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between simulated and measured water levels, and the simu-
lated and estimated advective travel time. These observations 
were weighted, as described by Hill (1998), to account for the 
greater accuracy in the measured water levels and lesser accu-
racy in the estimated advective travel time. The four most sen-
sitive parameters (HK_High, HK_Average, HK_ScarpA, and 
RECH) were estimated using the parameter-estimation process 
in MODFLOW-2000. The two least sensitive parameters, 
HK_ScarpB and the ratio of horizontal to vertical hydraulic 
conductivity (VANI), were calibrated manually during the cal-
ibration process.

Overall, simulated water levels (fig. 14) agree reasonably 
well with measured water levels (fig. 7). Water levels were 
available for comparison at 68 wells. The root mean square 
error (RMSE) was calculated to compare simulated and mea-
sured water levels. The RMSE, in feet, is calculated by 

(1)

where
N is the number of observations;

hi
m is the measured water level, in feet; and

hi
c is the simulated water level, in feet.
The RMSE for water levels is 1.1 ft. The average differ-

ence between measured and simulated water levels for the cali-
bration model simulation is 0.04 ft. Sixty-two percent of the 
simulated water levels are within 1 ft of the observed water lev-
els and 96 percent are within 2 ft. The errors or residuals in sim-
ulated water levels show no significant spatial pattern; however, 
in a small area in the southeastern corner of the model, simu-
lated water-levels tended to be consistently higher than 
observed water levels.

Calibrated horizontal hydraulic conductivities for the 
AOC A flow model range from 1.2 to 65 ft/d (table 4). These 
values are comparable to measured values from well hydrau-
lic tests (Robinson and others, 1997, table 3; Ensafe, Inc., writ-
ten commun., 2000). Calibrated transmissivities for layer 1 vary 
from 7.9 to 430 ft2/d (fig. 15) with an average of 110 ft2/d and 
a median of 61 ft2/d. The highest transmissivities in layer 1 are 
in the northwestern part of the model area where a thick section 
of the alluvial-fluvial deposits aquifer coincides with higher 
than average hydraulic-conductivity values. Calibrated trans-
missivities for layer 2 vary from 7.9 to 870 ft2/d (fig. 16) with 
an average of 220 ft2/d and a median of 120 ft2/d. Calibrated 

transmissivities for layer 3 vary from 7.9 to 1,700 ft2/d (fig. 17) 
with an average of 430 ft2/d and a median of 240 ft2/d. The cal-
ibrated hydraulic conductivities used in this model are greater 
than the conductivities used by Robinson and others (1997) for 
the basewide flow model. The higher calibrated values for the 
AOC A model are the result of data collected from additional 
wells and the EnSafe, Inc., aquifer test that indicates hydraulic 
conductivities of the alluvial-fluvial deposits aquifer at AOC A 
are higher than the value of about 5 ft/d assumed to be represen-
tative of this aquifer by Robinson and others (1997). Addition-
ally, the areal and vertical distribution of hydraulic conductivi-
ties at AOC A are now better understood on the basis of 
additional data collected since 1997.

The ratio of horizontal to vertical hydraulic conductivity 
(VANI) for the calibrated AOC A flow model is 100. This ratio 
is supported by horizontal and vertical hydraulic-conductivity 
data presented in Robinson and others (1997, tables 2 and 3).

The AOC A flow model calibrated recharge rate is 
1.82 in/yr. This recharge rate is higher than the natural recharge 
rate of 0.32 in/yr used in the basewide ground-water model by 
Robinson and others (1997). The basewide model also included 
anthropogenic recharge in some areas at rates between 0.67 and 
1.8 in/yr. The AOC A area, however, had no anthropogenic 
recharge applied in the basewide model. Differences in these 
recharge rates are discussed in the section “Model Limitations.” 
This recharge rate of 1.82 in/yr results in a ground-water flux of 
0.31 ft3/s through the model. This is the total flux through the 
model because recharge is the only source of water for the 
model. All water leaves the model through the constant-head 
boundary near the northwestern edge of the model area.

Many of the estimated parameters for the calibrated AOC 
A flow model show high correlation coefficients (table 5). 
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Table 3. Relation between hydraulic conductivity parameters and hydraulic conductivity by layers 
for the Area of Concern A flow model, Naval Support Activity Mid-South

Hydraulic conductivity zone

HK_Average HK_High HK_ScarpA HK_ScarpB

Layer 1 0.25 * HK_Average 0.25 * HK_High HK_ScarpA HK_ScarpB

Layer 2 0.5 * HK_Average 0.5 * HK_High HK_ScarpA HK_ScarpB

Layer 3 HK_Average HK_High HK_ScarpA HK_ScarpB

Table 4. Calibrated hydraulic conductivities of the Area of Concern A 
flow model, Naval Support Activity Mid-South

Calibrated hydraulic conductivity, in feet per day

HK_Average HK_High HK_ScarpA HK_ScarpB

Layer 1 3.6 16 1.2 8.0

Layer 2 7.3 32 1.2 8.0

Layer 3 15 65 1.2 8.0
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When parameters are correlated, the parameter-estimation pro-
cess may not have enough information to estimate parameters 
individually and may estimate only the ratio or sums of param-
eters. To determine if the parameters were uniquely estimated, 
the parameter estimation was run from several different sets of 
starting parameter values. In each case, the regression con-
verged to the same final values. This result indicates that the 
final values probably were estimated individually. Testing dur-
ing model calibration indicates that without the advective-flow 
observation, parameters could not have been estimated individ-
ually.

Sensitivity Analysis

Composite scaled sensitivities were calculated for the cal-
ibrated AOC A flow model by using the sensitivity process in 
MODFLOW-2000 for all the hydraulic-conductivity and 
recharge parameters (fig. 18). Hill and others (2000) describe 
how sensitivities can be calculated for any of the model param-
eters discussed by Harbaugh and others (2000). Composite 
scaled sensitivities can be used to compare the importance of 
different parameters to the calculation of model simulated water 
levels and flows (Hill, 1998). Parameters with greater 
composite sensitivities have greater importance and 
influence on the model solution. The most sensitive 
parameter in the AOC A flow model is the recharge rate 
(RECH). The next most sensitive parameter is the 
hydraulic conductivity for the average zone 
(HK_Average), followed by the hydraulic conductivity 
for the high zone (HK_High). The model is least sensi-
tive to the hydraulic conductivity in the scarp area 
(HK_ScarpA and HK_ScarpB) and the ratio of horizon-
tal to vertical hydraulic conductivity (VANI).

Model Limitations

The AOC A flow model is calibrated as a steady-
state model to water levels measured in the study area in 
February and March 2000. These measurements are 
assumed to be representative of long-term average condi-
tions; however, not enough long-term water-level data 

exist for the study area to define the actual long-term average 
conditions. The flow paths investigated in the study area are 
estimated to be about 40 years old, but continuous water-level 
data are available for only about 9 years at well Sh:U-101 
screened in the fluvial deposits at AOC A (fig. 8). If conditions 
in the aquifer have changed significantly over the past 40 years, 
the model flow field may not be representative of long-term 
conditions in the aquifer. The hydrograph shows no obvious 
trends, increasing or decreasing, in water levels for the period 
of record. Overall, water levels for the February and 
March 2000 map are about 3 ft lower than the average of the 
water levels for April and October 1996 that were used by Rob-
inson and others (1997) to calibrate the basewide model, but the 
horizontal gradients across the study area are similar. Therefore, 
the assumption that the aquifer is at steady state is considered 
adequate to investigate flow paths within the study area.

The AOC A model is consistent with the current concep-
tual model of ground-water flow and assumed boundary condi-
tions. However, the model, by necessity, is a simplified approx-
imation of the actual ground-water system at AOC A. For 
example, the model simulates known variations in hydraulic 
conductivity, both areally and with depth, by using four 
hydraulic-conductivity zones and three layers, but this repre-
sentation of the aquifer still is a simplification of the actual spa-
tial variations and patterns of aquifer properties. Similarly, the 
model uses a uniform recharge rate to simulate water leakage 
through the loess. The actual recharge rate probably varies spa-
tially, but the processes that control water movement through 
the loess are poorly understood; therefore, the spatial pattern of 
recharge was assumed to be uniform. Additionally, the model 
cannot provide simulations on a scale finer than the grid resolu-
tion.

The model provides a reasonable match to measured water 
levels and gradients (figs. 7 and 14), but no independent check 
on the model flux (recharge or discharge) is available. This lack 
of an independent check on model flux is the most important 
limitation of the flow model. Robinson and others (1997, 

Table 5. Correlation coefficients between estimated parameters of 
the Area of Concern A flow model, Naval Support Activity Mid-South

Estimated 
parameters

Correlation coefficients

RECH HK_High HK_Average HK_ScarpA

RECH 1.00

HK_High 0.97 1.00

HK_Average 0.98 0.91 1.00

HK_ScarpA 0.98 0.95 0.96 1.00
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p. 45-46) clearly explain this limitation with the basewide 
model. With no independent measurement of the recharge flux, 
any constant ratio of recharge flux and hydraulic conductivity 
will produce the same simulated potentiometric surface. There-
fore, in both of these models, the calibrated value of recharge is 
directly dependent on the values and distribution of hydraulic 
conductivity. This explains why the AOC A model presented in 
this report has a higher value of recharge (1.82 in/yr) than that 
used for the AOC A area of the basewide model (0.32 in/yr) of 
Robinson and others (1997). The basewide model assumed a 
constant hydraulic conductivity of about 5 ft/d for the alluvial-
fluvial deposits aquifer based on the aquifer test conducted 
south of the western end of the airfield apron. Additional data 
and well tests indicated that the hydraulic conductivity in parts 
of the alluvial-fluvial deposits aquifer at AOC A is higher than 
5 ft/d. The basewide model underestimated the hydraulic con-
ductivity at AOC A and therefore underestimated the recharge 
rate. Given that the hydraulic-conductivity values and distribu-
tion have been better defined at AOC A since 1997, the cali-
brated recharge rate of 1.82 in/yr should be a more realistic esti-
mate of recharge for the area, but this estimate still is limited by 
the confidence in the hydraulic-conductivity data.

The advective-flow observation helps overcome the lack 
of ground-water flux data and allows the conductivity and 
recharge parameters to be estimated individually. Although the 
mapped contaminant plume clearly defines the advective flow 
path, the estimate of the advective travel time is uncertain. The 
exact time when the contaminants were released to the aquifer 
is unknown. Other factors such as dispersion, retardation, and 
degradation affect travel times, causing the contaminants to 
move faster or slower than the ground water. An advective 
travel time of 40 years used to calibrate the AOC A model is 
consistent with all known data and results in estimates of 
parameters that are within expected ranges. If the advective 
travel time is actually 30 years, then the model would converge 

to higher parameter values for hydraulic conductivity and 
recharge, but the ratio of conductivity to recharge remains con-
stant. Similarly, if the advective travel time is actually 50 years, 
then the model would converge to lower parameter values for 
hydraulic conductivity and recharge (table 6).

Advective Flow Particle Tracking

Ground-water-flow paths were simulated from two sites at 
AOC A suspected as being contaminant-plume source areas. 
The sites simulated as source areas are the “grassy area” and the 
“north edge of apron” (fig. 19). MODPATH, a particle-tracking 
program (Pollock, 1994), was used to simulate ground-water-
flow directions and times-of-travel from these areas. The 
particle-tracking analysis does not account for physical and 
chemical processes such as dispersion, sorption, or degradation 
that would cause dissolved contaminants to move at velocities 
different from the average ground-water velocity. A contami-
nant plume, as the result of dispersion, also would spread out 
more than the advective flow paths indicated. A uniform effec-
tive porosity of 25 percent was assumed for the particle-track-
ing analysis conducted for this study (Robinson and others, 
1997). The flow paths indicated by the particle tracking (fig. 19) 
agree reasonably well with the interpreted maps of TCE plumes 
(fig. 3). The time-of-travel plots show that travel times from the 
north edge of the apron area source to the model boundary are 
faster than travel times from the grassy area source to the same 
boundary. Particles originating at the north edge of the apron 
area source enter the high hydraulic conductivity zone of the A1 
aquifer sooner than particles originating from the grassy area 
source, which decreases their travel time to the boundary. This 
simulation illustrates how the distribution of hydraulic conduc-
tivities can affect travel times.

Table 6. Estimated parameter values using alternate advective 
travel times, Area of Concern A flow model, Naval Support 
Activity Mid-South

Parameter
Advective travel times

30 years 40 years 50 years

RECH (inches) 2.47 1.86 1.49

HK_High (feet/day) 86.3 65.0 52.0

HK_Average (feet/day) 19.3 14.6 11.6

HK_ScarpA (feet/day) 1.57 1.17 0.929
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Summary and Conclusions

Naval Support Activity (NSA) Mid-South is a Department 
of the Navy base located in Millington, Tennessee. During envi-
ronmental investigations at the base, plumes of dissolved chlo-
rinated solvents resulting from past aircraft maintenance and 
training operations were identified in shallow ground water 
beneath the airfield area. The area containing the plumes has 
been designated as Area of Concern (AOC) A. Chlorinated sol-
vents, primarily trichloroethene, are the principal contaminants 
in the ground water at AOC A. The nature and extent of the pri-
mary plumes at AOC A were addressed during a Resource Con-
servation and Recovery Act (RCRA) Facility Investigation 
(RFI), and selected options for remediation currently (2004) are 
being implemented under a corrective action program.

Geologic units of primary importance to hydrogeologic 
investigations conducted under the RFI at AOC A include the 
alluvium, loess, fluvial deposits, and Cockfield Formation. Sat-
urated and hydraulically connected sections of the lower, 
coarse-grained part of the alluvium and the fluvial deposits con-
stitute the alluvial-fluvial deposits aquifer, the primary part of 
the shallow aquifer at NSA Mid-South. Within the AOC A 
study area, the alluvial-fluvial deposits aquifer is interpreted as 
comprising only the fluvial deposits because the coarse-grained 
lower part of the alluvium is absent beneath the middle and 
upper reaches of the alluvial valleys of North Fork Creek and its 
tributary Lateral A located in the western part of the area. The 
upper, fine-grained sections of the alluvium and loess generally 
retard recharge to and serve as the upper confining unit for the 
alluvial-fluvial deposits aquifer, and clay in the Cockfield For-
mation and underlying Cook Mountain Formation serve as the 
lower confining unit for the aquifer and the upper confining unit 
for the Memphis aquifer. Discontinuous saturated sand lenses 
are present locally in the Cockfield Formation and constitute the 
Cockfield aquifer. Within the AOC A study area, the alluvial-
fluvial deposits and Cockfield aquifers are interpreted as 
hydraulically connected across an erosional scarp in the Cock-
field Formation located in the northern part of the area.

Recent investigations at and near the facility have pro-
duced new data prompting updates to two USGS reports pub-
lished in 1997. The updates consist primarily of (1) refinements 
to geologic structure maps presented in the 1997 reports that 
show the altitude of the base of the loess or silt and clay in the 
upper alluvium, and the altitude of the base of sand and gravel 
in the lower alluvium or fluvial deposits at AOC A on the basis 
of data collected from new wells at on- and off-base locations; 
(2) additional hydraulic-conductivity data for the alluvial-
fluvial deposits aquifer at AOC A from a multiple-well, 24-hour 
constant-rate-withdrawal aquifer test conducted by EnSafe, 
Inc., in 1999; and (3) construction of a potentiometric-surface 
map of the A1 aquifer for the northern part of the NSA Mid-
South area for February and March 2000 water-level condi-
tions. As part of the study, the USGS also developed and cali-
brated a numerical ground-water-flow model of AOC A.

A steady-state model of the shallow aquifer at AOC A was 
constructed and calibrated to conditions of February and March 

2000. Following model calibration, a particle-tracking simula-
tion was used to analyze ground-water-flow paths and time-of-
travel from selected locations suspected as being contaminant 
source areas within AOC A. The modeled aquifer, designated as 
the A1 aquifer for a previous modeling study at NSA Mid-
South, consists of the alluvial-fluvial deposits aquifer within 
most of the modeled area and the upper part of the Cockfield 
aquifer in the scarp area and to the northeast. The A1 aquifer in 
this study was divided into three layers to simulate vertical vari-
ations in lithology and hydraulic conductivity in the fluvial 
deposits. Horizontal hydraulic conductivity of the alluvial-
fluvial deposits aquifer at AOC A increases with depth; there-
fore, in areas where the A1 aquifer consists of the alluvial-
fluvial deposits aquifer, layer 1 has the lowest hydraulic con-
ductivity and layer 3 has the highest hydraulic conductivity. In 
the scarp area and to the northeast, where the alluvial-fluvial 
deposits are unsaturated and the A1 aquifer consists of the upper 
part of the Cockfield aquifer, hydraulic conductivity is assumed 
to be constant with depth. Recharge to the modeled aquifer 
occurs as leakage from the overlying loess. Ground water does 
not discharge to streams or springs anywhere in the model area. 
Ground water leaves the modeled area through a constant head 
boundary at the 225-ft potentiometric contour that defines a 
depression in the potentiometric surface in the alluvial-fluvial 
deposits aquifer. This constant-head boundary is near an area 
where the alluvial-fluvial deposits aquifer thickens and the 
Cockfield Formation thins. Downward leakage of water locally 
occurs from the alluvial-fluvial deposits aquifer through the 
Cockfield and Cook Mountain confining units and is indicated 
by observed water levels in the alluvial-fluvial deposits aquifer 
in this depression that are approximately equal in altitude to 
water levels in the Memphis aquifer in this area.

The model developed for this study was calibrated to 
steady-state conditions as defined by the potentiometric-surface 
map for February and March 2000. The model was calibrated to 
observed water levels and measured hydraulic-conductivity 
values. To provide additional information to help calibrate the 
model, an advective-flow observation was added. Overall, sim-
ulated water levels agree reasonably well with measured water 
levels. Water levels were available for comparison at 68 wells. 
The RMSE for water levels is 1.1 ft. The average difference 
between measured and simulated heads for the calibrated model 
is 0.04 ft.

Calibrated horizontal hydraulic conductivities for the 
AOC A flow model range from 1.2 to 65 ft/d. The calibrated 
hydraulic conductivities used in the AOC A model are greater 
than the value of 5.3 ft/d used for the “basewide” model of NSA 
Mid-South calibrated in 1996. The higher calibrated values for 
the AOC A model are the result of data from the 1999 aquifer 
test that indicate hydraulic conductivities in parts of the allu-
vial-fluvial deposits aquifer at AOC A are higher than previ-
ously determined.

The AOC A flow model calibrated recharge rate is 
1.82 in/yr. This recharge rate is higher than the natural recharge 
rate of 0.32 in/yr used in the basewide ground-water model. The 
higher recharge rate also is the result of hydraulic conductivity 
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values being higher in the AOC A study area than previously 
determined.

The model provides a reasonable match to measured water 
levels and gradients, but no independent check on the model 
flux (recharge or discharge) is available. This lack of an inde-
pendent check on model flux is the most important limitation of 
the flow model. With no independent measurement of the 
recharge flux, any constant ratio of recharge flux and hydraulic 
conductivity will produce the same simulated potentiometric 
surface. Given that the hydraulic conductivity values and distri-
bution have been better defined within AOC A, the calibrated 
recharge rate of 1.82 in/yr should be a more realistic estimate of 
recharge for the area, but this estimate still is limited by the con-
fidence in the hydraulic-conductivity data. 

Many of the estimated parameters for the calibrated AOC 
A flow model show high correlation coefficients. Testing dur-
ing model calibration indicates that without the advective-flow 
observation, parameters could not have been estimated individ-
ually. The advective-flow observation helps overcome the lack 
of ground-water flux data and allows the hydraulic conductivity 
and recharge parameters to be estimated individually. The most 
sensitive parameter in the AOC A flow model is the recharge 
rate (RECH). The next most sensitive parameter is the hydraulic 
conductivity for the average zone (HK_Average), followed by 
the hydraulic conductivity for the high zone (HK_High). 

Ground-water-flow paths were simulated from two sus-
pected contaminant-plume source areas at AOC A. The sites 
simulated as source areas are the “grassy area” and the “north 
edge of apron” area. The flow paths indicated by the particle 
tracking agree reasonably well with the interpreted maps of 
TCE plumes. The time-of-travel plots show that travel times 
from the north edge of the apron source to the model boundary 
are faster than travel times from the grassy area source to the 
same boundary.
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