............ .. Greater than 35,000

stayed just below the historically high rates. About
100 Mgal/d were withdrawn from the Virginia Coastal
Plain in 1980 (Harsh and Laczniak, 1990, p. F13) and Under this classification, freshwater would be
about 92 Mgal/d were withdrawn in 1983. Most of thatdefined as water with dissolved-solids concentrations
withdrawal, 83 Mgal/d, came from the Potomac aqui- less than 1,000 mg/L. Residents of some areas of the
fers (Kull and Laczniak, 1987, table 2, p. 14). In 1990,United States have used water with more than
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1,000 mg/L dissolved solids all their lives, however,
without any notable adverse health effects (Hem 1989,
p. 212).

Seawater generally has a dissolved-solids con-
centration near 35,000 mg/L. Chloride ions comprise
more than half of the total dissolved solids of seawater.
About 19,000 mg/L of chloride are found in average
seawater (Hem, 1989, table 2, p. 7), and increasing
concentrations of chloride can be early indicators of
saltwater intrusion.

Saltwater intrusion is the movement of saltwater
into freshwater aquifers (U.S. Dept. of the Interior,
1989, p. 22). Saltwater intrusion, also called saltwater
encroachment or seawater intrusion, has been
described as having two aspects: (1) lateral encroach-
ment, which is the horizontal movement of saltwater
toward a pumping well, and (2) upconing, which isthe
vertical upward movement of saltwater beneath a

either alocal or aregional phenomenon. Local upcon-
ing of saltwater was probably the mechanism that
caused the brackish-water intrusion of pumping wells
within months after installation of wells at Buxton
Hospital on the south end of York-James Peninsula and
at Cape Charles on the Eastern shore of Virginia
reported by Cederstrom (1943, p. 16-18, 21, and 1945,
p. 119.)

Saltwater in the Virginia Coastal Plain

Saltwater in coastal aquifers could be derived
from the sea, from water of earlier seas trapped below
ground, from brines more mineralized than seawater,
from evaporite deposits of earlier salt lakes and seas, or
possibly, as aresult of the cataclysmic aftermath of the
impacts of bolides (large meteors) or comets. Aninland
wedge of saltwater in the aquifers of the Virginia
Coastal Plain was evident as early as 1913, asindicated

pumping well or well field (fig. 4). Downward vertical
leakage toward a pumping well from saltwater sources
above aleaky or poorly confined aquifer could be con-
sidered another aspect of saltwater intrusion.

Upconing of saltwater beneath awell or well
field is generally a more imminent phenomenon than
lateral encroachment, because less freshwater is dis-
placed by upconing than by lateral intrusion (Heath,
1983, p. 69). Upconing of saltwater beneath awell or
well field would be considered alocal phenomenon,
whereas lateral encroachment of saltwater could be

by “chlorine” (chloride) concentration gradients (San-
ford, 1913, pl 1). Sanford (1911, p. 82 and 83) noted
that saltwater was flowing from Potomac Formations
that were not marine in origin. The chloride wedge had
been explained as possibly related to a structural
depression by Cederstrom (1943, p. 13 and 1957,

p. 40), and the structural depression was substantiated
by the discovery of the peak-ring crater beneath the
mouth of the Chesapeake Bay and the surrounding area
(Poag and others, 1994, p. 691). The association of the
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Figure 4. Aspects of saltwater intrusion.
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inland saltwater wedge to the structure of the crater was
confirmed by Bruce and Powars (1995, p. 8).

The most recent and most detailed maps of the
inland saltwater wedge included contours of concentra-
tions of the common ionsin ground water and
concentrations of dissolved solids in the Potomac aqui-
fers (Focazio and others, 1993, pl. 3-5). The transition
zone between freshwater and saltwater is delineated by
concentrations of dissolved solids greater than
1,000 mg/L in the Middle Potomac aquifer (fig. 5).
North of the James River, the transition zone generally
conforms in configuration and location relative to the
outer rim of the buried peak-ring crater. The contours
of dissolved-solids concentrations were drawn before
the discovery of the crater, and the hydrochemical and
geologic data that were used to draw the respective
map lines were determined independently.

Theinland saltwater wedge is aregional phe-
nomenon that is spatially related to the geologic
structures associated with the buried peak-ring crater.

77° 76° 45! 76° 30' 76°18'

76° 75° 45!

The saltwater wedge in the Potomac Formation was
intruded as aresult of the Eocene bolide and(or) during
high stands of the seas afterwards. Local variationsin
the concentration gradients of dissolved solids (and
chloride) may be superimposed on the regional gradi-
ents. Saltwater also isfound in association with
Triassic rocksin Virginia, some of which are buried
beneath the Coastal Plain. Residual seawater istrapped
in some bedrocks beneath the Coastal Plain (Subitzky,
1961, p. D71).

Indicators of Saltwater Intrusion

Water samples collected from the chloride obser-
vation-well network in 1995 and 1996 indicated
virtually no change in dissolved-solids or chloride con-
centrations from those recorded for previous yearswith
one exception. An increase in dissolved-solids and
chloride concentrations was detected in one well in the
Lower Potomac aquifer at Newport News Park. The
concentration of dissolved solids had increased
15 percent (from 3,860 mg/L in
1984 to 4,430 mg/L in 1993) and
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the concentration of chloride had
increased 20 percent (from 2,000 to
2,400 mg/L) since shortly after the
installation of the well in 1984.
Other wells at the same site open to
the Upper and Middle Potomac
aquifers showed no changes in con-
centration since 1984 (fig. 6).

The Lower Potomac well at
Newport News Park wasinstalled in
adeeper test hole. The bottom of the
hole was not sealed by grout during
construction of the well but was
allowed to collapse and seal natu-
rally, which raised the possibility of

% upward migration of saltwater from
& an unsealed hole. Standard ground-
Q water procedures however require
é) 7 that field parameters, including spe-
~ cific conductivity, remain
g unchanged for at least one half hour
~ before any water sampleis collected
for analysis. Field notes indicate

EXPLANATION
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s 2 swies  that specific conductance in water

—1,000— = LINE OF EQUAL DISSOLVED-SOLIDS CONCEN-
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Interval, in milligrams per liter, is variable.
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from the well generally remained
stable for several hours during purg-
ing before water samples were
collected, which indicates that the

Figure 5. Concentrations of dissolved solids in the Middle Potomac aquifer.
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Figure 6. Concentrations of dissolved solids in wells at Newport News Park.

well bore probably was not an avenue for upward
movement of saltwater from a deeper source.

The increase in dissolved-solids and chloride
concentrations in the Lower Potomac well at Newport
News Park coincided with declining water levelsin that
well during the same period (fig. 7). Beginning in
1994, however, water levelsin the Lower Potomac well
began a 3-year recovery. The water levels continued to
recover until August 1996, when the levels dropped
precipitously to the same depths as those before the
recovery began, probably indicating renewed with-
drawals. A water sample from the well in August of
1996 showed dlightly lower concentrations of
4,330 mg/L; however, when the well was sampled
again in 1997, asmall increase in the concentration of
dissolved solids to 4,580 mg/L was detected and con-
firmed by analysis of areplicate sample at 4,680 mg/L.

Water-use records from the Virginia Department
of Environmental Quality (VADEQ) indicated the near-
est withdrawals from the Potomac aquifersin the Lee
Hall areawere from an industrial plant on the James
River at the western edge of the Lee Hall section. The
records of ground-water use did, in fact, show a sub-
stantial decline in pumpage at the plant from more than
3.0 Mgd/din previous yearsto lessthan 0.3 Mgal/d in
1994. This reduction in pumpage coincided with the
water-level recovery in the Lower Potomac well.

The increases in dissolved-solids concentrations
before 1993 could possibly be related to pumping at the
plant in combination with regional pumping. Wells at
the plant were, however, reported to be pumping from
the Upper Potomac aquifer and should have produced
greater declines and subsequent recoveriesin water lev-
elsin that aguifer. The recovery of water levelsin the
Upper and Middle Potomac wells at Newport News
Park were much smaller than those in the Lower Poto-
mac well. The change in water levelsin the Lower
Potomac well from 1994 through 1997 has not been
satisfactorily explained by the hydrogeologic and
water-use data from Federal, State, or local records.

Changesin chloride concentrations with
increased pumping were reported previoudly inthe Lee
Hall area by Cederstrom (1943, p 16-19). When newly
installed wells near Fort Eustis began pumping in the
early 1940’s, concentrations of chloride increased sub-
stantially (up to 16 percent in one well) but then
remained generally constant as long as the pumping
remained steady. Cederstrom warned, however, that
chloride concentration could increase gradually if
pumping in the area increased. He believed that pump-
ing during the drought of 1941-42 caused brackish
water to migrate into the well field from downdip or
from depth (Cederstrom, 1945, p.119).

16 The Potential for Saltwater Intrusion in the Potomac Aquifers of the York-James Peninsula, Virginia
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Figure 7. Water levels in wells at Newport News Park.

SIMULATION OF SALTWATER INTRUSION
IN THE POTOMAC AQUIFERS

Data collected during the Chloride Project indi-
cated that saltwater could be moving in the Lower
Potomac aquifer but not in the shallower aquifers at
Newport News Park near Lee Hall, Va. A two-dimen-
sional, density-dependent, ground-water flow and
solute-transport model was used to analyze whether the
increase in dissolved-solids concentrationsin the
Lower Potomac aquifer before 1993 was caused by
(2) upconing of saltwater at nearby pumping centersin
the Upper Potomac aquifer, even though the Upper and
Lower Potomac aquifers were believed to be separated
by continuous confining layers, or (2) amore regional,
lateral intrusion of saltwater, or (3) some combination
of local and regional pumping. The Lee Hall areawas
studied because the data from no other sites sampled in
the Chloride Project indicated possible saltwater move-
ment. Additionally, more information about the
aquifers and confining units was available in the Lee
Hall areathan elsawhere in the Coastal Plain of Vir-
ginia, which made the simulation of that area more
feasible.

It was assumed that the Potomac aquifers and
confining units had contained saltwater at sometimein
the past and that freshwater from the west had dis-
placed the saltwater to the extent shown by the
dissolved-solids concentrations that were unchanged in
modern times. The solute-transport simulations were
begun with a freshwater sweep of saltwater from the
aquifers. The freshwater sweep was stopped when the
simulated concentrations of dissolved solids approxi-
mated the measured concentrations in the Upper and
Middle Potomac aquifers, which had not changed in
modern times. Flow was then reversed in the aguifers
to represent the effect of historical pumping. The
hydrogeol ogic framework was eval uated by changing
the permeability of the confining units and re-running
the ssimulations from the beginning (freshwater sweep)
through the historical pumping period. A hypothetical
pumping well was simulated to indicate the potential
for lateral intrusion and(or) upconing of saltwater and
to isolate by simulation the local effect of pumping
within aregional flow field.

Simulation of Saltwater Intrusion in the Potomac Aquifers 17



Model Grid Design, Model Boundaries, and
Fluid Properties

Saltwater movement in the Potomac aquifersand
the factors that affect the distributions of saltwater in
the aquifers were evaluated with the aid of atwo-
dimensional, density-dependent, solute-transport
model. The USGS solute-transport model SUTRA,
Version V-0690-2D (U.S. Geological Survey, 1991)
was used. The solute-transport method used in this
study is avariation of the seawater intrusion problem
described by Voss (1984 p. 196-202) in the original
SUTRA documentation. SUTRA-PLOT (Souza, 1987),
agraphical display program, was used to plot mass
fraction as dissolved-solids concentrations and vel ocity
vectors as ground-water flow directions.

The model was designed to represent a simpli-
fied vertical section of the Potomac aquifers and
associated confining units near Lee Hall, Va. The Lee
Hall section encompasses the Upper, Middle, and
Lower Potomac aquifers and associated confining units
immediately above those aquifers; all units were
assumed to be horizontal within the section. The sec-
tion trends east-northeast from an industrial center near
the James River in James City County through a cluster
of USGS observation wells at Newport News Park
across the buried outer rim of the peak-ring crater in
York County (fig. 3). The section line was oriented to
approximate the pre-pumping directions of ground-
water flow and the opposite, reversed direction of
ground-water flow caused by pumping in order to min-

WEST CONSTANT PRESSURE BOUNDARY
T

imize errorsinherent in using the two-dimensional
approach.

The section is 9,000 m long by 400 m deep by
1 mwide (fig. 8.) Each of the 1,200 elementsin the
model is300 mlong, 10 m deep, and 1 m wide. Thetop
of the section is 130 m below sealevel and the bottom
is530 m below sealevel. Aquifer and confining-unit
depths were averaged from those determined for the
area by the hydrogeol ogic framework study of the Vir-
ginia Coastal Plain (Meng and Harsh, 1988,
Appendix).

The top nodes of the section, which represent the
top of the confining unit above the Upper Potomac
aquifer, were designated as constant-pressure nodes
with amass-fraction inflow equal to a dissolved-solids
concentration of 1,000 mg/L. Theinflow concentration
was taken from field measurements in the aquifers
immediately above the Upper Potomac.

The pressure designated for the top row of nodes
generally represented sea level; however, severa differ-
ent rangesin pressure were tested before arriving at this
generalization. Pressure gradients equivalent to 12 m
(40 ft) and 9 m (30 ft) above sealevel gradually declin-
ing toward the east down to the pressure of sealevel
were tested. These heads were derived from simulated
and measured water levelsin the aguifers above the
Upper Potomac aquifer, before and after pumping, as
indicated by Laczniak and Meng (1988, p. 80, 81, and
92).
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Figure 8. Finite-element mesh and boundaries of the Lee Hall Section.
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Table 2.

Fluid properties assumed for solute-transport simulations

Fluid property

Value

Fluid compressibility
Fluid base concentration
Dissolved-solids base concentration as a mass fraction

Dissolved-solid base concentration of seawater as a mass fraction

Density of freshwater

Density of seawater

Fluid viscosity

Fluid diffusivity

Density change with solute concentration

4.47 x 10"1° meter-second-squared/kilogram
0.0 milligramg/liter

0.0 kilograms/ kilograms of seawater
0.0357 kilograms /kilogram of seawater
1,000 kilogramg/ cubic meter

1,025 kilograms/cubic meter

0.001 kilograms/meter second

1.00x 1079 square meters/ second

700 square kilograms (seawater) per kilogram
dissolved solids-cubic meter

For theinitial sweep of freshwater into saltwater,
the western vertical boundary nodes were designated as
freshwater inflows with inflow concentrations (mass
fractions) of 1,000 mg/L, as indicated by measured
concentrations of dissolved solids in the Upper Poto-
mac aquifer (fig. 8). Concentrations of dissolved solids
in the aquifers and confining units throughout the sec-
tion were initially assumed to be 5,000 mg/L, on the
basis of measured concentrations of dissolved solidsin
waters of the Middle and Lower Potomac aquifers,
which were sampled during stem tests of the hole
drilled at the remote well within the outer rim of the
crater in York County.

The eastern vertical boundary was designated a
no-flow boundary to represent the low permeability of
the poorly sorted breccia and finer ejecta deposits of
the Exmore tsunami deposits associated with the peak-
ring crater. The bottom of the section also was desig-
nated a no-flow boundary to represent the low
permeability of the bedrock formations compared to
the Potomac aquifers.

Fluid properties assumed for the simulations
(table 2) were those described by Vossin the original
SUTRA documentation, with corrections of alater
revision (1990, p. 196-202). These fluid properties
were used in all of the ssimulations.

Freshwater Sweep

To approximate initial conditions, the pre-pump-
ing simulations were begun with dissolved-solids
concentrations (equivalent mass fractions) of
5,000 mg/L throughout the aquifer system. Freshwater
with a concentration of inflow of 1,000 mg/L was
applied along the western vertical boundary until the
simulated concentrations of dissolved solids (as mass
fractions) swept far enough eastward to approximate

the measured dissolved-solid concentrations
unchanged in modern times (fig 8). The dissolved-sol-
idsinflow concentrations from the west were estimated
from field measurements in the Upper Potomac at the
western end of the section, and theinitial dissolved-sol-
ids concentration in the agquifer system were from
dissolved-solids measurements at the remote-well site
in the east.

Rates of freshwater inflow were determined by
trial and error. A constant rate was applied equally
along the vertical boundary nodes (half that rate at the
edge nodes), and the pressures that resulted in the
Upper Potomac aquifer were compared to those simu-
lated and measured for pre-pumping conditionsin the
Lee Hall area by Laczniak and Meng (1988, p. 81 and
82). A number of freshwater sweeps were simulated in
which the freshwater inflow rates and the vertical dis-
persivity of the units were changed through reasonable
ranges; these parameters were tested first because they
were known with the lowest degree of confidence.
Each sweep was ssimulated through 1,000 years or
more; some required more than 2,000 years before the
simulated concentrations of dissolved solids (as mass
fractions) swept far enough eastward to approximate
the measured dissolved-solid concentrations. One-year
time steps were used.

The absol ute differences between simulated and
measured dissolved-solids concentrations (nodes to
equivalent well points) was calculated for different
time periods. The smallest sum of absolute differences
was used to determine the approximate time (usually
within 100 years) when the closest approximation of
simulated to measured dissolved solids had been
reached. The sum of absolute differences for that time
was recorded to compare results with the other simula-
tions. Thus, areasonable approximation for the two
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unknowns (freshwater inflow and vertical dispersivity)
was reached on the basis of pre-pumping pressures and
concentrations of dissolved solids that had not changed
over time.

After the series of freshwater sweeps were simu-
lated and the closest approximations to pre-pumping
pressures and measured dissol ved-solids concentra-
tions were determined, those conditions were used as
initial starting points for subsequent simulations repre-
senting pumping. Pumping was simulated as a reversal
in the direction of ground-water flow by specifying
negative flow rates at the eastern vertical boundary of
the section. Different flow rates were tested by trial and
error by comparing simulated pressures to equivalent

pressures of the measured water levelsin 1995 in the
Lee Hall area(fig. 9).

The vertical permeabilities of the confining units
were tested by changing the values through reasonable
ranges in conjunction with the changesin the reversed-
flow rates so that the pressures equivalent to the mea-
sured water levels across the section could be
approximated.

Thesetestsindicated that the simulated pressures
were aways higher than those equivalent to the mea-
sured water levelsfor the reversed-flow (pumping)
conditions because too much water was leaking
through the confining unit at the top of the section. A
change in the geologic framework of the deposits com-

prising the confining unit above the Potomac
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Figure 9. Water levels measured in the Middle Potomac aquifer, summer 1995.

Formation in the Lee
Hall area was suggested
by the work of D.S.
Powars of the USGS and
by T.S. Bruce of the
VADEQ (written com-
mun., 1997). The
confining unit that was
previously believed to
consist primarily of sedi-
ments deposited either in
amarginal outer-delta or
a hear-shore marine
environment was also in
large part an Eocene
deposit of disturbed
beds, coarse breccia, and
tsunami deposits over-
lain by finer gjecta
material.

Such achangein
the concept of the hydro-
geologic framework
could indicate a lower
permeability for the con-
fining unit above the
Upper Potomac aquifer.
Theinitia vertical (and
horizontal) permeability
of the confining unit was
reduced through a range
of reasonablevalues, and
the previous simulations
were re-run. The series
of re-runsindicated that
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apermeability equivalent to avertical hydraulic con-
ductivity of 0.0003 m/d (0.001 ft/d) for the Upper
Potomac confining unit could best approximate the
drawdowns measured during pumping. This value was
then used for the Upper Potomac confining unit and,
following further simulations, for the Lower Potomac
confining unit aswell. The samevalueswereused in al
subsequent simulations of freshwater sweeps and
reverse-flow simulations to ensure an integrated
approximation of pressures and concentrations for pre-
pumping as well as pumping periods.

The hydrogeol ogic framework of the system was
evaluated further by removing the Middle Potomac
confining unit and re-running the simulations begin-
ning with the freshwater sweep. By this method, it was
determined that if the Middle Potomac confining unit
was removed, a closer approximation of measured dis-
solved-solids concentrations would result. Measured
water levelsin the Upper and Middle Potomac aguifers,
which had remained close and had fluctuated in tandem
throughout the period of record (fig. 7), also were bet-
ter approximated without a Middle Potomac confining
unit.

With one continuous confining unit above the
L ower Potomac aquifer and another above the Upper
Potomac aquifer, the closest simulated approach to
measured dissolved-solids concentrations was reached
after about 1,200 years with an inflow of 0.0185 kg/s
and avertical dispersivity of 1 m (fig. 10). The pres-
sures for the Upper Potomac aquifer were equivalent to
water levelsof 6.9 m (23 ft) above sealevel inthe west,
grading to 4.7 m (15 ft) in the east. These are lower
water levels but steeper gradients than those of the
equivalent area of the section on the pre-pumping map
of Laczniak and Meng (1988, p. 81), which were esti-
mated at about 11 m (36 ft) in the west to 10 m (33 ft)
in the east.

In the solute-transport simulation, freshwater
displaced saltwater in the Upper Potomac aquifer over
adistance of 2,700 m (from the western edge of the
model to the dissolved-solids concentration of
1,000 mg/L) in 1,200 years, which is arate of about
2 m/yr. A velocity vector plot of the pre-pumping simu-
lation, vertically exaggerated 10 times, shows
directions of ground-water flow from west to east in the
aquifers with the highest velocities of about 8 m/yr
toward the west in the Upper Potomac aquifer (fig. 11).
Flowsin the confining units were upward as water
entered from the west but discharged upward through
the confining unit above the Upper Potomac aquifer.
The lowest velocity was 0.04 m/yr in the confining unit
above the Lower Potomac aquifer.

After 1,200 years, the freshwater sweep had
moved farther in the Upper Potomac aquifer where the
permesability was highest but not asfar in the Middle
and Lower Potomac aquifers, respectively, in accor-
dance with the lower permeability of each aquifer. The
freshwater sweep eastward was particularly restricted
by the confining unit above the Lower Potomac aquifer
near the middle depths of the section. The contours of
dissolved-solids concentrations lagged along the length
of confining unit, because it had alow horizontal as
well as vertical permeability. The solute-transport sim-
ulations indicate that the direction of ground-water
flow and the properties of the hydrogeol ogic units, par-
ticularly the permeability of aquifers and the
distribution of confining deposits in the Potomac For-
mation, control the hydrodynamics of the system and
thus, the movement of saltwater in the Potomac
aquifers.

Simulations using the previously established
hydrogeol ogic framework (three confining units) had
resulted in poorer approximation of the dissolved-sol-
ids concentrations measured in the Potomac aquifers

9,000

A AFTER 600 YEARS B
WEST NEWPORT NEWS PARK WELL CLUSTER EAST
. 130 , 000 Q,OUOALW’//;—%A’OOO—/I( T T T T
>
= 30 <\7 51 5 ! | [/ | I | | |
ge 900 1,800 2,700 3,600 4,500 5,400 6,300 7,200 8,100
|
=5
0= AFTER 1,200 YEARS
Bz 5 NEWPORT NEWS PARK WELL CLUSTER
T
& ‘ T oo 5 000—f500070m o U
= 530 \ \ | | | | | | |
0 900 1,800 2,700 3,600 4,500 5,400 6,300 7,200 8,100

DISTANCE, IN METERS

Figure 10. Simulated concentrations of dissolved solids during freshwater
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Figure 11. Simulated direction of ground-water flow before pumping began in 1890.

than those using just two confining units. The estab-
lished hydrogeologic framework (Meng and Harsh,
1988, p. C33) delineates continuous confining units
above dl three of the Potomac aquifers, which is prob-
ably an oversimplification for this and many other
areas of the Virginia Coastal Plain. The Potomac sedi-
ments, particularly the earlier Potomac sediments, were
deposited by low-gradient rivers and meandering
streams and would not generally have formed continu-
ous units over very large distances.

The simulated concentration gradients of dis-
solved solids were not as evenly distributed in the
vertical direction as the measured gradients, a persis-
tent problem that has not been completely solved. The
eastward sweeps of freshwater and the opposite, salt-
water migrations westward may have occurred many
timesin the past as ancient seas advanced and retreated
through the millennia. The pressure changes back and
forth would have mixed freshwater and saltwater, caus-
ing amore uniform, vertically dispersed concentration
than that simulated by only one eastward sweep of
freshwater. The diffusion of ions during the millennia
also could have contributed to the spreading of concen-
tration gradients.

22

EXPLANATION
] CONFINING UNIT

= DIRECTION OF GROUND-WATER FLOW
Velocity is proportional fo the
length of the arrow

Pumping and Reversed Flow

Continuing with one confining unit above the
Upper Potomac aquifer and another above the Lower
Potomac aquifer, a series of reversed-flow simulations
was run to approximate the movement of saltwater
from 1890, when pumping began, to the end of 1997.
The objective was to simulate dissolved-solids concen-
trationsin the Upper, Middle, and L ower Potomac
aquifers, as measured in June 1984 through July 1997
at the well cluster in Newport News Park.

An outflow of -0.0185 kg/s, equal to but opposite
the pre-pumping flow, was withdrawn from the nodes
of the eastern vertical boundary of the section for a
period of 50 years to represent the first withdrawals
from the aquifers from 1890 to the end of 1940.
Reversing the flow had the expected result of changing
the simulated-flow directions in the aquifers and in the
confining units. Where freshwater had previously
flowed eastward in the aquifer, saltwater began to
slowly displace freshwater from east to west, and in the
confining units where flow had been upward prior to
pumping, simulated directions of flow were downward
for the pumping period (fig. 12).
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Figure 12. Simulated direction of ground-water flow in 1940.

Saltwater moved slightly westward from 1890 to
1940 because of the reversal in flow directions (fig.
13). The simulated 4,000 mg/L contour of dissolved
solids moved about 100 m westward in the Lower
Potomac aquifer in those 50 years, arate of about 2
m/yr, and the 1,000 mg/L contour moved about 300 m
westward at the bottom of the Middle Potomac aquifer
in 50 years, arate of about 6 m/yr. The velocities were

EXPLANATION
] CONFINING UNIT

= DIRECTION OF GROUND-WATER FLOW

Velocity is proportional to the length of
the arrow

Pressures simulated for the Upper Potomac aqui-
fer in the west were equivalent to water levels of 6.6 m
(22 ft) below sea level. Pressures representing the
Upper Potomac site at Newport News Park near the
center of the section were equivalent to 5.7 m (19 ft)
below sea level, and pressures in the east were equiva-
lent to 5.6 m (18 ft) below sea level. Pressures
representing the Lower Potomac site at Newport News

greater in the west—as high as 8 m/yr—in the Upper Park were equivalent to 8.8 m (29 ft) below sea level.
Potomac aquifer where the permeability was highest as

indicated by velocity vectors of the simulation.
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For the next time step, the withdrawal s were dou-
bled to -0.037 kg/s. The additional withdrawals were
taken from the lower half of the vertical section at the
westward vertical boundary (from depths of 320 to 530
m below sealevel) to represent pumping from the Mid-
dle and Lower Potomac aquifers.The withdrawals were
taken from the Middle and L ower Potomac aquifers
because initial simulations of the additional withdraw-
alswhen distributed evenly from all of the aquifers
resulted in substantial saltwater movement in the Upper
and Middle Potomac aquifers but not in the Lower
Potomac aquifer, which was the opposite of what the
measured dissolved-solids concentrations had indi-
cated. The simulation was continued for 20 years to
represent the increase in pumping from 1940 to the end
of 1960.

Simulating reversed flowsin thelower half of the
section from 1940 to the end of 1960 resulted in salt-
water movement in the Lower Potomac aquifer but not
much movement in the Upper Potomac aquifer
(fig. 14). Satwater did not move appreciably in the
Upper Potomac aguifer because downward migration
of water through the confining unit at the top of the sec-
tion, which was specified with an inflow dissolved-
solids concentration of 1,000 mg/L, contributed fresh-
water from above to the Upper Potomac aquifer.

Some saltwater also moved in the bottom of the
Middle Potomac aquifer, but there was not much move-
ment where the Middle Potomac well point was
represented. Simulated saltwater movement was
greater in the Lower Potomac aquifer, particularly in
the west because of higher flow ratesthere. The highest
velocities were in the Upper Potomac aquifer, 35 m/yr
at the westward boundary as calculated by the velocity
vectors. Simulated displacement of water near the well
cluster was, however, much slower. The 4,000 mg/L
contour of dissolved solids had moved about 100 m

A

WEST
130 I I

westward in the Middle and in the Lower Potomac
aquifers from 1940 to the end of 1960, arate of about
5 mlyr.

For the next time step, the withdrawals were dou-
bled again to -0.074 kg/s and the added withdrawals
were again from the lower half of the section (the Mid-
dle and Lower Potomac aquifers). The simulation was
continued for another 20 years to represent the largest
increases in pumping from the end of 1960 to the end
of 1980. Then pumping was reduced slightly to -0.070
kg/s, and the simulation was continued for 17 more
yearsto represent the period from the end of 1980 to
the end of 1997.

Saltwater continued to move in the lower half of
the section from 1960 to 1997, as indicated by results
of thesimulation (fig. 15). Simulated concentrations of
dissolved solids moved westward farther and faster
than in previous years because of the increase in pump-
ing. At the bottom of the Lower Potomac aquifer, the
4,000 mg/L contour of dissolved solids moved about
400 min 37 years, arate of about 11 m/yr. Very little
movement of saltwater was simulated in the Upper
Potomac aquifer, however, where inflows of freshwater
from above inhibited saltwater intrusion. Although the
simulationsindicate that saltwater could have movedin
the Lower Potomac aquifer west of Newport News
Park, no data from observation wells were available
there to indicate a change in concentrations of dis-
solved solids or chlorides.

Measured concentrations of dissolved solidsin
the Lower Potomac aguifer at Newport News Park
increased from 3,860 mg/L in 1984 to 4,580 mg/L in
1997, an increase of about 19 percent. The smulated
concentration for the node representing that well point
increased about 3 percent, from 4,243 mg/L at the end
of 1984 to 4,353 mg/L at the end of 1997 (fig. 6).
Although not precise, the simulated concentration for
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Figure 14. Simulated concentrations of dissolved solids in 1940 and 1960.
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the nodes representing the well points for the Upper,
Middle, and Lower Potomac aquifers were reasonable
approximations of the measured dissolved-solids con-
centrations, considering that atotal period of

1,307 years was simulated from the initial freshwater
sweep through the reversals in flow and increasesin
pumping from 1890 through 1997.

Simulated pressures in the Upper and Middle
Potomac aquifersin 1997 were equivalent to water lev-
elsof 73 ft below sealevel at the well cluster in
Newport News Park, which is a reasonabl e approxima-
tion of the average levels recorded from 1993 through
1997 (fig. 7); however, ssimulated pressuresin the
Lower Potomac aquifer were equivalent to 131 ft below
sealevel, which is somewhat lower than those recorded
for the same period. Thus, the model did not simulate
an upward vertical gradient from the Lower Potomac to
the Middle Potomac aquifer as the data had indicated.
A more accurate simulation of ground-water flow and
saltwater movement in the Lower Potomac aquifer
would probably require a three-dimensional solute-
transport approach.

Upward Migration of Saltwater Toward a
Production Well

Upconing is the vertical upward movement of
saltwater beneath a pumping well or well field. Upcon-
ing istypicaly alocal phenomenon and becomes
evident as an increase in concentrations of dissolved
solids or chloride within afew months or years follow-
ing theinitial start-up of production. A typical
production well was simulated in the Middle Potomac
aquifer to indicate the approximate area that could be
immediately affected by the upconing of saltwater.
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According to the Theis solution (Freeze and
Cherry, 1979, p. 317), pumping awell at 3 Mgal/d
would cause adrawdown of about 12 m (40 ft) in an
observation well 1,800 m (5,906 ft) away asit
approached equilibrium, assuming atransmissivity of
590 m?/d (6,400 ft?/d) and a storage coefficient of
0.0006. By tria and error, such adrawdown was found
to be equivalent to withdrawing 0.035 kg/s from asin-
gle model node in the Middle Potomac aquifer.
Withdrawing an additional 0.035 kg/s from the Middle
Potomac aquifer resulted in changesin the directions of
flow immediately adjacent to the production well
(fig. 16). The area of immediate influence was at most
about 30 m (100 ft) below the withdrawal point. The
area of influence was relatively small compared to the
larger velocity field, which is controlled by regional
flows directed toward afew large-production well
fields. The immediate effect of upconing also would
probably be small, because the concentrations of dis-
solved solids grade moderately with depth in the
Potomac aquifers. The simulated concentrations of dis-
solved solidsin the production well increased 5 percent
(from 1,011 to 1,061 mg/L) after 10 years and
22 percent (from 1,011 to 1,236 mg/L) after 37 years.

The typical production well would, however,
contribute an added component of flow to the regiona
flow field that would affect the migration of saltwater
beyond the immediate area. Transport velocitiesin the
Upper Potomac aquifer would increase if additional
withdrawals were added, and saltwater would move
farther westward from the well in the horizons above
(fig. 17). In the Middle Potomac aquifer, concentra-
tions of dissolved solids would not change along the
same horizon westward of the production well because
flow there was eastward. Saltwater movement in the
L ower Potomac aquifer, however, would have an
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Figure 16. Simulated direction of ground-water flow near a typical production well.
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upward and westward component added, pointing in
the direction of the pumping well. The speed of that
upward and westward component would increase
closer to the well but would be inhibited by any confin-
ing sediments. In the simulations, the westward
movement of the 2,000 mg/L contour of dissolved sol-
ids attributed to the additional production well was
about 200 min 37 years, or about 5 m/yr, and westward
movement of the 4,000 mg/L contour was about 100 m
in the 37 years simulated, or about 3 m/yr.

Model Uncertainties and Limitations

The solute-transport model used in this investi-
gation was a coarse two-dimensional approximation of
acomplex three-dimensional system. The model did
not simulate an upward vertical gradient from the
Lower Potomac aquifer to the Middle Potomac aquifer
as the dataindicated from 1984 through 1997. The
model (aswell as water-use data) al so were too gener-
alized to simulate (or explain) the increase in water
levelsin the Lower Potomac aquifer at Newport News
Park from 1993 to 1996. Such differences between the
simulated pressures and measured water levelsin the
L ower Potomac aquifer are indications of the uncer-
tainties in the hydrogeol ogic framework,
permeabilities, and ground-water withdrawal rates that
were incorporated into or implied by the simulations.

The results of the solute-transport simulations
were not unique solutions, and variationsin hydraulic
or transport properties could produce different results.
The hydrologic framework assumes that the confining
unit between the Middle and Lower Potomac aquifers
is continuous throughout the section, which may not be
true. As aresult, the smulated permeability of the
Lower Potomac aquifer could have been too low, the
simulated vertical permeability in the confining unit
just above the aquifer could have been low, or possibly
both permeabilities were low. A ratio of horizontal to
vertical anisotropy of 10 to 1, which could be high, was
assumed for each unit although some anisotropy would
be expected in the Potomac sediments.

Simulating withdrawals from the lower half of
the section in order to approximate saltwater movement
in the Lower Potomac aquifer is a coarse approxima-
tion of the complex changes in historical pumping
stresses that probably took place. In this approach,
those withdrawal s were assumed to be from the west
and generally in line with the section; however, the
largest pumping centers in the Potomac aquifers are at
significant angles north and south of the section,

though at some distance away. Because of this and the
lack of information about water levels and dissolved-
solid concentrationsfor the greater part of the historical
and prehistoric period, the accuracy of the solute-trans-
port model is subject to a considerable degree of
uncertainty. Conclusions from the solute-transport sim-
ulations are therefore modest. The concepts reported
here, however, rest on well-founded hydraulic princi-
ples and accepted transport processes, and overdl, the
results of the solute-transport simulations are consid-
ered reasonable.

SUMMARY

The most productive aquifers of the Virginia
Coastal Plain arein the Potomac Formation. Water sup-
pliesin the Potomac aquifers are impaired, however, by
saltwater in some areas. The U.S. Geological Survey
and the Hampton Roads Planning District Commission
began the Chloride Program in 1995 to collect and
sample water from the Cretaceous (Potomac) and Ter-
tiary (Chickahominy-Piney Point) aquifers at selected
sitesin the Coastal Plain in order to determine the spa-
tial and temporal distribution of chloride as related to
saltwater in the aquifers and to determine which
aspects of saltwater intrusion, if any, could be of con-
cern to present and future ground-water supplies.

Water sampl es collected from the chloride obser-
vation-well network in 1995 and 1996 indicated
virtually no change in dissolved-solids or chloride con-
centrations from those recorded for previous years with
one exception, one well in the Lower Potomac aquifer
at Newport News Park. The concentration of dissolved
solids in the water from this well had increased
15 percent and the concentration of chloride had
increased 20 percent since shortly after the installation
of the well in 1984.

A two-dimensional, density-dependent, solute-
transport model was used to investigate saltwater
movement and the potential for future saltwater intru-
sion or upward migration of saltwater in the Potomac
aquifers. The model was designed to represent asim-
plified vertical section of the Potomac aquifers and
associated confining units near Lee Hall, Va.

The solute-transport model indicates that the
direction of ground-water flow and the hydrogeologic
properties of the units, particularly the permeability of
aquifers and the distribution of confining sediments,
control the hydrodynamics of the system and thus the
movement of saltwater in the Potomac aquifers. Evalu-
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ation of the established hydrogeologic framework by
solute-transport simulations suggests that the current
concept of continuous confining units above all three
Potomac aquifersis probably an oversimplification for
the Lee Hall area and possibly for many other areas of
the Virginia Coastal Plain. Knowledge of the hydrody-
namics of the ground-water-flow system, the effects of
pumping wells on aquifer water levels, and saltwater
movements in the aquifers could be improved if the
hydrogeol ogic framework of the Coastal Plain was
refined.

Although the accuracy of the solute-transport
model is subject to a considerable degree of uncer-
tainty, the transport simulationsindicated that |ateral
intrusion was probably the mechanism for saltwater
movement in the Lower Potomac aquifer near Lee Hall,
Va. The transport model also indicated that atypical
production well in the Middle Potomac aquifer could
induce upconing of saltwater but only within the imme-
diate vicinity of about 30 m (100 ft) beneath the well.
Slow upward and lateral migration of saltwater from
the Middle and Lower Potomac aguifers some distance
seaward of the production well was, however, also indi-
cated. Overall, the transport simulations indicate a slow
but steady movement of saltwater toward pumping
wells. Such slow but persistent saltwater intrusionin an
aquifer system aslarge and complex as that of the Vir-
ginia Coastal Plain can be observed and accurately
measured only through along-term, quality-assured
monitoring network.

Conclusions from the solute-transport simula-
tions are modest because of uncertainties about the
hydrogeol ogic framework, ground-water use, and aqui-
fer-system properties. The concepts and overall results
of the transport simulations rest on well-founded
hydraulic principles and accepted transport processes
and, therefore, are considered reasonable.
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