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FOREWORD

THE REGIONAL AQUIFER-SYSTEM ANALYSIS PROGRAM

The Regional Aquifer-System Analysis (RASA) Program represents a
systematic effort to study a number of the Nation’s most important aquifer
systems, which, in aggregate, underlie much of the country and which repre-
sent an important component of the Nation’s total water supply. In general,
the boundaries of these studies are identified by the hydrologic extent of each
system and, accordingly, transcend the political subdivisions to which investi-
gations have often arbitrarily been limited in the past. The broad objective for
each study is to assemble geologic, hydrologic, and geochemical information;
toanalyze and develop an understanding of the system; and to develop predic-
tive capabilities that will contribute to the effective management of the
system. The use of computer simulation is an important element of the RASA
studies to develop an understanding of the natural, undisturbed hydrologic
system and the changes brought about in it by human activities, and to pro-
vide a means of predicting the regional effects of future pumping or other
stresses.

The final interpretive results of the RASA Program are presented in a
series of U.S. Geological Survey Professional Papers that describe the geology,
hydrology, and geochemistry of each regional aquifer system. Each study
within the RASA Program is assigned a single Professional Paper number
beginning with Professional Paper 1400.

rcrtes P LoHr

Gordon P. Eaton
Director
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CONVERSION FACTORS AND VERTICAL DATUM

Multiply inch-pound unit By To obtain SI unit
Length
ineh (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
foot per mile (ft/mi) 0.1894 meter per kilometer (m/km)
Area
square foot (ft2) 0.0929 square meter (m?)
square mile (mi2) 2.590 square kilometer (km?)
acre 4,047 square meter (m?)
Volume
cubic yard (yd3) 0.7646 cubic meter (m3)
acre-foot 1,233 cubic meter (m3)
Flow
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m/s)
cubic foot per second per square mile 0.01093 cubic meter per second 2per square
[(ft3/5)/mi2) kilometer [(m>/s)/km?]
gallon per day (gal/d) 3.785 liter per day (L/d)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3fs)
Velocity
foot per second (ft/s) 0.3048 meter per second (n/s)
mile per hour (mi/hr) 1.609 kilometer per hour (km/hr)
Mass
pound (Ib avoirdupois) 0.4536 kilogram (kg)
ton (short, 2,000 lbs) 0.9072 metrie ton

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.
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SIMULATION OF GROUND-WATER FLOW

When testing model parameters during the course of
model calibration, the usual procedure was to make three
simulations. The first simulation was for steady-state
prepumping conditions with water-table heads fixed at
constant values, indicative of average long-term natural
conditions. Boundary fluxes were provided by the
regional model, which was frequently updated with
refined flux values derived from each State subregional
model.

Model output from this first simulation included flux
between the water table and the topmost confined aqui-
fer. This flux can be thought of as the deep percolation
(DP) term of equation 3, which is the total ground-water
recharge (QRE) minus base flow of streams (BF).

The quantity QRE for each node was determined as
described earlier in the “Model Input” section of the
report. Subtracting or adding DP to this value (depend-
ing on the direction of vertical flow) gave BF for each
node. When values were known also for the altitude of
the water table, h,, and the lowest stream altitude in
each node, &, equation 2 could be solved for streambed
leakance (SL). An 11th (artificial) layer representing
streams was then added to the model. The head at each
stream node was set at the constant head, kg, and the cal-
culated value of SL was used as the TK value between
the stream layer and the water-table layer. Recharge
(QRE) was added to the surficial aquifer (A10), and a
steady-state nonpumping simulation was made. The
advantage of adding a layer representing streams is that,
in later stressed simulations, the water levels are free to
fluctuate within the surficial aquifer due to stresses
either in the aquifer itself or in underlying aquifers. This
results in a more realistic simulation of the surficial aqui-
fer response to pumping stresses than in simulations
where the water table is held constant.

A pumping simulation was then made, designed to
simulate aquifer response to pumpage over the 10 pump-
ing periods discussed above in the section “Ground-
Water Withdrawals and Time Discretization.” Simulated
hydrographs were compared with observed hydrographs
for both prepumping and pumping conditions. A signifi-
cant feature of the simulated hydrographs is that discret-
ization error was reduced by computing heads at well
locations, most of which are not at grid centers. This
method of head computation involves solution of the com-
mon three-point problem, as shown in figure 64.

RESULTS

As previously mentioned, leakance (TK) of confining
units, was adjusted more often and to a greater degree
than any other model parameter. Computed heads were
found to be significantly sensitive to changes in this
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parameter. At the same time, large leakance adjustments
of as much as two orders of magnitude could be justified
in many instances because estimated initial values of this
parameter were subject to more uncertainty than any
other model parameter. Part of this uncertainty has to do
with the difficulty in distinguishing silt from clay on geo-
physical logs, and part has to do with the discontinuity of
some confining units, which often cannot be estimated
from interpolation between geophysical logs collected at
widely spaced locations.

Trial-and-adjustment model calibration indicated a
general tendency for vertical hydraulic conductivity of
confining units, K,, to decrease with increasing depth
and with increasing distance downdip. The tendency for
the decrease with depth is reflected by minimum X, val-
ues in table 3 and is thought to be partly related to
greater compaction of the silts and clays due to the
greater weight of overlying sediments and the greater
time for compaction. The tendency for decreasing K,
with increasing distance downdip follows from this
because, downdip, sediments of a given aquifer are gen-
erally more deeply buried, and there may also be a gen-
eral downdip change from coarse clastic to fine clastic
and marine facies (LeGrand, 1961). A countertendency to
this decrease of K, with increasing depth and distance
downdip may occur where nonmarine sediments are
present, such as in large parts of the lowermost confining
units CU1, CU2, and CUS. There, beds that make up the
confining units are more likely to be discontinuous and,
therefore, provide less resistance to vertical movement
of water than suggested from the thickness of confin-
ing-unit material indicated on geophysical logs. Hence,
model values of K, may be higher there (and elsewhere)
than might be expected for silt or clay in order to reflect
discontinuities.

Transmissivity (7) was varied less often than lea-
kance during model calibration. Initial estimates of T
were changed for three aquifers during the course of
model calibration—the Castle Hayne aquifer (A7), the

TaBLE 8.—Ranges of vertical hydraulic conductivity of confining units
Sfor the calibrated model

[Confining units defined in table 1 increase in depth from layer 9 to layer 1]

Vertical hydraulic conduetivity of confining

Model )

layer units K, (feet per day)

number Maximum values Minimum values
CuU9 6.98x1073 6.82x1073
CUs8 7.94x1073 3.90x1073
Cu7 9.07x104 3.01x10™4
CUs6 5.88x10~4 1.46x1074
CU5 3.89x10~4 7.71x1073
CU4 2.77x10~4 3.42x1073
CU3 2.52 6.84x106
Ccu2 4.96x10! 4.13x1076
CU1 2.88x10~4 4.04x1073
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EXPLANATION
1. Locate three computed heads (h) at grid nodes that form a triangle (ABC)
enclosing an off-node point of interest (D).

2. Find the direction of ground-water flow and hydraulic gradient in the plane
defined by the apexes of the triangle:

¢ Locate the triangle apex that has the
intermediate water level (B).

* By linear interpolation, find the point
on the side opposite (E} that has the
same water level as B.

* Draw line BE. This is a line of equal
water level, 35 ft (feet) in this case.

* Draw a line perpendicular to the equal
water-level line (BE) that passes through
either the apex of the higher or lower
water levels. The resulting line (CF)
represents the direction of the hydraulic
gradient. Calculation of the gradient is

as follows:
he-h -
- C E _ or 50-35 ft = 0.00085 foot per foot
distance CF 17,556 ft

3. Draw a line parallel to the direction of the gradient that passes through the
point (D) at which the head is to be computed.

4. Measure distance from a point of known head (G) to point at which head is to
be calculated (line DG).

5. Knowing the hydraulic gradient (0.00085 foot per foot), the head at point G

(35 ft), and the distance along flow path at DG (8,316 ft), the head at
point D (hp) may be calculated:

ho - 35 ft

———— = 0.00085; h, = 42.07 ft
8,316 ft

FIGURE 64.—Method of computing heads at off-node locations.
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TABLE 4.—Summary of differences between computed and observed water levels for December 31, 1980

[Values represent computed minus observed differences]

Average difference in water levels (feet)

Aquifer name M(l)lc‘i:;:;1 tl)sg‘er All differences Positive differences only Negative differences only
Number of Average Number of Average Number of Average
values difference values difference values difference
Yorktown A9 27 +14 16 +4.5 11 -34
Pungo River A8 3 +4.2 3 +4.2 0 —
Castle Hayne AT 47 +2.4 32 +7.3 15 -7.8
Beaufort A6 5 +2.7 4 +5.2 1 -7.2
Peedee A5 28 +0.2 12 +11.2 16 -8.1
Black Creek A4 34 -1.0 14 +15.1 20 -12.4
Upper Cape Fear A3 30 +7.3 21 +13.5 9 -73
Lower Cape Fear A2 16 -5.0 5 +12.3 11 -12.9
Lower Cretaceous Al 1 +14.8 1 +14.8 0 —

Black Creek aquifer (A4), and the upper Cape Fear aqui-
fer (A3). Initial values of transmissivity for the Castle
Hayne aquifer in Beaufort County, which were estimated
from geophysical logs, gave computed heads that were
tens of feet lower than observed heads. When transmis-
sivity values were increased by a factor of 2.5 in that
area, matches were much closer and were in better
agreement with aquifer tests reported by DeWiest and
others (1967). No attempt was made to calibrate for
transmissivity values in the surficial aquifer (A10).

For the block representing the Castle Hayne aquifer
(A7) at Lee Creek (row 28, column 37), modeled trans-
missivity was 41,200 ft%/d for an aquifer thickness of
about 340 ft (inferred horizontal hydraulic conduetivity is
about 121 ft/d). Values derived by DeWiest and others
(1967, p. 94) from aquifer-test data indicate a higher
transmissivity near Lee Creek of 52,100 ft2/d for an
assumed formation thickness of 300 ft (inferred hydraulic
conductivity of 174 ft/d). A limitation of the test reported
by DeWiest and others (1967) is that the pumped well
used in the test was open only to the top 44 ft of the Cas-
tle Hayne aquifer. Such a test may not yield hydraulic
conductivities representative of the entire aquifer thick-
ness. Thus, the lesser hydraulic conductivity calibrated
for the Castle Hayne aquifer near Lee Creek is not
unreasonably low compared with values reported by
DeWiest and others. Also, the transmissivity value for
the Castle Hayne aquifer (A7) at Lee Creek derived from
the model is very close to that derived by Sherwani
(1978, p. 58) for the Lee Creek area (40,100 ft%/d) for use
in his digital model.

A 50-percent reduction in 7 from initial estimates
everywhere in both the Black Creek aquifer (A4) and the
upper Cape Fear aquifer (A3) resulted in generally bet-
ter matches of computed heads with observed water lev-
els. Apparently, silty clays interbedded with coarse sands

in the deeply buried nonmarine and marginal-marine
sediments of these aquifers were more effective in reduc-
ing the horizontal hydraulic conductivity, K}, of the aqui-
fer material than was first thought from examination of
the geophysical logs (M.D. Winner, Jr.,, U.S. Geological
Survey, oral commun., September 1985). Thus, initial
estimates of K, were higher than final calibrated values.

A layer-by-layer summary of differences between
observed and computed water levels for December 31,
1980, is given in table 4. The average difference between
computed and observed water levels for 191 observation
wells was slightly less than +1.6 ft. Detailed comparisons
of computed and observed values over time were also
made. Nearly 240 computed hydrographs were compared
with observed hydrographs. Figures 65 through 69 show
selected hydrograph comparisons made during the
course of model calibration. Those shown were chosen on
the basis of length of record and a balanced geographic
and aquifer distribution.

A number of poor matches of computed and
observed water levels were attributed to discretization
scale rather than to poor estimates of hydrologic parame-
ters. For example, drawdowns due to pumpage are
treated by the model as if water levels are drawn down
evenly over an entire block, rather than as a cone of
depression around a pumped well, and the three-point
method illustrated in figure 64 does not completely cor-
rect for this where grid size is large. The coarse model
grid makes errors from this source significant, particu-
larly when computed values for a node are compared
with values for an observation well located very close to
a pumping well.

The scale of discretization is probably also responsi-
ble for several poor hydrograph matches in the Sand
Hills area (fig. 1). Topographic relief and water-table gra-
dients are greater in the Sand Hills region than in any
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39 | l I T | T
A. Gaskins observation well in the Yorktown aquifer (A9).
Model node: row 32, column 31 (see fig. 22).
38 =
37 — =
36 - Simulated - —
35 =
Observed
34 - - -
33 | | | |
4 \ I I I T
B. Sadler observation well in the Pungo River aquifer (A8).
Model node: row 28, column 41 (see fig. 22).
Simulated /Observed
3+ _
2 — I _
1 1L L | | | | ! |
1900 1910 1920 1930 1940 1950 1960 1970 1980

FIGURE 65.—Observed and simulated water levels in the (4) Yorktown and (B) Pungo River aquifers.

1990
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8 T T T T T
A. Creswell observation well in the Castle Hayne aquifer (A7).
Model node: row 16, column 36 (see fig. 22).
7+ os000e —
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6 — _
5 - _|
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> _Observed
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B. DEHNR Arapahoe research station observation well ub
2 b in the Castle Hayne aquifer (A7). Model node: row 33, —
column 40 (see fig. 22).
0 | 1 | | | \ \ 1
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

FIGURE 66.—Observed and simulated water levels in the Castle Hayne aquifer at (4) the Creswell observatic?n well and (B)
DEHNR (North Carolina Department of Environment, Health, and Natural Resources) Arapahoe research station observation
well ub.
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22 T I l
Simulated
20 — -
18 — =
16 —
@ Observed\
E 14 -
< A. USGS observation well NC-58 in the Beaufort aquifer (A6).
% Model node: row 13, column 28 (see fig. 22).
>
2 12 ! x |
<
[
w
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[T
z 84 T T | T T 1
o [N
o AN Simulated
-
o
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S 82 -
/Observed
80 — o —
78 — —
B. USGS observation well NC-51 in the Peedee aquifer (A5).
Model node: row 42, column 29 (see fig. 22).
76 | | | | | | ] |
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

FI1GURE 67.—Observed and simulated water levels in the (A) Beaufort and (B) Peedee aquifers. USGS, U.S. Geological Survey.
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WATER LEVEL, IN FEET ABOVE SEA LEVEL

12

B A. USGS observation well NC-30 in the Black Creek aquifer (A4).
10 Model node: row 11, column 28 (see fig. 22).

8 1 4 | 1 | 1 J |

50 T | I |

40 N Simulated —J

T 17

30 /Observed
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WATER LEVEL, IN FEET ABOVE OR BELOW SEA LEVEL

B. USGS observation well NC-44 in the Black Creek aquifer (A4).
50 — Model node: row 36, column 33 (see fig. 22).

-60 1 | | | 1 J | |
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

FIGURE 68.—Observed and simulated water levels in the Black Creek aquifer at USGS (U.S. Geological Survey) observation
wells (4) NC-30 and (B) NC—44.
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A. Composite record from 7 observation wells

at Clinton in the upper Cape Fear aquifer (A3).
30 — Model node: row 48, column 22 (see fig. 22).
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. . . Observed
B. Magette observation well in the lower Cape Fear aquifer (A2). /

-30 - Model node: row 16, column 23 (see fig. 22). )

40 | ! | L | | | L
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990

F1GURE 69.—Observed and simulated water levels in the (A) upper Cape Fear and (B) lower Cape Fear aquifers.
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other part of the North Carolina Coastal Plain, but the
model grid is not fine enough to adequately reflect this
variation. Thus, matches of computed with observed
water levels were generally poor in this area, and the
degree to which the model can be considered calibrated is
much less for the Sand Hills region than for other parts
of the North Carolina Coastal Plain. One practical conse-
quence of this situation is that the accuracy of estimates
of model parameters given by the flow model for the
Sand Hills area is more uncertain than elsewhere.
Future ground-water modeling studies of the Sand Hills
region could obtain better results by utilizing a much
finer model grid than that used in this study.

One measure of the degree to which the model can
be considered calibrated is the density of calibration
points that were used. By this criterion, the Castle
Hayne aquifer (A7) would be considered the best cali-
brated layer (particularly near the large cone of depres-
sion centered just north of Aurora in Beaufort County),
whereas the Lower Cretaceous, Beaufort, and Pungo
River aquifers (Al, A6, and A8) would be the least well
calibrated.

SALTWATER REENTRANT IN THE CAPE FEAR ARCH

An unusual landward reentrant of water containing
high chloride concentrations (equal to or greater than
10,000 mg/L) has been delineated in the Wilmington area
by Winner and Coble (1989, 1996) in the upper and lower
Cape Fear aquifers (A3 and A2). This reentrant is shown
in this report in figures 32 and 33 by the northwestward
bulge or point in the 10,000 mg/L chloride concentration
line, which is considered to be a no-flow boundary in this
study. The existence of the reentrant is supported by the
work of LeGrand (1955), who described brackish water
springs more than 20 ft above sea level as far inland as
Bladen County, and by Meisler (1989), who mapped the
position of the saltwater in aquifers of the Northern
Atlantic Coastal Plain. The reentrant overlies the Cape
Fear arch, which is a broad southeast-trending uplift of
both bedrock and the overlying sedimentary deposits of
the Atlantic Coastal Plain (fig. 8). The axis of the uplift is
marked approximately by the course of the lower Cape
Fear River (fig. 2).

Trial simulations performed during model ealibra-
tion indicated that some barrier to flow was needed to
sustain the unusually high heads in the Cretaceous aqui-
fers in extreme southeastern North Carolina (Peek and
Register, 1975) and even higher heads further south
along the South Carolina coast (Aucott and Speiran,
1985). A barrier might result from the aquifers having a
lower transmissivity in the Cape Fear arch area than in
surrounding areas. The juxtaposition of such a barrier
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over the arch suggests that the arch might have affected
depositional patterns in the area during Cretaceous time,
resulting in deposition of sediments of extremely low
transmissivity, either with low hydraulic conductivity or
near zero thickness, in the stratigraphic position of the
upper and lower Cape Fear aquifers. However, data from
the few wells in the arch area listed by Winner and Coble
(1989, 1996) give indication of only small reductions in
transmissivity of these two aquifers.

The lower Cape Fear aquifer (A2), which exhibits
the highest heads, is slightly thinner on the northeast
side of the Cape Fear arch than on the southwest side
(fig. 8), but does not thin enough to cause a major change
in transmissivity at this location. The upper Cape Fear
aquifer (A3) has lower transmissivity on the northeast
side of the arch than on the southwest side; this results
from lower hydraulic conductivity in this area (Winner
and Coble, 1989), not a decrease in thickness, as might be
the case for the lower Cape Fear aquifer (A2). The trial
simulations revealed that in order to sustain the high
heads in the lower Cape Fear aquifer (A2) southwest of
the arch, a no-flow or nearly no-flow boundary had to be
present in the general area occupied by the saltwater
reentrants shown in figures 32 and 33. Adjustment of
transmissivity values of the lower Cape Fear aquifer
(A2) over the arch to 50 percent or less of estimated val-
ues (fig. 33) resulted in little head buildup southwest of
the arch.

Because there is no direct hydrogeologic evidence
indicating a drastic change in the hydraulic conductivity
or thickness of the upper and lower Cape Fear aquifers,
it may be that the no-flow boundary results instead from
the presence of dense water containing at least 10,000
mg/L chloride over the Cape Fear arch. The confirmation
of either idea (or other ideas) concerning the nature of
the flow barrier (low-transmissivity sediments or saltwa-
ter) awaits further data and analyses for support.

SENSITIVITY ANALYSIS

Two types of applications of sensitivity analyses are
appropriate in modeling studies. The first application is
logically performed before model calibration to aid in
data collection. If this analysis shows that the model is
not sensitive to changes in certain parameters in part of
the modeled area, efforts to improve parameter esti-
mates there would not improve the simulation capability
of the model. Conversely, if the initial sensitivity analysis
shows that the model is sensitive to changes in a particu-
lar parameter in an area, data-collection activities and
analyses to better define or verify the parameter values
in that area could result in improved simulation
capability.
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TABLE 5.—Range of perturbed values for transmissivity and leakance
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TABLE 6.—Range of perturbed values for storage coefficient

Value Group 1 Group 2 Group 3 Value All groups
Transmissivity (feet squared per day) Confined aquifer (dimensionless)
Mean 2,994 1,758 33,030 Mean 1.0x10~4
10 percent of mean 299 176 3,303 10 percent of mean 1.0x10-5
190 percent of mean 5,688 3,340 62,757 190 percent of mean 1.9x10~4
Leakance (per day) Unconfined aquifer (dimensionless)
Mean 3.8x103 23x102  48x103 | Mean 15x1071
10 percent of mean 3.8x107% 23x103  4.8x10™# | 10 percent of mean 1.5x102
190 percent of mean 72x1075  4.37x102  9.12x1073 190 percent of mean 2.8x1071

A second application is performed after calibration
to evaluate the relation between parameter variability
and model response. This is an indication of the extent to
which calibration is likely to have improved parameter
estimates and may be a guide in the design of parame-
ter-estimation efforts for future modeling studies. The
following sections discuss this second application of the
sensitivity analysis during this study.

METHOD OF ANALYSIS

The model response investigated in the sensitivity
analysis was hydraulic head. The parameters selected for
testing were transmissivity, storage coefficient of aqui-
fers, and leakance of confining units. Transmissivity and
leakance values were varied by plus and minus 50 per-
cent and plus and minus 90 percent of their estimated
values. Storage coefficient was varied by plus and minus
90 percent of its estimated value.

To minimize computer time required for the analysis
of transmissivity and leakance, steady-state simulations
utilizing 1980 pumpage values were made. However, as in
transient simulations performed for calibration purposes,
streams were simulated as a constant-head layer, and the
surficial aquifer (A10) was simulated as a free surface
receiving recharge. Tests showed that heads computed in
this manner were similar to 1980 heads computed by
transient simulations, indicating that steady-state simu-
lations made as a part of the sensitivity analysis would
provide results similar to transient simulations. How-
ever, transient simulations (1900-80) were made to ana-
lyze the effects of varying storage coefficient because
these results are more time dependent.

To simplify the sensitivity analysis, the aquifers and
confining units were lumped into three groups of hydro-
logically similar flow systems. Group 1 consisted of the
Peedee (A5), Black Creek (A4), upper Cape Fear (A3),
lower Cape Fear (A2), and Lower Cretaceous (Al) aqui-

fers, which are the sand aquifers in Cretaceous rocks.
Group 2 contained the Yorktown (A9), Pungo River (AS8),
and Beaufort (A6) aquifers, sand aquifers in Tertiary
rocks, and, when analyzing aquifer parameters, the surfi-
cial aquifer (A10). When analyzing a confining-unit
parameter, the surficial aquifer (A10) was not included.
Group 3 was solely the Castle Hayne aquifer (A7), which
is primarily limestone and sand of Tertiary age. Parame-
ters were perturbed and analyzed for each group. The
exception was storage coefficient; for this parameter, all
model layers were perturbed and analyzed simulta-
neously.

RESULTS

Tables 5 and 6 list the mean values (calibrated val-
ues) and maximum and minimum values of the parameter
variations for the three aquifer groups for transmissivity,
leakance, and storage coefficient. Within each of the
three aquifer groups, the results of the sensitivity analy-
sis were categorized, and statistics were generated sepa-
rately for each category. These categories are (1) all
active nodes, (2) nodes where pumpage occurred (pump-
age nodes), (8) nodes with no flow in a laterally adjacent
node, (4) nodes with constant flux in a laterally adjacent
node, and (5) nodes with constant head in a vertically
adjacent node (category 5 is found only in the surficial
aquifer (A10) in group 2). If a given node fell into more
than one category, the node was omitted from the analy-
sis in all but the active-node category. The overall results
of the sensitivity analysis are summarized in table 7.

Table 7 indicates a general tendency for the Creta-
ceous sand aquifers (group 1) to exhibit a greater degree
of head variation for a given percentage change in model
parameter than the other groups. This is mainly attrib-
uted to group 1 nodes representing the deep Cretaceous
aquifers with the least hydraulic contact with the surfi-
cial aquifer (A10). The surficial aquifer is resistant to
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TABLE T.—Results of sensitivity analysis

Head change for indicated percent change in parameters (feet)

Parameter Category of Group 1 Group 2 Group 3
nodes tested
90 50  +50  +90 90 =50  +50  +90 -90 50 450  +90
percent percent percent percent percent percent percent percent percent percent percent percent
All acti Max. (+) 105 181 533 776 120 524 3870 58 1567 559 286 324
noffe;"e Mean  -126 -505 353 575 -0l  .004 .001 002 -50 -32 .18 42
Max.(-) -907 -138 -120 -192 -180 -624 -452 -7.70 —465 -T5.7 -242 -415
Pu Max.(+) 601 274 533 1776 7 8 .67 109 117 428 286 324
nf)‘g:”ge Mean  -918 -167 759 115 87 -8 26 42 -183 -317 130 156
Max.(-) -907 -138  -207 -3.17 -453 -1383 -27 -46 -465 -756 -246 -282
. Adiacent o MEG () 7TL9 181 221 322 452 213 131 222 224 114 102 120
Trans-  Adjacentto o 685 -354 270 443 A1 -05 -05 -.08 14 06 -06 —06
missivity no-flow node
) Max.(-) —415 -595 -120 -192  -3.05 -156 -1.70 -278 -268 -132 -1.03 -123
Adjacentto Max.(+) 105 151 276 412 433 249 170 278 1.31 65 718 105
constant- Mean = -384 -110 660 105 -21 =10 07 1 -09 -18 26 36
fluxnode  Max.(-) -344 -635 -658 -107 -5.85 -226 -225 -386 -249 -96 -52 -62
Vertically  Max.(+) — — —_ — 100 524 187 325 — - = -
adjacent to Mean — — — — 09 -05 -04 -08 — - = —
constant-  Max. (=) — — — — -3 -203 -452 -7.70 — — — —
head node
All acti Max.(+) 372 132 226 329 129 700 428 6.54 406 196 6.70 960
no":fe;"e Mean  -781 -117 436 630 428 -47 15 21 -875 -161 64 94
Max.(-) 361 -57.3 -680 -102 -382 -859 -508 -834 -114 -185 -125 -1.99
) 19 08 180 270 0 11 199 295 1.57 96 670 960
o (ﬁ;‘g Mean  -798 -148 650 971 -627 -94 35 51 -111 -217 92 138
Max.(-) -284 —449 -03 -06 -194 -445 -05 -08 -114 -185 -72 -116
Adimenttg MEC(®) 167 570 226 329 490 211 308 458 282 100 153 219
Leakance ni‘;‘flow n‘; do -794 -107 368 521 -3 -4l 15 21 -379 -36 10 .14
(TK) Max.(-) -361 -572 —406 -725 -295 -651 -8 -130 -194 -374 -57 -—83
Adjacentto Max.(+) 268 118 226 329 292 65 424 647 130 44 175 255
constant- Mean  -947 -129 441 626 -492 -75 .30 4 621 -8 20 25
fluxnode  Max.(-) -361 573 -6.66 -102 -382 -859 -89 -61 -202 419 -28 -44
Vertically  Max.(+) — - — — — — — _ — — — -
adjacent to Mean _ — — — — — — — — — — —
constant-  Max. (-) — —_ — — _ — _ _ — — — —_
head node
All ot Max.(+) 001 — — 557 012 — @ — 3.14 011 — - 0.32
m“(‘fe;"e Mean 67 — — 115 -02 - @ — 03 -0 - — 02
Max.(-) -787 — — -04 -854 — -  -04 -28 — — -.03
Pum Max.(+) 0 — — 3.13 02 —  — -12 11— — 21
o df;age Mean -68 — — 9 -0 - 03 -02 — — 03
Max.(-) -353 — — 0 -6 -  — =01 -2 — — -01
. Max. (+) 01 — — 415 0 — — 15 002 — — 07
Storage AdJaf]e“t o Mean 62 —  — 115 -0 —  — 02 -0 - — 01
coeffi- no-flow node : : ' : . .
dient (S) Max.(-) -247 — — -04  -09 — — -0l -09 — — 0
Adjacentto Max. (+) 0 — — 2.75 001 — — .38 0 — — .08
constant- Mean -49 — —_ .94 -.02 — — .05 -01 — — 02
fluxnode Max.(-) -142 — —_ .01 ~-18 — — -01 -04 — — 2001
Vertically  Max. (+) — — — — 12 - — 3.14 — - = —
adjacent to Mean — — — — -02 — — 02 — — — —
constant-  Max. (-) — — — — -354 — — -.03 — — — —

head node




M86

changes in head for several reasons. First, being uncon-
fined, it has a much larger storage coefficient than the
lower confined aquifers. Second, in the various simula-
tion schemes described earlier, it either receives direct
recharge in large amounts or the water table is treated
as a constant-head surface. Normally, most of this
recharge goes to stream nodes and only a small amount
recharges the deeper aquifers. However, if the water lev-
els in the surficial aquifer start to decline, less of this
recharge will go to streams, and more is available to sus-
tain the water level in the surficial aquifer and recharge
the deeper aquifers. Further, if the water level is drawn
down below stream levels, then the streams recharge the
surficial aquifer. Thus, the surficial aquifer and those
aquifers in close hydraulic contact with it tend to show
the least sensitivity to changes in model parameters.
Table 7 also indicates that pumpage nodes are the most
sensitive to parameter changes. This indicates that
future studies on ground-water flow modeling could best
concentrate parameter estimation efforts in areas being
pumped.

Generally, the model was found to be highly sensi-
tive to changes in transmissivity and leakance near
pumping centers. Away from pumping centers, the model
was only slightly sensitive to transmissivity changes but
moderately sensitive to changes in leakance (compare
mean values for head changes for all active nodes for
transmissivity and leakance in table 7).

The greatest head difference in the sensitivity anal-
ysis was for transmissivity in the Cretaceous aquifers
(group 1), where a decrease in head of more than 900 ft
occurred at one pumping node in the Black Creek aquifer
(A4) when transmissivity was reduced by 90 percent (fig.
70A). Increases in transmissivity and leakance (figs. 704
and 70B) produced smaller head changes than similar
percentage decreases in these parameters, whereas
increases in storage coefficient (fig. 70C) produced simi-
lar or sometimes greater changes in head than corre-
sponding decreases.

Results of sensitivity analyses on other subregional
models in the Northeastern Atlantic Coastal Plain were
similar to the type of model responses reported here.
Some effects of parameter changes studied in the sensi-
tivity analyses of Virginia and New Jersey were not
studied in North Carolina, such as confining-unit storage,
position of the freshwater-saltwater no-flow boundary,
boundary fluxes, and recharge (Harsh and Laczniak,
1990; Martin, 1990, in press). However, because of the
similarity of the models, similar responses might be
expected for the North Carolina model.

In New Jersey and Virginia, confining-unit storage
was shown to be important to simulation of the system
when the response of confining units is in the range of
inelastic deformation. The Virginia and New Jersey mod-
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els were not sensitive to the position of the fresh-
water-saltwater no-flow boundary. However, unlike
North Carolina, these- States have no significant pump-
age affecting areas near the freshwater-saltwater
no-flow boundary. The New Jersey model was sensitive
to boundary flux near the boundaries but was not sen-
sitive to boundary fluxes two or three nodes away from
the boundaries. The Virginia and New Jersey models’
insensitivity to recharge was similar to that for the
North Carolina flow model. Results indicate that all the
models were not sensitive to changes in recharge rate to
the surficial aquifer in transient simulations, because
streambed leakance was increased or decreased to move
more or less water into streams to balance increases or
decreases in recharge (refer to “Streambed Leakance”
section of report under “Model Input”).

HYDROLOGIC ANALYSIS OF THE AQUIFER
SYSTEM

WATER BUDGET

Most aspects of the overall ground-water flow sys-
tem have not changed significantly from predevelopment
conditions in 1900 to development conditions in 1980. The
only major change on the system during that time inter-
val has been initiation and continued increase of
ground-water withdrawals. Pumpage in North Carolina
and in nearby southeastern Virginia has altered the over-
all water budget very little, although local effects are sig-
nificant. Pumpage from large areas in North Carolina
inereased from zero before 1900 to 302 cubic feet per sec-
ond (ft3/s) (195 Mgal/d) in 1980, which is only about 1.2
percent of the average recharge to the ground-water sys-
tem of 25,708 ft3/s (table 8).

Simulation results indicate that pumpage from the
ground-water system over time is ultimately compen-
sated for largely by reduced flow to streams. Reduction
in flow to streams between 1900 and 1980 over the entire
North Carolina Coastal Plain, shown as constant-head
discharge from the system in table 8, was 297 ft3/s and,
although not large in relation to the total of the average
flow of all the Coastal Plain streams, could locally be a
significant percentage of dry-weather streamflow in
some streams.

Major changes in the amount of water withdrawn
from wells (fig. 54 and table 8) have resulted in changes
in contributions from ground-water storage as favorable
hydraulic gradients are established toward pumping cen-
ters. When these gradients are established and if there is
sufficient recharge, a new equilibrium condition will be
reached in which contributions from storage to pumpage
will be negligible. Significant withdrawals from the sand
aquifers in rocks of Cretaceous age began during 1940-
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TABLE 8.—Summary of model-computed water budgets for the ground-water flow system of the North Carolina Coastal Plain, 1960-2000

Flow rates to (+) and from (-) flow system at end of pumping period (cubic feet per second)

Pumping e Specified flux Constant head Difference
period : Change Recharge Pumping .between
in storage To system From system To system From system nflowand

outflow

Prepumping Pre-1900 0 +25,703 +10 -15.0 0 +0.5 -25,701 -25

1 January 1, 1900~ -1 +25,703 +10 -15.3 -4.7 +.5 -25,697 -3.6
December 31, 1920

2 January 1, 1921~ +.2 +25,703 +8 -15.3 -11.8 +.5 -25,688 -34
December 31, 1939

3 January 1, 1940- +4 +25,703 +8 -32.9 -16.1 +.5 -25,670 -3.5
December 31, 1945

4 January 1, 1946- +6 +25,703 +7 -184 —62.6 +15 -25,641 -4.5
December 31, 1952

5 January 1, 1953 +7 +25,703 +7 -188 -T2 +2.1 —25,627 -39
December 31, 1957

6 January 1, 1958- +6 +25,703 +7 -20.7 -125.3 +14.9 -25,688 3.1
December 31, 1964

7 January 1, 1965— +20 +25,703 +7 -34.5 -1975 +3.6 —25,504 24
December 31, 1967

8 January 1, 1968 +14 +25,703 +8 -28.8 2422 +4.0 ~25,460 -2.0
December 31, 1972

9 January 1, 1973- +14 +25,703 +8 -36.7 -275.3 +5.7 ~25,422 -33
December 31, 1977

10 January 1, 1978- +14 +25,703 +8 -36 -2%4 +5.9 -25,404 =31
December 31, 1980

Simulated year 2000 +26 +25,703 +8 -21 -531 +42.1 25,229 -19

45. At that time, contributions from storage amounted to
several cubic feet per second. During 1965-67, withdraw-
als from the Castle Hayne aquifer (A7) increased, and
storage contributions increased to 20 ft3/s. During 1968
80, the contributions from storage resulting from with-
drawals from the Castle Hayne aquifer were small as
equilibrium was again established, but increased with-
drawals elsewhere, primarily in sand aquifers in rocks of
Cretaceous age, resulted in total contributions from stor-
age of about 14 ft3/s.

Pumpage has changed ground-water movement
within the system, but change in the recharge to and dis-
charge from the system has been slight. The average
recharge rate of 25,708 ft3/s was calculated as a constant
over the simulation period. Natural discharge from the
system as base flow to streams and discharge to the
sounds decreased slightly from 25,701 to 25,404 ft3/s from
pre-1900 to 1980, a decrease of 297 ft3/s, or less than 1.2
percent of the total recharge. Pumpage was mainly sup-
plied by this diversion. The change in natural discharge
of 297 ft3/s is very close to the rate of pumping during the
1978-80 pumping period (294 ft3/s). The excess decrease
in natural discharge of 8 ft3/s is mostly due to effects of
pumpage in adjacent States, primarily Virginia.

The principal change in the ground-water flow sys-
tem of the North Carolina Coastal Plain primarily
involves vertical movement of water from one layer in
the system into another in and around those areas where
the major pumping is taking place. The changes in direc-
tion of vertical flow are shown by a series of maps pre-
sented in a following section of this report.

Loss of ground-water storage is sensitive to the rate
of pumping increase. Rate of loss of storage was greatest
(20 ft3/s) during 1965-67, when withdrawals increased an
average of about 24.1 ft3/s per year. Since then, the con-
tribution from storage has remained at 14 ft3/s as with-
drawal increases have been fairly constant, averaging
about 7.4 ft3/s.

Simulated ground-water flow across the Virginia
and South Carolina borders changed significantly from
1900 to 1980. The most dramatic change was across the
Virginia line, where 3.8 ft3/s flowed from Virginia to
North Carolina in 1900; by 1980, ground-water flow was
from North Carolina to Virginia at a rate of 24.7 ft3/s.
This change occurred in the lower Cape Fear aquifer
(A2) and, to a lesser extent, in the upper Cape Fear (A3)
and Lower Cretaceous aquifers (Al). The change results
from pumpage mainly from the lower Cape Fear aquifer

























































































































































SUMMARY AND CONCLUSIONS

SUMMARY AND CONCLUSIONS

A three-dimensional finite-difference digital flow
model was developed to simulate ground-water flow in
the Coastal Plain aquifer system of North Carolina, cov-
ering an area of 25,000 mi2, The 10-layer model was
developed from a hydrogeologic framework made up of
an alternating sequence of aquifers and confining units
that dip and thicken in the seaward direction. The model
code used was a three-dimensional finite-difference
ground-water flow model, and the modeled area was
divided into a rectangular grid for each of the 10 layers
with varied spacing representing areas ranging from
12.25 mi? to 56.25 mi2. The grid and boundary conditions
of the mathematical-numerical model were designed to
be compatible with a regional model of the entire North-
ern Atlantic Coastal Plain.

Western and eastern boundaries for each of the
model layers were treated as no-flow boundaries. The
eastern boundaries were assumed to be along lines of
equal concentrations of 10,000 mg/L of dissolved chloride.
Boundaries at the State lines, Virginia to the north and
South Carolina to the south, were specified-flux bound-
aries, the fluxes being provided by the regional model.
The upper boundary of each confined aquifer was the
bottom of its associated confining unit, which was treated
as a head-dependent flux boundary.

For the model as a whole, the upper boundary was
the layer representing streams (a constant-head bound-
ary), and the lower boundary was either bedrock or a
saltwater-bearing aquifer (no-flow boundary). The treat-
ment of the line representing the 10,000 mg/L chloride
concentration as a no-flow boundary was valid in areas
not affected by pumping, but was not valid where effects
of pumping extended to the boundary, as in parts of the
Beaufort (A6), Black Creek (A4), upper Cape Fear (A3),
lower Cape Fear (A2), and Lower Cretaceous (Al) aqui-
fers. In these areas, the model will tend to predict
greater drawdown than would actually occur.

Model input consisted of transmissivity and storage
coefficient of the aquifers, confining-unit and streambed
leakance, ground-water recharge, water-table and
stream-surface altitudes, boundary-flux rates, and pump-
age. For transient simulations, 10 pumping periods start-
ing in 1900 and running through 1980 were used.
Pumping periods ranged in length from 21 years (first
pumping period) to 3 years (last pumping period).

A number of calibration simulations were made for
the purpose of testing how well the model was able to
reproduce measured water levels and as an aid to indi-
cate where adjustments to model parameters were
needed. The primary parameters adjusted were leakance
of the confining units and, to a lesser extent, transmissiv-
ity of the aquifers.
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During the calibration procedures, about 240 com-
puted hydrographs were compared with observed hydro-
graphs. Also, computed potentiometric surfaces for
various pumping periods were checked with actual
water-level data. Adjustments to model parameters
were made after careful consideration of whether the
adjustments could be justified based on data on the
hydrogeologic and ground-water flow systems. The larg-
est changes were in estimates of leakance of confining
units and were considered reasonable because the initial
values of this parameter were known with less certainty
than any other parameters.

For the calibrated model, the maximum transmissiv-
ity was about 200,000 ft2/d in a part of the Castle Hayne
aquifer (A7). The smallest vertical hydraulic conductivity
of a confining unit for the calibrated model was about
4.1x1076 ft/d in a part of the lower Cape Fear confining
unit. Simulations indicate that a barrier to flow exists in
the vicinity of a landward reentrant of water containing
10,000 mg/L of dissolved chloride in the upper and lower
Cape Fear aquifers (A3 and A2) over the Cape Fear arch
in the Wilmington area. The barrier is probably the cause
of the high hydraulic heads in these two aquifers south-
west of the arch in southeastern North Carolina and
northeastern South Carolina. The nature of the barrier
needs further research but is likely due either to dimin-
ished hydraulic conductivity in the area or to the pres-
ence of salty water, or both.

The relatively large block size made it difficult to
accurately simulate the configuration of the water table
in the Sand Hills area. Thus, the model is probably less
accurate in this area than in any other area in the North
Carolina Coastal Plain.

Sensitivity analysis indicated that the model is espe-
cially sensitive to changes in transmissivity in areas
where pumping occurs, but regionally the model is more
uniformly sensitive to leakance through the confining
units. Sensitivity of the model to changes in storage coef-
ficient of the confined aquifers is slight and, as with
transmissivity, is greatest near the pumping eenters.

Under predevelopment (1900) conditions, average
recharge from precipitation to the surficial aquifer varied
areally from about 12 in/yr in areas with clay soils to 20
infyr in areas with sandy soils. Most of this moved
directly to streams and only about 1 in/yr moved down-
ward into the confined aquifer system. Generally,
recharge to the confined aquifer system took place
mostly in updip interstream areas, and discharge
occurred in streams and stream valleys and in downdip
coastal areas. Hydrologic analysis of the aquifer system
based on simulations indicates that the overall water
budget has changed little from predevelopment condi-
tions in 1900 to development conditions in 1980. Pumpage
from large users increased from zero to 302 ft3/s during
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that period, which amounts to about 1.2 percent of the
recharge to the ground-water system of 25,708 ft3/s. Sim-
ulation results indicate that water lost to the aquifer sys-
tem through pumping is largely offset by reductions in
base flow of streams and, to a lesser extent, by reduc-
tions in aquifer storage. By 1980, contribution from aqui-
fer storage was about 14 ft3/s, or about 4.8 percent of
pumpage.

Although the effect of pumping on the overall water
budget is relatively small, water levels in the North
Carolina Coastal Plain aquifer system have declined dra-
matically in parts of some aquifers since 1900 (more than
1385 ft in some locations) due to pumping stresses. The
three principal areas of long-term decline in water level
are in the Lower Cretaceous (Al) and lower Cape Fear
(A2) aquifers in northeastern North Carolina in response
to withdrawals at Franklin, Va.; in the lower Cape Fear
(A2), upper Cape Fear (A3), and Black Creek (A4) aqui-
fers in the ecentral North Carolina Coastal Plain, where
pumping occurs at several sites; and in the Beaufort (A6)
and Castle Hayne (A7) aquifers in Beaufort County,
where there are large withdrawals for open-pit phos-
phate mining and chemical manufacturing.

Since 1900, water levels have declined less than 10 ft
in the surficial (A10) and Yorktown (A9) aquifers; this is
also true of the updip parts of most of the other aquifers
where major withdrawals were not occurring in 1980.
Simulations to the year 2000 with a 8-percent annual
increase in withdrawals at 1980 pumping locations gave
virtually the same results as the 1980 simulations of the
same two shallow aquifers and updip parts of the other
aquifers. The year 2000 simulations indicated significant
local water-level declines in lower confined aquifers, but
on a cell basis, not below the tops of the aquifers.

Directions of vertical flow through confining units
have been altered in many areas since 1900. In 1900, ver-
tical ground-water flow through confining units was gen-
erally downward in interstream areas and upward in
major stream valleys and in coastal areas. Ground-water
pumpage substantially altered that pattern in several
areas. The most widespread change caused ground water
to move downward into pumped aquifers in areas where
it had moved upward in predevelopment times. By 1980,
areas of downward movement commonly occurred in
major stream valleys. Areas of downward movement also
extended farther coastward in 1980 than in 1900 in con-
fining units overlying extensively developed aquifers.
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