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ANALYSIS OF THE GROUND-WATER FLOW SYSTEM

values for the prepumping simulation indicate that the
selected positions of the lateral flow boundaries approx-
imately coincide with flow lines or no-flow boundaries.

PumpING CONDITIONS

The digital flow model simulates 90 yr of pumping
beginning January 1, 1891, and ending December 31,
1980, under transient conditions. The 10 pumping peri-
ods previously discussed were used for transient simula-
tions. The water-table aquifer was simulated without
consideration for dewatering of the aquifer material.
Therefore, the transmissivity of the water-table aquifer
was constant over the entire period of transient simula-
tion. This assumption is considered reasonable because
regional drawdown in the water-table aquifer is negligi-
ble. However, the storage coefficient was assigned a
value that represents a more reasonable storage condi-
tion of a water-table aquifer. Other hydraulic character-
istics and initial water levels were equivalent to those
used to simulate prepumping conditions.

Two methods were used to eompare model-simulated
and measured historic water levels: (1) simulated
potentiometric-surface maps, constructed for each aqui-
fer and pumping period, were compared with measured
water levels, and (2) simulated hydrographs were com-
pared with measured hydrographs at 89 observation
wells. Figures 50 through 57 show the simulated
potentiometric-surface maps of the major aquifers at the
end of the final pumping period (1980). The maps include
water levels measured at different times during 1980.
Hence, simulated water levels are expected to differ
slightly from those measured, because the simulated
potentiometric surfaces represent the water-level distri-
bution in each aquifer on December 31, 1980. Overall,
measured water levels agree with levels simulated by the
model.

A comparison of prepumping potentiometric-surface
maps (figs. 33 through 40) with the 1980 potentiometric-
surface maps shows the effect of ground-water develop-
ment on the water-level distribution in each aquifer. The
maps of the simulated ground-water flow system in 1980
show lower water levels and cones of depression around
major pumping centers. The potentiometric-surface
maps of the Aquia, Brightseat-upper Potomac, middle
Potomae, and lower Potomac aquifers show that cones of
depression developed and coalesced near the cities of
Williamsburg, Franklin, and Suffolk and the town of
West Point (figs. 53, 55 through 57). The simulated
potentiometric surface of the Chickahominy-Piney Point
aquifer shows a decline in water levels near the town of
West Point and the City of Williamsburg (fig. 52). The
hydraulic gradients, determined from the potentiometric
surfaces of 1980 in the major aquifers, indicate that flow
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directions changed considerably from those simulated for
prepumping flow conditions and that the direction of flow
in 1980 was toward the major pumping centers.

Measured and simulated hydrographs show the agree-
ment between measured and model-generated water
levels for the history of ground-water development.
Figures 58 through 61 show hydrographs for 16 of the 89
observation wells used to calibrate the model. The loca-
tions of these 16 wells are shown in figure 62. Most are
near major ground-water users (fig. 8). The middle
Potomac aquifer, near Franklin, shows the largest sim-
ulated water-level decline from prepumping flow condi-
tions, about 210 ft in well 55B 22 (fig. 60).

In addition to simulating water-level changes, the
model provides a water budget, which quantifies the
individual components of flow into and out of the ground-
water flow system. The relative magnitudes of the
individual flow components define their significance dur-
ing a simulated pumping period and over the entire
period of simulation. Table 11 summarizes the individual
flow components into and out of the ground-water flow
system at the end of each simulated pumping peried. A
comparison of the prepumping period and the final
pumping period (1978-80) water budgets indicates that
(1) pumpage from the model area increased by about 105
Mgal/d, (2) lateral boundary outflow increased by about 5
Mgal/d, (8) ground-water flow to streams and coastal
water decreased by about 107.5 Mgal/d, (4) lateral
boundary inflow increased by about 0.7 Mgal/d, and (5)
water released from aquifer storage increased by about
1.6 Mgal/d. The slight difference between total inflow
and total outflow is attributed to the numerical trunca-
tion error of the digital simulation. The most significant
effect of ground-water development over the period of
simulation was the decrease in ground-water flow to
streams and coastal water. The increase in lateral bound-
ary outflow is attributed to large withdrawals from
outside the model area.

Tables 8, 9, and 10 can be used to evaluate water
budgets for the confined aquifers. Pumpage (table 8) and
lateral boundary flow (table 9) are averaged over the
length of each pumping period. Flow into and out of an
aquifer across the overlying confining unit is calculated
at the end of each pumping period. A comparison of the
water budgets of individual confined aquifers indicates
that the major source of water replacing water pumped
was increased vertical flow into the aquifers through the
intervening confining units and decreased vertical flow
out of the aquifers (table 10).

The direction of simulated flow across confining units
into or out of the underlying confined aquifers in 1980 is
shown in figures 63 through 70. Comparison with figures
41 through 48 shows the change in the direction of
vertical flow across confining units that resulted from the
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ANALYSIS OF THE GROUND-WATER FLOW SYSTEM

78°
I M4
[ / Ry
N o (
39— N -,
i Y,
r'ly N QWE\/

s P i/
/\‘ " Alexandrigy
A | .

_DELAWARE

P

T MARYLAND “ .;:\"'

b Al o | b
2 N i
| 7 gk
Base from U.S. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 0 10 20 30 40 50 MILES
0 10 20 30 40 50 KILOMETERS
EXPLANATION

—10— POTENTIOMETRIC CONTOUR—Shows altitude of
potentiometric surface. Contour interval is 10 feet with
supplemental contour at 5 feet. Datum is sea level

e APPROXIMATE LIMIT OF ST. MARYS-
CHOPTANK AQUIFER

FIGURE 51.—Simulated potentiometrie surface of the St. Marys-Choptank aquifer, 1980.

F61




F62 REGIONAL AQUIFER-SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

78° T 76" 75°

T~ M‘R}? ]
7 'f,’ LWASHINGTO
Q’”f‘ d,

+

Alexandri "‘. ]

/

Base from U.S. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 ? 1!] 2,0 39 4.0 5PM|LE5
0 10 20 30 40 50 KILOMETERS
EXPLANATION
—20— POTENTIOMETRIC CONTOUR —Shows altitude of o'’ WELL—Number is measured altitude of water level, in feet,
tentiometric surface. Contour interval is 20 feet, above sea level

atum is sea level

== APPROXIMATE LIMIT OF CHICKAHOMINY-
PINEY POINT AQUIFER

FIGURE 52. —8imulated potentiometric surface of the Chickahominy-Piney Point aquifer and measured water levels, 1980.




ANALYSIS OF THE GROUND-WATER FLOW SYSTEM F63

757

77°

78°
RS ﬁqe}? I
Yo | %y, WASHINGTON, D.C
Qq,.,‘ o

Alexandriz

|__ _DELAWARE _
MARYLAND

Base from U.S. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 0 10 20 30 40 50 MILES
0 10 20 30 40 50KILOMETERS
EXPLANATION

WELL—Number is measured altitude of water level, in feet

42
above or below sea level

——30-— POTENTIOMETRIC CONTOUR—Shows altitude of °
potentiometric surface. Contour interval is 30 feet.

Datum is sea level

== APPROXIMATE LIMIT OF AQUIA AQUIFER

FIGURE 53.—Simulated potentiometrie surface of the Aquia aquifer and measured water levels, 1980.




Fé64 REGIONAL AQUIFER-SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

78° ire 75
A I ~ Mg [ A
N L 73, :
Bl =y >/ahm %9 ;‘v,,, w,(sulNGmN D.C.
; m&? / Gfﬁm \’\ 1
S I\ / :

|
|
|
-
-
Jl ;
3 |_ _DELAWARE

7 ﬁ‘

Base from U.S. Geological Survey

SCALE 1:2,000,000
State base maps, 1:1,000,000 0 10 20 30 4 50 MILES
0 10 20 30 40 50KILOMETERS

EXPLANATION
i POTENTIOMETRIC CONTOUR—Shows altitude of

potentiometric surface. Contour interval is 8 feet
Datum is sea level

ESTIg‘[;:LTED SEAWARD LIMIT OF FRESHWATER
e APPROXIMATE LIMIT OF AQUIFER 4

STEM—Less than 10,000 milligrams per liter chloride

F1GURE 54. —Simulated potentiometrie surface of aquifer 4, 1980.



ANALYSIS OF THE GROUND-WATER FLOW SYSTEM

78° ¥ 4 76° Tar

~ ﬁdfp{ |
%o | Tg, WASHINGTON, D.
A6 ’”I‘q Crolf

Alexand

|__ _DELAWARE _
MARYLAND

Base from U.S. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 9 1P 20 30 4p _.',.u MILES
0 10 20 30 40 50 KILOMETERS
EXPLANATION
30— POTENTIOMETRIC CONTOUR—Shows altitude of essssss ESTIMATED SEAWARD LIMIT OF FRESHWATER
potentiometric surface. Contour interval is 30 feet. SYSTEM—Less than 10,000 milligrams per liter chloride
Datum is sea level
— APPROXIMATE LIMIT OF BRIGHTSEAT-UPPER +'®  WELL— Number is measured altitude of water level, in feet
POTOMAC AQUIFER above or below sea level

FIGURE 55. —Simulated potentiometric surface of the Brightseat-upper Potomae aquifer and measured water levels, 1980.

F65




F66 REGIONAL AQUIFER-SYSTEM ANALYSIS—NORTHERN ATLANTIC COASTAL PLAIN

IN, D.C. %

|_ _DELAWARE _
MARYLAND

Base from U.S. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 q 1p 210 ap 4.0 5.0 MILES
0 10 20 30 40 50 KILOMETERS
EXPLANATION
—40— POTENTIOMETRIC CONTOUR —Shows altitude of ssesess ESTIMATED SEAWARD LIMIT OF FRESHWATER
potentiometric surface. Contour interval is 40 feet. SYSTEM—Less than 10,000 milligrams per liter chloride
Datum is sea level
=== APPROXIMATE LIMIT OF THE MIDDLE #®®  WELL—Number is measured altitude of water level, in feet
POTOMAC AQUIFER above or below sea level

FIGURE 56.—Simulated potentiometric surface of the middle Potomac aquifer and measured water levels, 1980,




ANALYSIS OF THE GROUND-WATER FLOW SYSTEM

78° e 76° 75°

I M‘f”( ] t
39° Yo 1 Hy, WASHINGTON, D.C.
00{&,4 "0/,

| _DELAWARE _
MARYLAND

are

m Ll
|
Base from LS. Geological Survey SCALE 1:2,000,000
State base maps, 1:1,000,000 0 1p 20 30 lp 50 MILES
0 10 20 30 40 50 KILOMETERS
EXPLANATION
30— POTENTIOMETRIC CONTOUR —Shows altitude of sesssss ESTIMATED SEAWARD LIMIT OF FRESHWATER
potentiometric surface. Contour interval is 30 feet. SYSTEM—Less than 10,000 milligrams per liter chloride
Datum is sea level
—— APPROXIMATE LIMIT OF LOWER POTOMAC AQUIFER #25  WELL—Number is measured altitude of water level, in feet

above or below sea level

FIGURE 57. —Simulated potentiometrie surface of the lower Potomac aquifer, 1980.

Fe7




F68

30 T T T T T
20 | Simulated |
oy oo T T T T T T T T T 8
or Measured
-10 b g
-20 L " L ) L
1920 1930 1940 1950 1960 1970 1980
YEAR
A. Well 62C 4 screened in Yorktown-Eastover aquifer
20 T T T T T
L~ T = ~ |
. 15 \\~___-\\
w | . 1
> 10 Simulated \\\\
2 5| -
i /
5 oL Measured i
S . . . . .
o 1920 1930 1940 1950 1960 1970 1980
o
P YEAR
g B. Well 59H 1 screened in Chickahominy-Piney Point aquifer
8
<
W 40 ———— T . T T
w T ——
I'ZL 20 - /— \\\\ b
= Simulated ~—
i 0r S e |
w
D -20F Measured E
-
& _a0f 4
=
< _-60 L l L L L
= 1920 1930 1940 1950 1960 1970 1980
YEAR
C. Well 55B 25 screened in Aquia aquifer
25 P T T T
/ T~
0 —_—— 4
Simulated T~
-25 - >\:
~-50 Measured 1
~-75F
- 100 L 1 1 ] L
1920 1930 1940 1950 1960 1970 1980
YEAR

D. Well 594 3 screened in Aquia aquifer

FIGURE 58.—Simulated and measured change in water levels for
history of ground-water development. (Location of wells shown in
fig. 62.)

withdrawal of ground water from the confined aquifers.
For example, during prepumping flow conditions the
lower Potomac aquifer was recharged over about 25
percent of the total area of the lower Potomac confining
unit (fig. 48). In 1980, the lower Potomac aquifer was
recharged over about 93 percent of the total area of the
lower Potomac confining unit (fig. 70). The remaining 7
percent of the lower Potomac confining unit recharged
the middle Potomac aquifer because of large withdrawals
from this aquifer near the cities of Williamsburg and
Suffolk.
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The development of ground water affected the direc-
tion of flow of water between the confined and water-
table aquifer systems. Table 10 gives the quantity of
water entering and leaving the confined flow system at
the end of each pumping period. In 1980, about 177
Mgal/d of water flowed into the confined flow system
from the water-table aquifer and about 73 Mgal/d flowed
out of the confined flow system into the water-table
aquifer. Comparison of the prepumping and final pump-
ing period (1978-80) net leakage values shows an
increase of about 110 Mgal/d into the confined flow
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system over the entire period of simulation. This change
in leakage affected the local discharge of ground water to
streams and the regional discharge of ground water to
coastal water.

The simulated direction of flow between the confined
flow system and the water-table aquifer in 1980 is shown
in figure 71. Simulated rates of flow entering the con-
fined flow system varied up to about 3.8 in/yr. Simulated
rates of flow leaving the confined flow system varied up
to about 2.2 in/yr. Comparison of figures 49 and 71
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suggests that the withdrawal of ground water from the
confined aquifers increased the area of recharge into the
confined flow system by about 33 percent. Prior to
withdrawal, water in the confined flow system dis-
charged into Chesapeake Bay (fig. 49). Withdrawal from
the confined aquifers resulted in the movement of water
from Chesapeake Bay into the confined flow system (fig.
71). This movement could affect the water quality of
both Chesapeake Bay and the underlying confined flow
system.
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FIGURE 72. —Effects on simulated heads of varying the calibrated
value of transmissivity of the middle Potomac aquifer. (Location of
wells shown in fig. 62.)

SENSITIVITY ANALYSIS

Sensitivity analysis determines the accuracy of model
results in accordance with the degree of uncertainty
associated with the simulated value of hydraulic charac-
teristics. In the procedure, the value of an individual
calibrated hydraulic characteristic is changed over a
specific range, while other values of calibrated charac-
teristies remain unchanged. The magnitude of the change
in water levels defines the sensitivity of the model to that
hydraulic characteristic and is measured by comparing
water-level hydrographs simulated by the calibrated
model with those simulated with the changed value of the
hydraulic characteristic.

Hydraulic characteristics varied to test model sensi-
tivity were (1) transmissivity of the middle Potomac
aquifer, (2) vertical hydraulic conductivity of the middle
Potomac confining unit, (3) storage coefficient of the
confined aquifers, and (4) specific storage of the confining
units. The first two were selected because it was found
during calibration that these two hydraulic characteris-
tics had the greatest effect on simulated water levels.
The aquifer storage coefficient was tested to evaluate the
response of the ground-water flow system to changes in
aquifer storage. Storage properties of confining units
were tested to determine the significance of neglecting
storage in confining units during transient simulations.
Table 12 summarizes these sensitivity tests and the
results. Lateral flow across model boundaries was not
recalculated for any of the sensitivity simulations.

Figures 72 and 73 compare water levels in the middle
Potomac aquifer at four observation wells resulting from
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FIGURE 73.—Effects on simulated heads of varying the calibrated
value of transmissivity of the middle Potomac aquifer. (Location of
wells shown in fig. 62.)

a 50-percent decrease and a 100-percent increase in the
calibrated values of transmissivity. The locations of the
wells are shown in figure 62. Water levels within this
same aquifer resulting from a 50-percent decrease and a
100-percent increase in the calibrated value of vertical
hydraulic conductivity of the overlying confining unit are
compared in figures 74 and 75. The sensitivity analysis
showed that simulated water levels are much more
sensitive to decreases in the selected values of transmis-
sivity and vertical hydraulic conductivity than to
increases in the values tested.

Four hydrographs (figs. 76, 77), representing obser-
vation wells in the Chickahominy-Piney Point,
Brightseat-upper Potomac, and middle Potomac aqui-
fers, compare water levels resulting from an increase of
and a decrease of one order of magnitude in the cali-
brated storage coefficient (1.0x10™%). The locations of
these wells are shown in figure 62. The general agree-
ment between hydrographs simulated with the ecali-
brated and the lower value of storage -coefficient
(1.0x107) indicates that the system is near equilibrium
at the end of each pumping period and suggests that the
calibrated storage coefficient is a reasonable value for
simulation. The water levels, which result from an
increase in storage coefficient of one order of magnitude,
show that the system is sensitive to the higher value
(1.0x10®). The increase in the amount of water released
from storage had a significant effect on simulated water
levels. The higher value of storage coefficient is not
reasonable for confined aquifers in the study area except
in a few local areas.
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