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CONVERSION FACTORS, VERTICAL DATUM, AND WELL-NUMBERING SYSTEM

Multiply By To obtain
inch (in.) 25.4 millimeter
inch per year (in/yr) 254 millimeter per year
foot (ft) 0.3048 meter
foot per day (ft/day) 0.3048 meter per day
foot per year (ft/yr) 0.3048 meter per year
mile (mi) 1.609 kilometer
acre 0.4047 square hectometer
square foot (ftz) 0.0929 square meter
square mile (miz) 2.59 square kilometer
cubic foot per second (ft*/s) 0.02832 cubic meters per second
cubic foot per day (f3/d) 0.02832 cubic meter per day
gallons per minute (gal/min) 0.06308 liter per second

Temperature in degrees Fahrenheit (°F) can be converted to degrees Celsius as follows: °C = 5/9 x (°F - 32)

Transmissivity: In this report transmissivity is expressed as foot squared per day (fi%/d)—The standard unit for transmissivity (T) is cubic
foot per day per square foot times foot of aquifer thickness “[(ft3/d)/ft2]ft” or cubic meters per day per square meter times meter of aquifer
thickness “[(m3/d)/m2]m.” These mathematical expressions reduce to foot squared per day “ft>/d” or meter squared per day “m%/d.”

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929—a geodetic datum derived from a general
adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Tennessee District well-numbering system: Wells in Tennessee are identified according to the numbering system that is used by the U.S.

Geological Survey, Water Resources Division. The well number consists of three parts:

(1) an abbreviation of the name of the county in which the well is located;

(2) aletter designating the 7 1/2-minute topographic quadrangle on which the well is plotted; quadrangles are lettered from left to right
across the county beginning in the southwest corner of the county; and

(3) a number generally indicating the numerical order in which the well was inventoried.

For example, Sh:U-99 indicates that the well is located in Shelby County on the “U” quadrangle and is identified as well 99 in the

numerical sequence.

ACRONYMS AND DEFINITIONS

AOC Area of Concern

BRAC Base Closure and Realignment

GWSI Ground Water Site Inventory data base

MODFLOW U.S. Geological Survey modular three-dimensional finite-difference ground-water-flow model
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modular three-dimensional finite-difference ground-water-flow model

MODPLOT A computer program to display ground-water-flow paths computed by the computer program MODPATH

NSA Naval Support Activity

RCRA Resource Conservation and Recovery Act

RMSE Root mean square error

SSE Sum of squares error

SWMU Solid Waste Management Unit

USGS U.S. Geological Survey
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Hydrogeologic Framework and Simulation of
Ground-Water Flow and Travel Time in the
Shallow Aquifer System in the Area of Naval
Support Activity Memphis, Millington, Tennessee

By James L. Robinson, John K. Carmichael, Keith J. Halford, and David E. Ladd

Abstract

Naval Support Activity (NSA) Memphis is
a Department of the Navy facility located at the
City of Millington, Tennessee, about 5 miles
north of Memphis. Contaminants have been
detected in surface-water, sediment, and ground-
water samples collected at the facility. As part of
the Installation Restoration Program, the Navy is
considering remedial-action options to prevent or
lessen the effect of ground-water contamination at
the facility and to control the movement and dis-
charge of contaminants. A numerical model of the
ground-water-flow system in the area of NSA
Memphis was constructed and calibrated so that
quantifiable estimates could be made of ground-
water-flow rates, direction, and time-of-travel.

The sediments beneath NSA Memphis, to a
depth of about 200 feet, form a shallow aquifer
system. From youngest to oldest, the stratigraphic
units that form the shallow aquifer system are
alluvium, loess, fluvial deposits, and the Cock-
field and Cook Mountain Formations. The shallow
aquifer system is organized into five hydrogeologic
units: (1) a confining unit composed of the rela-
tively low permeability sediments of the upper
alluvium and the loess; (2) the A1l aquifer com-
prising sand and gravel of the lower alluvium and
the fluvial deposits, and sand lenses in the upper
part of the preserved section of the Cockfield For-
mation; (3) a confining unit composed of clay and
silt within the upper part of the Cockfield Forma-
tion; (4) the Cockfield aquifer comprising sand
lenses within the lower part of the preserved sec-
tion of the Cockfield Formation; and (5) a confin-
ing unit formed by low permeability sediments of
the Cook Mountain Formation that composes the

upper confining unit for the Memphis aquifer.
Thicknesses of individual units vary considerably
across the facility. Structural and depositional fea-
tures that affect the occurrence of ground water in
the shallow aquifer system include faulting, an
erosional scarp, and “windows” in the confining
units. Underlying the shallow aquifer system is
the Memphis aquifer, the primary source of water
for NSA Memphis and the City of Mempbhis,
Tennessee.

Analyses of sediment cores, aquifer and
well specific-capacity tests, and numerical model-
ing were used to estimate the hydraulic character-
istics of units of the shallow aquifer system. The
vertical hydraulic conductivity of core samples of
the alluv1um-loess conﬁnm g unit ranged from about
8.5 107 to 1.6 x 10”2 feet per day, and the total
porosity of the samples ranged from about 35 to
48 percent. The results of the aquifer test were
used to estimate a horizontal hydraulic conductiv-
ity of about 5 feet per day for the alluvial-fluvial
deposits aquifer. The total porosity of core sam-
ples of the alluvial-fluvial deposits aquifer ranged
from about 22 to 39 percent. The vertical hydrau-
lic conductivity of core samples of the Cockﬁeld
conﬁmn% unit ranged from about 4.5 x 107 to
2.5 x 107 feet per day, and the total porosity
ranged from about 41 to 55 percent. Well specific-
capacity tests indicate that the horizontal hydrau-
lic conductivity of sand units that compose the
Cockfield aquifer range from about 0.5 to 3 feet
per day. The vertical hydraulic conductivity of
core samples of the Cook Mountam conﬁnmg unit
ranged from about 5.0 x 100 t0 9.9 x 10" feet per
day. Total porosity of core samples of the Cook
Mountain confining unit ranged from about 30 to
42 percent.
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Ground-water flow and time-of-travel in the
shallow aquifer system were simulated using the
MODFLOW finite-difference model and the
particle-tracking program MODPATH. A three-
layer, steady-state model of the shallow aquifer
system was constructed and calibrated to the
potentiometric surface of the Al aquifer. Results
of numerical modeling support the proposed con-
ceptual hydrogeologic model of the shallow aqui-
fer system. Ground-water time-of-travel in the
Al aquifer was simulated using an assumed effec-
tive porosity of 25 percent. Typical ground-water-
flow velocities were on the order of 15 to 25 feet
per year in the layer representing the Al aquifer
in the model. The average residence time of parti-
cles seeded in this layer was about 800 years.

Ground-water travel times were simulated
at three sites within the A1 aquifer: (1) the former
N-6 hangar location, (2) the “grassy” area near
Solid Waste Management Unit 7, and (3) at Solid
Waste Management Unit 2. Results indicate close
agreement between the particle-tracking simula-
tions and the measured extent of contaminant
plumes at the former N-6 hangar area and the
grassy area near Solid Waste Management Unit 7.
Based on the results of particle-tracking analyses
of ground-water flow and the estimated locations
of contaminant plumes at these two sites, the
potential for contaminants to reach the Mempbhis
aquifer in the next 100 years is negligible. How-
ever, particle-tracking analysis of ground-water
flow at Solid Waste Management Unit 2 suggests
that the time-of-travel of contaminants to Big
Creek Drainage Canal could be less than 30 years.

INTRODUCTION

Naval Support Activity (NSA) Memphis, for-
merly Naval Air Station Memphis, is a Department of
the Navy (Navy) facility located at Millington, Ten-
nessee (fig. 1). NSA Memphis encompasses about
3,490 acres (Kingsbury and Carmichael, 1995) and is
divided into northern and southern complexes by
Navy Road (fig. 2). Major operational areas include an
airfield, former training facilities, and a hospital in the
“Northside” area, and former housing and training
facilities in the “Southside” area. The Northside area
is undergoing transfer to the city of Millington, and the
Southside is being realigned to become the site of the
Navy’s Bureau of Personnel under the Base Closure
and Realignment Act (BRAC) of 1990.

Past operations at NSA Memphis have contami-
nated the soil, shallow ground water, and surface water
locally. Sixty-seven Solid Waste Management Units
(SWMU'’s) and one Area of Concern (AOC) have
been identified at the facility. The SWMU’s and AOC
are under investigation as part of the Resource Conser-
vation and Recovery Act (RCRA) Corrective Action
Program. The objective of the Corrective Action Pro-
gram is to obtain information to fully characterize the
nature and extent of the contaminants and determine
appropriate corrective measures. As part of a coopera-
tive investigation with the Navy at NSA Memphis, the
U.S. Geological Survey (USGS) and EnSafe (formerly
EnSafe/Allen and Hoshall), Memphis, Tennessee,
have collected environmental data at many of the
SWMU’s and the AOC, including 13 SWMU’s (fig. 2),
requiring RCRA Facility Investigations under the Cor-
rective Action Program (Carmichael and others, 1997).

The Navy seeks to determine if contaminants in
the shallow ground-water system may move through
the subsurface or into nearby creeks, reaching other
parts of NSA Memphis or to off-base property. As part
of the U.S. Department of Defense Installation Resto-
ration Program, the Navy is considering remedial-
action options to control the movement of contami-
nants at NSA Memphis. Numerical simulation of
ground-water-flow systems is a quick and cost effec-
tive way to evaluate the potential for migration of con-
taminants through the subsurface, into surface-water
drainages, or into sources of public water supply.
Thus, in 1995, the USGS began constructing a numer-
ical ground-water-flow model of the shallow aquifer
system beneath NSA Memphis and the surrounding
area as part of the cooperative hydrogeological inves-
tigation with the Navy.

Purpose and Scope

This report presents the results of a study con-
ducted from 1995 through 1997 to simulate ground-
water flow over an area of about 30 square miles (miz)
that includes all of the Southside and most of the
Northside areas of NSA Memphis (fig. 3). Data pre-
sented in this report include ground-water level mea-
surements, the results of test drilling, borehole
geophysical surveys, sediment-core analyses, and an
aquifer and well specific-capacity test. A description
of the development and calibration of a numerical
model used to simulate the flow of ground water at
NSA Memphis is presented. The calibrated numerical
model and an advective-flow particle-tracking pro-
gram were used to estimate ground-water-flow direc-
tion, time-of-travel, and to evaluate the potential for
migration of contaminants.

2  Hydrogeologic Framework and Simulation of Ground-Water Flow and Travel Time in the Shallow
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units at NSA Memphis were determined by Car-
michael and others (1997). Analyses of 45 sediment
cores retrieved during well installation and test boring
provided information on the stratigraphic and litho-
logic characteristics (table 2) of the sediments under-
lying NSA Memphis. One constant-withdrawal
aquifer test and 23 well specific-capacity tests were
performed in 18 wells at NSA Memphis to determine
the hydraulic characteristics of aquifers and confining
units (table 3). Water levels were measured in 67 wells
(fig. 3) during synoptic surveys in April and October
1996 (table 4), and continuous water-level measure-
ments were obtained in 3 wells from May 1995
through September 1996 (fig. 6).

Alluvium-Loess Confining Unit

In the NSA Memphis area, alluvium underlies
the alluvial plains of streams, and loess is the near sur-
face unit in upland areas (Carmichael and others,
1997). The alluvium generally consists of 10 to 30 feet
of silt and clay in the valleys of the minor streams. In
the valleys of the principal streams, the alluvium is
generally thicker and consists of 10 to 30 feet of silt
and clay in the upper part and 15 to 40 feet of sand and
gravel in the lower part. The vertical hydraulic con-
ductivity of six samples of silt and clay from the upper
part of the alluvium (table 2) ranged from about
1.5x 107 to 1.4 x 10”2 feet per day (f/d), and the total
porosity of the samples ranged from 38 to 48 percent.
The loess consists of 15 to 45 feet of silt and clay. The
vertical hydraulic conductivity of 12 loess samples
ranged from 8.5 x 107 to0 1.6 x 1072 ft/d (table 2). Total
porosity of the loess samples ranged from 35 to 45 per-
cent. Together, these sediments overlie and confine the
alluvial-fluvial deposits aquifer (Carmichael and
others, 1997).

Alluvial-Fluvial Deposits Aquifer

The alluvial-fluvial deposits aquifer consists of
sand and gravel in the lower part of the alluvium
beneath the flood plains of the principal streams, and
sand and gravel of the fluvial deposits in upland areas.
The sand and gravel of the lower part of the alluvium
is about 10 feet thick on the south side of the Big
Creek Drainage Canal, but the alluvium may have a
thicker section of sand and gravel in the area where
Big Creek flowed before channelization (Carmichael
and others, 1997). Sand and gravel in the lower part of

the alluvium locally is in hydraulic connection with
the fluvial deposits and is part of the alluvial-fluvial
deposits aquifer. Permeable sands and gravels at the
base of the alluvium generally are semiconfined to
confined by fine-grained sediments of the overlying
upper alluvium. Measurements of water levels in well
pairs completed in the upper and lower alluvium show
no consistent upward or downward vertical gradient
between the units (Carmichael and others, 1997).

A map of the altitude of the base of the sand and
gravel in the lower alluvium or fluvial deposits at NSA
Memphis was prepared by Carmichael and others
(1997) (fig. 7). Beneath the NSA Memphis Southside,
the basal altitude of the sand and gravel deposits is
about 220 feet above sea level (fig. 7), with lower alti-
tudes indicated in areas where Big Creek and its tribu-
taries flowed before being channelized. The basal
altitude of the fluvial deposits in the northern part of
NSA Memphis is about 300 feet above sea level. The
sand in the fluvial deposits is described as fine to very
coarse and generally poorly sorted (Carmichael and
others, 1997). The thickness of the sand and gravel in
the lower alluvium or fluvial deposits is irregular and
varies greatly over short distances (fig. 8), with thicker
deposits indicated generally southwest of the erosional
scarp (30 to 70 feet) and particularly in the flood plains
of Big Creek Drainage Canal and its tributaries. Thick-
ness of the fluvial deposits that overlie the Cockfield
Formation north of the erosional scarp ranges from
about 10 to 20 feet (fig. 8).

The fluvial deposits south of the erosional scarp
generally are saturated, and the ground water is con-
fined (Carmichael and others, 1997). The fluvial
deposits north of the scarp generally are dry or contain
only a few feet of saturated thickness. The fluvial
deposits on either side of the scarp may be hydrauli-
cally connected along the scarp boundary (Carmichael
and others, 1997). Potentiometric-surface maps (figs. 9
and 10) were prepared for the alluvial-fluvial deposits
aquifer by Carmichael and others (1997). These poten-
tiometric maps show a ground-water mound centered
over the NSA Memphis Southside, with lower water
levels centered over Casper Creek and the original
drainage area of Big Creek before channelization.
Ground-water levels also decrease to the west towards
the channelized drainages of North Fork Creek and
Royster Creek. An area of lower ground-water levels,
oriented northwest-southeast, is indicated in the area
of the erosional scarp and the northeasternmost of the
two northwest trending faults (fig. 4b).
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Table 2. Selected geotechnical properties of stratigraphic units at Naval Support Activity Memphis, Millington,
Tennessee

[Modified from Carmichael and others, 1997; °, degrees; *, minutes; “, seconds; a, analyses conducted by Inberg-Miller Engineers, Chey-
enne, Wyoming, under contract to the U.S. Geological Survey; b, analyses conducted by TRI State Testing Services, Inc., Memphis,
Tennessee, under contract to EnSafe]

USGS local Sample Total h‘;z':ai(::ilc
well number Latitude Longitude :l:::zt, Sample description i:c:’r:rs::ig‘,t conductivity,
in feet per day

Upper Alluvium
Sh:U-99 35920°44”  89°52°48” 13-15  Clayey silt 38a 1.5x103 a
Sh:V-80 35°19°16” 8995220 17-19 Clayey silt 48 a 6.8x103a
Sh:V-120 35°19°18”  89°51°46” 17-19  Clayey silt 40b 1.9x103 b
Sh:V-123 35°19723”  89°52°06” 17-19  Clayey silt 44b 6.5x103b
Sh:V-173 35°19724” 89°52°16” 16-18 Silty clay 44 b 2.7x103b
Sh:v-187 35°1929” 89952°13” 14-16 Clayey silt 42b 1.4x102b

Lower Alluvium
Sh:V-119 35°1917” 89°51°41” 41-43 Sand, small gravel 30b 2.4x10°b
Sh:v-123 35°1923”  89°52°06” 41-43 Coarse sand, gravel, clay 34b 9.6x10°' b
Sh:V-187 35°1929” 89°52713” 38-40 Sand, gravel, silt 22b 5.1x10'b

Loess

Sh:U-102 35°20742"  89°52734” 12-14  Silty clay 43a 7.7x103a
Sh:U-116 35°20°41”  89°53°02” 2022 Silty Clay 36b 48x10%b
Sh:U-135 35°19'57”  89°52°55” 13-15  Clayey silt 35b 1.6x103 b
Sh;U-151 35%20732” 89952°54” 18-20 Silty clay 38b 4.0x10*b
Sh:V-75 3521°48”  89°51°55” 11-13  Silty clay 39a 3.4x10%a
Sh:V-76 35920'48”  89°52°13” 11-13  Silty clay 452 4.5x10*a
Sh:v-78 35°21°15”  89°51729” 1820 Silty clay 43a 1.6x102a
Sh:V-79 35°19°53”  89°52°05” 10-12  Clayey silt 41a 8.0x10%a
Sh:V-100 35°21°49"  89°51°57” 35 Silty clay 39b 8.5x10°b
Sh:V-163 35°20°49” 89°5226” 20-22 Silty clay 42b 2.7x103b
Sh:V-178 35°1952” 89°52°03” 8-10 Clayey silt 440 1.2x103b
Sh:V-188 35920739”  89°52°09” 18-20  Silty clay 41b 4.0x10%b

Fluvial deposits
Sh:U-125 35%20°52” 89952735 47-49 Silty sand, clay 35b 4.2x103b
Sh:U-129 35°20°46” 89°52°30” 40-42 Sand 33b 4.8x10'b
Sh:U-135 35°19°57” 89°52°55” 41-43 Sandy gravel 26 b 7.4x10! b
Sh:V-140 35°20°49” 89°52724” 75-77 Silt, fine sand 39b 1.9x10"' b
Sh:v-171 35°20°49” 89952°18” 41-43 Silty sand 37b 1.0x10'b
Sh:V-164 35%21°01”  89°52724” 47-49  Clayey, silty sand 31b 9.3x107b
Sh:V-165 35°20°59” 89°52722” 47-49 Sand 26 b 23x10 b
Sh:V-166 35°2101”  89°52°11” 41-43  Silty sand, clay 36b 7.1x10%b
Sh: V-167 35°20°54”  89°52°03” 47-49 Clayey, silty, fine sand 32 3.1x103b
Sh:V-170 35°20°53” 89°52°08” 46-48 Silty sand 34b 5.9x1071 b
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Table 2. Selected geotechnical properties of stratigraphic units at Naval Support Activity Memphis, Millington,

Tennessee—Continued
Vertical
x;ﬁ‘sum:'r Latitude Longitude ?}:‘:Et’e Sample description is{%Ei'z;t c:ny:t:::li:j;y,
in feet per day
Fluvial deposits—Continued
Sh:V-172 35920°42” 89952727” 47-49 Silty sand 34b 6.2x107' b
Sh:v-181 35°19°52”  89°5203” 41-43 Silty clay, sand, gravel 29b 1.1x10b
Sh:V-185 35920°48” 89952°09” 44-46 Fine sand 38b 42x10'b
Cockfield Formation
Sh:U-102 35%20°42” 89952°34” 120-122 Silty clay 44 a 22x103a
Sh:V-79 35°19°53”  89°52705” 160-162  Silty clay 41 a 2.9x10*a
Sh:V-140 35°20°49” 8995224” 110-112 Clay, silt and sand lenses S1b 1.2x10%b
Sh:V-145 35920°50”  89°52721” 115-117  Clay, silt and sand lenses 55b 4.5x10°b
Sh:V-159 35920°46”  89°52°28” 125-127  Clay, silt and sand lenses 50b 2.5x107b
Cook Mountain Formation
Sh:U-98 35°21'14”  89°52733” 199-200  Silty clay 37a 4.5x105a
Sh:v-74 35°20732”  89°51714” 209-211  Silty clay 31a 8.1x10%a
Sh:V-75 35°21°48”  89°51755” 218-220  Sandy clay 42a 1.6x10%a
Sh:V-76 35°2048”  89°52°13” 195-197  Clay 30a 4.0x107a
Sh:v-79 35°19°53”  89°52705” 200-201  Silty clay 36a 9.9x10*a
Sh:V-80 35°19716”  89952720” 180-182  Clay 40 a 5.0x10%a

The hydraulic properties of the sand and gravel
in the lower alluvium and the fluvial deposits have
been estimated using analyses of core samples, an
aquifer test, and well specific-capacity tests. The verti-
cal hydraulic conductivity of three samples of the
lower alluvium ranged from about 5.1 x 10 to
2.4 x 10 fi/d, and the total porosity ranged from about
22 to 34 percent (table 2). The vertical hydraulic con-
ductivity of 13 samples of the fluvial deposits ranged
from about 1.1 x 10 to 7.4 x 10"} ft/d, and the total
porosity of the samples ranged from about 26 to
39 percent (table 2). Estimates of the horizontal
hydraulic conductivity within the fluvial deposits,
determined from nine specific capacity tests (table 3),
ranged from about 8 to 150 ft/d. A constant-withdrawal
aquifer test was conducted to determine the hydraulic
properties of the alluvial-fluvial deposits aquifer at the
location of water-level observation wells Sh:U-100,
Sh:U-101, Sh:U-102, and Sh:U-103 (fig. 2). The aqui-
fer was tested over a 3-day period beginning August 22,
1995. The results calculated from the test came from
calibrating VS2DT, a variably saturated, radial-flow
model (Lappala and others, 1987; Healy, 1990) to the

measured drawdowns in the observation wells during
the test. Horizontal hydraulic conductivity for the
alluvial-fluvial deposits aquifer was estimated to be
about 5 ft/d (table 3).

Surface-water drainages at NSA Memphis may
not be major discharge areas for the alluvial-fluvial
deposits aquifer. A comparison of streambed altitudes
of the major drainages in the NSA Memphis area (U.S.
Army Corps of Engineers, 1989a, b) to the altitude of
the potentiometric surface of the alluvial-fluvial depos-
its aquifer indicates that the potentiometric surface of
the aquifer is lower than most streambed altitudes,
except for limited reaches of Big Creek Drainage Canal,
Casper Creek, and North Fork Creek along the southern
boundary of NSA Memphis and near SWMU 2 (fig. 2).
The alluvial-fluvial deposits aquifer rests unconform-
ably upon the Cockfield Formation in these areas.

Cockfield Confining Unit
The Cockfield Formation of late Eocene age

consists of sand, silt, clay, and lignite (Parks and Car-
michael, 1990a). Individual beds are lenticular and
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Table 3. Results of aquifer and specific-capacity tests for selected wells at Naval Support
Activity Memphis, Millington, Tennessee

[USGS, U.S. Geological Survey; constant-withdrawal test data analyzed using VS2DT model (Lappala and others,
1987; Healy, 1990); specific-capacity tests analyzed using method of Bradbury and others (1985)]

Horizontal
Cointoo T L St ST —
in feet per day
AHuvial-fluvial deposits aquifer
Sh:U-103 Constant withdrawal 1,440 5 USGS
Sh:U-109 Specific capacity 2 12 EnSafe
Sh:U-113 Specific capacity 1 30 EnSafe
Sh:U-117 Specific capacity 50 15 EnSafe
Sh:v-98 Specific capacity 5 10 EnSafe
Sh:V-99 Specific capacity 5 8 EnSafe
Sh:V-139 Specific capacity 2 50 EnSafe
Sh:V-148 Specific capacity 5 10 EnSafe
Sh:V-158 Specific capacity 5 40 EnSafe
Sh:v-191 Specific capacity 1 150 EnSafe
Sand unit in upper part of the Cockfield Formation

Sh:V-95 Specific capacity 5 6 EnSafe

Specific capacity 20 5 EnSafe
Sh:V-140 Specific capacity 8 1 EnSafe

Specific capacity 16 7 EnSafe
Sh:V-145 Specific capacity 10 2 EnSafe
Sh:V-149 Specific capacity 4 i EnSafe

Specific capacity 14 3 EnSafe
Sh:V-152 Specific capacity 11 2 EnSafe
Sh:V-156 Specific capacity 6 6 EnSafe
Sh:V-159 Specific capacity 10 8 EnSafe
Sh:V-163 Specific capacity 4 1 EnSafe

Specific capacity 7 1 EnSafe

Specific capacity 8 1 EnSafe

Specific capacity 12 2 EnSafe
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Table 4. Water levels measured in 67 wells screened in the alluvium, fluvial deposits, and Cockfield
Formation in the area of Naval Support Activity Memphis, Millington, Tennessee, April 8-26, and
October 22-24, 1996

[Modified from Carmichael and others, 1997; °, degrees; *, minutes; “, seconds)

Altitude of Screened

- " s D e
well Latitude Longitude ::;fz(::;‘j: fee:at::ow April 8-26, October
number sea level surface 1996 22-24, 1996
Alluvium
Sh:U-122 35919°54” 89953°03” 262 38-48 14.39 17.15
Sh:V-116 35919°24" 89°5138" 267 48-58 3.84 10.96
Sh:v-117 35919°2(" 89°51°40” 267 41-51 727 13.51
Sh:V-119 35919717 89°51°41” 267 38-48 8.45 14.37
ShiV-121  35019-19”  89951°49” 267 40-50 10.82 14.48
Sh:V-122 35°919720” 89°52°00” 268 44-54 14.69 18.02
Shiv-124 3501923 89952708 267 35-45 15.31 20.62
Sh:V-126 35°19724” 89952°10” 266 36-46 14.70 18.67
Sh:V-127 35°1928” 89°52°08” 270 40-50 9.55 17.12
Sh:V-129 35°19729” 89952°04” 265 32-42 2.57 10.46
Sh:v-130 35919°28” 89951°52” 267 38-48 3.95 10.96
Sh:v-133 3591927 89951 38" 267 55-65 3.29 9.51
Sh:V-134 35°19°37” 89°51735” 269 40-50 4.90 10.28
Sh:V-173 3591924” 89952°16" 270 46-56 17.94 21.26
ShV-174  3501998”  89°52°20" 269 36-46 9.70 13.72
ShV-175 35019217 89952729 267 4555 13.92 17.50
Sh:V-176 35919728 89952°25” 268 62-72 17.95 20.84
Sh:V-187 35919-29” 89952°13” 264 32-42 7.68 12.50
Fluvial deposits
Sh:U-33 35920°50” 89954752 263 270 47.98 49.55
Sh:U-101 35920742 89952°34” 275 59-69 17.64 21.20
Sh:U-105 35°20°01” 89952°48” 262 40-50 11.69 14.41
ShU-107  359029”  89953-04” 266 43-53 12.90 16.18
Sh:U-109 35920729” 89952°51” 269 42-52 11.86 15.12
SMU-110 35090307  89°52°55” 268 40-50 11.55 14.96
Sh:U-111 35920733 89952°51” 265 40-50 8.81 12.10
Sh:U-112 35%20°30” 89952°48” 267 40-50 9.73 12.95
Sh:U-115 35920°43” 89953°05” 269 84-94 17.96 21.43
Sh:U-117 3590°42” 89953°01” 270 87-97 18.75 21.32
Sh:U-119 35921°49” 89°52°45” 282 95 53.08 54.35
Sh:U-121 35921°11” 89952°53” 274 56-66 28.66 30.46

Hydrogeologic Framework

15



Table 4. Water levels measured in 67 wells screened in the alluvium, fluvial deposits, and Cockfield
Formation in the area of Naval Support Activity Memphis, Millington, Tennessee, April 8-26, and
October 22-24, 1996—Continued

Altitude of Screened

s e S owme owne
well Latitude Longitude ::er:aa%e;\:: fee:a?‘edlow April 8-26, October
number sea level surface 1996 22-24, 1996
Fluvial deposits—Continued
ShU-125  35000'52”  89952-35" 278 90-100 23.72 26.12
Sh:U-129 35920746” 89952°30” 283 75-85 26.97 29.51
ShU-133  3500048” 8905235 278 86-96 23.17 25.64
Sh:U-135 35°19°57” 89952°55” 264 44-54 14.82 17.69
ShU-138  35018'50"  89°52°53" 291 270 46.18 46.73
Sh:U-152 35921°04” 89°54°55” 265 Unknown 46.42 Not measured
Sh:U-153 35°19°05” 89°54°34” 292 81 41.88 43.84
Sh:v-27 35°19°3¢” 89°51-35” 267 44-49 3.40 7.95
Sh:V-32 35920°40” 89°52°09” 286 46-51 26.92 29.95
Sh:V-81 35921267 89°52°20" 294 279 48.20 49.43
Sh:V-83 35920°32” 89°51°14” 284 36-46 28.31 31.20
Sh: V-85 35920°01” 89°51°30” 272 35-45 9.06 13.18
Sh:V-89 35020738” 89952°09” 284 55-65 24.90 27.81
Sh:Vv-107 35920°10” 89°51°37” 296 370 34.34 38.36
Sh:V-112 35920°52" 89°51°07” 300 50-60 46.02 48.24
Sh:v-113 35%20737” 89951°41” 313 62-72 53.48 56.08
Sh:v-114 3592021” 89°952°10" 269 36-46 9.28 12.03
Sh:V-115 35920°33” 89°50°40” 290 45-55 3433 36.48
Sh:V-146 350920°52” 89952723” 284 60-70 25.64 28.04
Sh:V-148 35%0°51” 8905228 283 66-76 26.22 28.66
Sh:V-151 35920°45” 89°952°22” 284 67-77 26.00 28.58
Sh:V-158 35920°46” 89952°28” 281 66-76 23.63 26.17
Sh:V-164 35921701 89°5224” 282 68-78 33.68 35.07
Sh:V-165 35920°59” 80°52°22" 283 60-70 30.97 32.36
Sh:V-166 35921°01” 89952°11” 289 80-90 36.00 37.23
Sh:V-167 35920°54” 89°52°03” 293 66-76 35.09 3754
Sh:V-168 35920°50” 89°20°04” 297 84-94 38.21 40.81
Sh:V-170 35020°53” 89°52°08” 294 90-100 35.95 38.29
Sh:v-171 35920°49” 89952°18” 285 70-80 26.94 29.45
Sh:V-172 35920°42” 89952727 281 62-72 22.88 25.53
Sh:V-180 35019°50” 89952°04” 269 39-49 8.37 9.87
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Table 4. Water levels measured in 67 wells screened in the alluvium, fluvial deposits, and Cockfield
Formation in the area of Naval Support Activity Memphis, Millington, Tennessee, April 8-26, and

October 22-24, 1996—Continued

USGS Altitude of .Screenefi Depth to Depth to
local land interval, in water on water on
well Latitude Longitude surface, in feet below April 8-26 October
number feetabove  land Plose  22.24, 1996
sea level surface ’
Fluvial deposits—Continued
Sh:V-182 350920°49” 89°52°09” 294 80-90 3527 37.83
Sh:V-189 35°1824” 89°52°17” 320 92 63.47 63.92
Cockfield Formation
Sh:Vv-77 35922701 89951°18” 323 195-215 83.24 83.78
Sh:V-108 35019°44” 8995029" 289 120 23.46 28.68
Sh:V-110 3592126” 89951°48” 320 52-62 36.69 38.63
Sh:V-111 35921°09” 89°51°26" 321 50-60 3490 35.80

Depth to bottom of well screens estimated.

locally can be discontinuous over short distances. At
NSA Memphis, the Cockfield Formation consists of
clay, silt, and sand. Thickness of the preserved Cock-
field Formation section at NSA Memphis (fig. 11)
ranges from O to greater than 185 feet and is highly
variable because both the top and base of the forma-
tion are erosional surfaces.

Clay and silt lenses in the Cockfield Formation
slow downward movement of ground water from the
alluvial-fluvial deposits aquifer (Carmichael and oth-
ers, 1997) and form the Cockfield confining unit. Ver-
tical hydraulic conductivities of five clay samples from
the Cockfield Formation ranged from about 4.5 x 10
to 2.5 x 107 ft/d, and the total porosity ranged from
about 41 to 55 percent (table 2).

Cockfield Aquifer

At NSA Memphis, sand lenses present in the
Cockfield Formation comprise the Cockfield aquifer.
Lenses of fine- to medium-grained sand as much as
50 feet thick are present (Carmichael and others,
1997). Well Sh:V-77 (fig. 3), screened in a sand lens in
the Cockfield Formation, once supplied water for a
small park at Navy Lake in the northern part of the
NSA Memphis Northside. In general, small capacity
domestic wells will produce as much as 10 gallons per
minute from this aquifer (Carmichael and others,
1997). The horizontal hydraulic conductivity of sand
units in the Cockfield aquifer, estimated from

14 specific-capacity tests (table 3), ranged from about
0.5 to 3 ft/d. The Cockfield Formation rests uncon-
formably upon the Cook Mountain Formation.

Cook Mountain Confining Unit

The Cook Mountain Formation of middle to late
Eocene age consists predominantly of clay and silt
(table 1). Minor lenses of silty, fine sand may be
present. Thickness of the Cook Mountain Formation
at NSA Memphis ranges from about 10 to 60 feet
(Carmichael and others, 1997). The vertical hydraulic
conductivity of six clay samples from the Cook
Mountain Formation ranged from about 5 x 106 to
9.9 x 107 ft/d, and the total porosity ranged from
about 30 to 42 percent (table 2). The clay and silt
lenses in the Cook Mountain Formation slow down-
ward movement of ground water from the alluvial-
fluvial deposits and Cockfield aquifers, and form the
lower confining unit for the Cockfield aquifer and the
upper confining unit for the Memphis aquifer at NSA
Memphis (Kingsbury and Carmichael, 1995). The alti-
tude of the base of the Cockfield Formation (top of the
Cook Mountain Formation) and the locations of faults
that displace these units are shown in figure 12.

Memphis Aquifer

The Memphis aquifer consists of fine to very
coarse sand with lenses of clay and silt at various
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Figure 6. Hydrographs showing water levels recorded in wells Sh:U-100, Sh:U-101, and Sh:U-102, and daily precipitation at Naval
Support Activity Memphis, May 1995 through September 1996 (precipitation data for May through July 1995 from Naval Support
Activity Memphis; precipitation data for October 1995 through September 1996 from USGS gage near Millington, Tennessee).
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because they were small relative to the saturated thick-
ness of the shallow aquifers (10 to 60 feet) and to the
difference between the water levels of the shallow aqui-
fer system and the Mempbhis aquifer (about 40 feet).
Because ground-water levels in the Memphis aquifer
are lower than in the shallow aquifer system, layer 3
functions as a sink and removes water from the model.
The lateral model boundaries in each layer are simu-
lated either as no-flow boundaries assumed to be
ground-water divides that coincide with surface-water
divides, or general head boundaries where flow into
and out of the model varies depending upon the head
difference between the model cell and some external
source (fig. 17).

Input Parameters

Initial input parameters for the flow model were
estimated from the aquifer and specific-capacity tests,
and sediment-core analyses. Model calibration was
facilitated by a parameter-estimation program (Hal-
ford, 1992). No measurements of anisotropy were
available and a lateral isotropy ratio of 1 to 1 was used
for simulation. Input parameters were systematically
varied until the simulated water levels for the A1 aqui-
fer approximated the mean water levels estimated
from the data collected during the two synoptic water-
level measurement surveys (tables 4 and 6).

Recharge to the Al aquifer occurs as leakage
across the loess and alluvium. Initial estimates of
1 inch per year (in/yr) proved too large. A tentative
estimate of about 0.3 in/yr produced better results, and
final estimates provided by the parameter-estimation
program (table 7) were similar to the tentative esti-
mate. During calibration, about 0.67 to 1.8 in/yr of
additional recharge to the A1 aquifer were determined
necessary to generate the high potentiometric levels
centered on the NSA Memphis facility. Inspection of
the April 1996 potentiometric map of the alluvial-
fluvial deposits aquifer (fig. 10) and cultural features
at NSA Memphis shows that the ground-water mound
is located beneath base housing developments, parks,
and areas where the alluvium-loess confining unit has
been disturbed (SWMU 2, Southside Landfill, fig. 2).
Water leaks from the base water distribution and sew-
erage systems, watering of lawns and green areas at
parks, and reduced confinement in the SWMU 2 area
where the alluvium-loess confining unit was excavated
during solid-waste disposal operations possibly result
in recharge rates greater than the “background” rates

(Carmichael and others, 1997). For simplicity and to
separate the anthropogenic or “human induced”
recharge rates from the background or natural recharge
rate, the MODFLOW well package was used to allo-
cate the additional anthropogenic recharge to the
model.

The initial vertical conductance arrays used to
represent confining units in the model were calculated
based on the vertical hydraulic conductivities deter-
mined for samples of the confining units (table 2),
confining unit thickness, and equation 53 of
McDonald and Harbaugh (1988). Increased vertical
conductance values used to simulate features such as
faults and windows in the confining units were deter-
mined during calibration using the parameter-
estimation program.

The transmissivity array for model layer 1
(fig. 19) was calculated by multiplying the horizontal
hydraulic conductivity determined for either the
alluvial-fluvial deposits aquifer (about 5 ft/d) or the
sand unit representing the upper part of the Cockfield
aquifer (about 1 ft/d) by the estimated thickness of the
appropriate unit for each model cell of layer 1. The
locations of suspected buried river valleys (fig. 19) are
indicated by areas of increased transmissivity simulat-
ing thicker sand and gravel sequences. The thickness
values available for the sand and gravel of the lower
part of the alluvium or fluvial deposits from Car-
michael and others (1997) were accepted as a known
value and held constant during the calibration process.
However, substantial parts of the modeled area were
not within the study area of Carmichael and others
(1997), and the values representing the thickness of
the alluvial-fluvial deposits aquifer or the sand unit of
the Cockfield aquifer in those model cells were
adjusted as necessary to match observed ground-water
levels. Thicknesses of the units were not adjusted
beyond the upper or lower limits reported by Car-
michael and others (1997).

During the calibration process, ground-water
levels generated by the model were determined to be
too low for the section of layer 1 representing the Al
aquifer northeast of the erosional scarp. Possible
causes for this result include higher actual recharge
rates or a lower hydraulic conductivity for the Al
aquifer than was input to the model. Additional
recharge in that part of the model was not justified, and
no data existed that would suggest that the hydraulic
conductivity of the Al aquifer was significantly less
than elsewhere. Ground-water levels northeast of the
erosional scarp were eventually simulated by reducing
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Table 6. Measured water levels in the A1 aquifer, April 8-26 and October 23-25, 1996, mean water levels
in the A1 aquifer, and water levels simulated for layer 1 of the calibrated flow model of the shallow aquifer
system in the area of Naval Support Activity Memphis, Millington, Tennessee

[Modified from Carmichael and others, 1997]

USGS Altitude of Depth to Depth to \n::tae: Simulated

local land ) water, in water, in Mean level used for watel_' level,

well surface, in fec_at, on feet, on depth to model in
number feet above April 8-26, October 22- water calibration, in feet above

sea level 1996 24,1996 feet above sea level
sea level
Alluvium
Sh:v-117 267 727 13.51 10.39 257 256
Sh:v-121 267 10.82 14.48 12.65 254 255
Sh:V-124 267 1531 20.62 17.96 249 251
Sh:V-127 270 9.55 17.12 13.34 257 255
Sh:V-130 267 3.95 10.96 7.46 260 259
Sh:v-133 267 329 9.51 6.40 261 258
Sh:V-134 269 490 10.28 7.59 261 260
Sh:V-173 270 17.94 21.26 19.60 250 250
Sh:V-175 267 13.92 17.50 15.71 251 249
Sh:V-176 268 17.95 20.84 19.40 249 248
Sh:V-187 264 7.68 12.50 10.09 254 252
Fluvial deposits

Sh:U-33 263 47.98 49.55 48.76 214 216
Sh:U-101 275 17.64 21.20 19.42 256 256
Sh:U-107 266 12.90 16.18 14.54 251 249
Sh:U-110 268 11.55 14.96 13.26 255 252
Sh:U-112 267 9.73 12.95 11.34 256 254
Sh:U-115 269 17.96 2143 19.70 249 247
Sh:U-119 282 53.08 54.35 53.72 228 230
Sh:U-121 274 28.66 30.46 29.56 244 243
Sh:U-133 278 23.17 25.64 24.40 254 254
Sh:U-135 264 14.82 17.69 16.26 248 248
Sh:U-138 291 46.18 46.73 46.46 245 248
Sh:U-152 265 46.42 Not measured Not measured 218 217
Sh:U-153 292 41.88 43.84 42.86 249 250
Sh:V-81 294 48.20 49.43 48.82 245 244
Sh: V-83 284 28.31 31.20 29.76 254 254
Sh: V-85 272 9.06 13.18 11.12 261 258
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Table 6. Measured water levels in the A1 aquifer, April 8-26 and October 23-25, 1996, mean water levels
in the A1 aquifer, and water levels simulated for layer 1 of the calibrated fiow model of the shallow aquifer
system in the area of Naval Support Activity Memphis, Millington, Tennessee—Continued

Mean
Altitude of Depth to Depth to water Simulated
USGS . .
local land water, in water, in Mean level used for water level,
well surface, in feet, on feet, on depth to model in
number feet above April 8-26, October 22- water calibration, in feet above
sea level 1996 24,1996 feet above sea level
sea level
Fluvial deposits—Continued
Sh: V-89 284 24.90 27.81 26.36 258 258
Sh:V-107 296 34,34 38.36 36.35 260 259
Sh:V-112 300 46.02 48.24 47.13 253 252
Sh:V-1i13 313 53.48 56.08 54.78 258 257
Sh:V-114 269 9.28 12.03 10.66 258 260
Sh:V-115 290 34.33 36.48 35.40 255 253
Sh:v-164 282 33.68 35.07 34.38 248 249
Sh:V-166 289 36.00 37.23 36.62 252 251
Sh:V-168 297 38.21 40.81 39.51 257 255
Sh:V-171 285 26.94 2945 28.20 257 255
Sh:V-180 269 8.37 9.87 9.12 260 260
Sh:V-189 320 63.47 63.92 63.70 256 256
Cockfield Formation
Sh:V-108 289 23.46 28.68 26.07 263 258
Sh:V-110 320 36.69 38.63 37.66 282 283
Sh:V-111 321 34.90 35.80 35.35 286 284

the hydraulic conductivity of the model cells in layer 1
at and proximate to the erosional scarp at NSA Mem-
phis. The relatively low hydraulic conductivity at the
scarp produces a “hydraulic dam” causing higher
ground-water levels in the upgradient area. A rela-
tively low hydraulic conductivity for the alluvial-
fluvial deposits in the area of the erosional scarp could
be the result of a large fraction of fine sediments
eroded off the tread and deposited in the scarp.

The transmissivity array for model layer 2
(fig. 20) was calculated by multiplying an assumed
horizontal hydraulic conductivity of 2.8 ft/d for the
Cockfield aquifer by the corresponding thickness for
that unit in each model cell of layer 2. The values rep-
resenting the thickness of the Cockfield aquifer were
adjusted during calibration because both the horizontal
hydraulic conductivity and the thickness of the sand
units were estimated from comparatively few data.
Within the NSA Memphis boundary, final values for
the transmissivity array of layer 2 were determined
with the parameter-estimation program. Some addi-

tional modifications to the values generated by the
parameter-estimation program were made to more
closely match observed ground-water levels in areas
not within the NSA Memphis boundary.

The major surface-water drains within the mod-
eled area (fig. 3) were simulated with the MODFLOW
river package (fig. 17). Surface-water stage was fixed
at 1 foot above the elevation of the creek bottoms. Ele-
vations of creek bottoms were taken from survey data
presented in an urban flood-control study performed
by the U.S. Army Corps of Engineers (1989a, b).
Riverbed hydraulic conductance was estimated using
the vertical hydraulic conductivity of the upper part of
the alluvium (table 2) and the dimensions of the model
cell for the river node (fig. 34, McDonald and Har-
baugh, 1988).

Calibration Approach

Calibration is the attempt to reduce the differ-
ence between model results and measured data by
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Table 7. Input parameters for the calibrated flow model of the shallow aquifer system in the area of Naval Support Activity
Memphis, Millington, Tennessee

Model Adjusted
Paramet
arameter Layer Value Source
Natural recharge, in 0.32 Estimated during model calibration with parameter-estimation program.
inches per year.
Anthropogenic 0.67-1.8 Estimated during model calibration with parameter-estimation program.
recharge, in inches
per year.
Altitude of starting Layer 3 184 - 229 Estimated using September 1995 potentiometric map of Memphis aquifer
heads, in feet. (Kingsbury, 1996).
Transmissivity, in feet Layer 1: 53-371 Estimated using horizontal hydraulic conductivity of alluvial-fluvial
squared per day. Southwest of deposits aquifer determined by August 1995 aquifer test and thickness of
erosional scarp. alluvial-fluvial deposits.
Northeast of 53-265 Estimated using horizontal hydraulic conductivity of upper sand units of

erosional scarp.

Cockfield Formation determined by specific-capacity tests and thickness
of those units in stratigraphic test holes.

Areaoferosional 2

scarp.
Layer 2 28 - 300
Layer 3 Not applicable
Vertical conductance Layer 1: 4x10*
between layers, in Buried river
feet per day per foot. valleys.
Fault 49x10°
Elsewhere 1x107
Layer 2: 49x10* to
Fault 49x10°
Window in 8.8x 107
confining unit
Elsewhere 1x 100

Estimated during model calibration.

Estimated during model calibration with parameter-estimation program.

The transmissivity is irrelevant because layer 3 is a specified head
boundary.

Estimated during model calibration.

Estimated during model calibration with parameter-estimation program.

Calculated using vertical hydraulic conductivity of sediment cores and unit
thickness with equation 53 (McDonald and Harbaugh, 1988).

Estimated during model calibration with parameter-estimation program.

Estimated during model calibration with parameter-estimation program.

Calculated using vertical hydraulic conductivity of sediment cores and unit
thickness with equation 53 (McDonald and Harbaugh, 1988).

adjusting model input. Calibration is accomplished by
adjusting input values until an acceptable calibration
criterion is achieved. Improvement in the calibration
of a model is based on the differences between simu-
lated and measured ground-water levels and flow
rates. Simulated water levels from a calibrated, deter-
ministic ground-water model usually depart from mea-
sured water levels, even after substantial calibration
has been accomplished. The discrepancy between
model results and measurements (model error) usually
is caused by the heterogeneity of aquifers and confin-
ing units, and the difficulty in obtaining sufficient

measurements to account for the corresponding spatial
variation in hydraulic characteristics within the model
area.

Some stresses must be known to calibrate a
model if both recharge rates and hydraulic conductiv-
ity are being adjusted. The shallow ground-water sys-
tem at NSA Memphis is believed to have only limited
connection to the surface-water system; therefore, dis-
charge measurements of streams could not be used to
estimate ground-water discharge to the surface-water
system. Such data would have provided an indepen-
dent estimate of recharge rates. To constrain the
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simulation, the USGS aquifer test was assumed to pro-
vide a representative hydraulic conductivity for the Al
aquifer and this value was held constant during cali-
bration. The model was calibrated by adjusting
recharge rates to layer 1 and the vertical conductance
arrays used to control vertical flow between model
layers. Calibration improvement was determined by
decreases in sum-of-squares error (SSE) that is defined
by:

nwl
SSE = Z(fzk—hk)z, )
k=1
where
flk is the k™ simulated water level, in feet;
h i 1s the k™ measured water level, in feet; and
nwl is the number of water-level comparisons.
The root mean square error (RMSE) is reported
instead because the RMSE is more directly compara-
ble to actual values and serves as a composite of the
average and the standard deviation of a set. RMSE is
related to the SSE by:

/SSE

The ground-water-flow model for this study was
calibrated to ground-water levels determined during
two synoptic surveys.The calibration criteria selected
for the numerical model of the shallow aquifer system
at NSA Memphis was a maximum difference of 3 feet
between simulated and mean water levels calculated
for the A1 aquifer. This criteria was selected because
the water levels generated by the calibrated model
would then fall within the measured seasonal variation
of the shallow aquifer system.

Parameter Estimation

Model calibration was facilitated using parameter
estimation (Halford, 1992). The parameter-estimation
process begins by using the model to establish the ini-
tial differences between simulated and mean ground-
water levels. These differences, or residuals, are mini-
mized by the parameter-estimation program. The sen-
sitivity coefficients, the derivatives of simulated
water-level change with respect to parameter change,
were calculated by the influence coefficient method
(Yeh, 1986) using the initial model results. This
method required changing each parameter a small
amount and using MODFLOW to compute new water

levels. A quasi-Newton procedure (Gill and others,
1981) was used to compute new values of the parame-
ters that should improve the model. The model was
updated to reflect the latest parameter estimates, and a
new set of residuals was calculated. The entire process
of changing a parameter in the model, calculating new
residuals, and computing a new value for the parame-
ter was continued iteratively until model error or
model-error change was reduced to a specified level or
until a specified number of iterations were made.

Logs of the parameters, log(x), were estimated
because the hydraulic conductivities are usually log-
normally distributed (Domenico and Schwartz, 1990).
Log parameters are better behaved from a numerical
perspective because estimates are restricted to positive
values and are scaled to some degree. Consequently,
all sensitivities, covariances, and correlation coeffi-
cients are based on

9_j.
dlogx

The computation of a covariance matrix is
another benefit from this type of analysis. This matrix
is ranked by the magnitude of the main diagonal
because it is a rough indicator of the relative sensitiv-
ity of the model to a parameter. Specifically, the main
diagonal is
nwl a":lk 2

Ci= X
k=
The off-diagonal components, C, ;, describe the
degree of interdependence between parameters, but
evaluation is difficult without some sort of normaliza-
tion (Gill and others, 1981).

Normalization is achieved by computing corre-

lation coefficients (Hill, 1992),
C.;

p LR e——
vJGG,

similar to the coefficient computed for a linear regres-
sion. If p, ; is 1, then x; is a dependent variable of x;.
Alternatively, if p, ; is 0, then x; is an independent
variable of x;. Correlation coefficients greater than
0.95 usually indicate that a pair of parameters are
highly correlated and cannot be estimated indepen-
dently (Hill, 1992).

Seven parameters (table 8) were used as multi-
pliers that changed the value of either hydraulic con-
ductivity, vertical conductance, or recharge by a fixed
amount for specified zones within the model grid. The
initial values of horizontal hydraulic conductivity

lalogxi
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came from the results of the aquifer and specific-
capacity tests (table 3), and initial values for the verti-
cal hydraulic conductivity of confining units were esti-
mated from analyses of sediment-core samples (table 2).
Water levels at 38 wells within the NSA Memphis
boundary were selected as control points for the
parameter-estimation program. The RMSE of the
model after the parameter-estimation program had run
was 2.25 feet. Many of the parameters were highly
correlated, but not to a degree that prevented indepen-
dent estimation (table 8).

Steady-State Calibration

The calibrated steady-state model minimized
residuals between simulated water levels and mean
ground-water levels calculated from measurements
made during the two synoptic water-level measure-
ment surveys of April and October 1996 (table 4).
Water levels at 42 wells were selected as calibration
control points (table 6). RMSE of the final calibrated
model was 1.82 feet. A comparison of simulated to
mean water levels was made (fig. 21). Simulated water
levels at two wells exceeded the calibration criteria of
aresidual equal to 3 feet or less; however, these loca-
tions were not within the perimeter of NSA Memphis.
The model error could be reduced by using a variable

background recharge rate, but the application of vari-
able rates could not be supported by data or reasonable
inference based on data. The simulated potentiometric
surface for layer 1 of the calibrated flow model is
shown in figure 22.

Analysis of Model Water Budget

The simulated water budget of the shallow aqui-
fer system was analyzed to determine if the indicated
sources and sinks of water (table 9) were consistent
with the conceptual hydrogeologic model. The model
water budget describes a ground-water-flow system
with a pronounced downward component of flow.
Seventy-five percent of the water entering the model is
derived from recharge to model cells. Horizontal flow
boundaries supply only about 23 percent of the water,
and leakage from surface-water drainages supplies
only about 2 percent. Specified head cells simulating
the Memphis aquifer are points of discharge for
79 percent of the water from the simulated shallow
aquifer system. Simulated discharge to general head
boundaries accounts for only 14 percent of the water,
and simulated discharge to surface-water drainages
accounts for 7 percent.

The distribution of water simulated by the flow

model is consistent with the proposed concept of flow
in the shallow aquifer system at NSA Memphis. The

Table 8. Jacobian correlation coefficients between model parameters for the flow model of the shallow
aquifer system in the area of Naval Support Activity Memphis, Millington, Tennessee

Correlation coefficients

Estimated
arameter . N
P Well Rech Vit K2 Vwin  Kero  Vriv
Induced recharge (Well) 1.00
Recharge (Rech) 0.84 1.00
Vertical conductance of fault (Vflt) -0.90 -0.076 1.00
Hydraulic conductivity of layer 2 (K2) -0.80 -0.90 0.70 1.00
Vertical conductance of window in -0.54 056 0.46 0.45 1.00
Cook Mountain confining unit (Vwin).
Hydraulic conductivity of layer 1 in area 0.01 026 0.06 0.16 001 1.00
of erosional scarp (Kero).
Vertical conductance beneath buried 078 084 0.76 0.90 0.69 0.20 1.00
river valleys (Vriv).
Normalized main diagonal | —22L 100 034 012 0.05 0.01 0.006  0.0003

1,1
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Figure 21. Simulated water levels generated by the calibrated flow model and mean water levels in the
alluvial-fluvial deposits aquifer in the area of Naval Support Activity Memphis, Millington, Tennessee.

hydraulic connection between the ground-water and
surface-water systems probably is limited; therefore,
the volume of water passing between the two systems
should be relatively small. The hydraulic conductivi-
ties of the Al and Cockfield aquifers are relatively
low, and a downward hydraulic gradient exists
between the shallow aquifer system and the Memphis
aquifer. Under such conditions, ground-water-flow
directions should be predominantly downward, and
the flow path of water moving laterally through the
shallow aquifer system would be relatively short prior
to drainage to the Memphis aquifer.

Sensitivity Analysis

The sensitivity of the model to nine input
parameters or boundary conditions was evaluated.
Each parameter was varied independently by a factor

of either one-half or two to determine the sensitivity of
the model to individual parameters. Model sensitivity
was described in terms of RMSE using the difference
between the simulated and calculated mean ground-
water levels for layer 1 (table 10). The model was
determined to be most sensitive to changes in the
anthropogenic recharge, the transmissivity of layer 1,
and the natural recharge rate. The model displays an
intermediate degree of sensitivity to changes in the
vertical conductance rates between layers, the trans-
missivity of layer 2, and riverbed conductance; and is
relatively insensitive to changes in the boundary
conditions.

Limitations of Model Analysis

The numerical model constructed for this study
is a simplified mathematical approximation of the
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Table 9. Water budget simulated by the calibrated flow model of the
shallow aquifer system in the area of Naval Support Activity
Memphis, Millington, Tennessee

[Ft3/d, cubic feet per day]

(xlit,:/;'O) Percent

INFLOW
Specified head (Memphis aquifer) 0 0
Recharge 78 75
River leakage 2 2
Head dependent boundaries 24 23
Total 104 100

OUTFLOW
Specified head (Memphis aquifer) 82 79
River leakage 7 7
Head dependent boundaries 15 14
Total 104 100

conceptual model of the ground-water-flow system at
and near NSA Memphis. The conceptual model is, in
turn, a simplified approximation of the ground-water-
flow system. A numerical model will not provide
accurate predictions on a scale finer than the grid reso-
lution used to build the model. The model is valid only
for the finite area where the hydrogeology has been
defined. The model may not provide accurate simula-
tion results if natural conditions in the ground-water
system change from those to which the model was cal-
ibrated, or if assumptions upon which the model was
based prove false. The spatial variation of aquifer
characteristics is usually unknown or poorly defined,
and uniform properties are commonly assumed by
default. The aquifers simulated in this study were
assumed to be isotropic and, within identified hydro-
geologic units, homogeneous at the simulation scale.

The horizontal ground-water gradient in a con-
fined porous media is depicted graphically in two
dimensions by potentiometric maps (figs. 9 and 10 for
the A1 aquifer). Comparison of figures 9 and 10 to fig-
ure 22 and inspection of figure 21 and table 6 show
that the model adequately simulates the ground-water
gradient in the Al aquifer at NSA Memphis. However,
no water-level measurements were available for the
Cockfield aquifer within the modeled area at NSA
Memphis because no wells exist in this zone; there-
fore, determination of whether or not the model accu-
rately simulates the potentiometric surface of the
Cockfield aquifer is not possible.

The results of model sensitivity analyses indi-
cate that the model is relatively insensitive to the lat-
eral boundary conditions (table 10). Most of the water
moving through the model enters and exits a vertical
boundary (table 9). For this reason only moderate con-
fidence can be placed in the accuracy of the lateral
boundaries. The model also is insensitive to changes
in the conductance values of the river nodes. The vol-
ume of water moving between the surface-water and
ground-water systems at NSA Memphis is probably
relatively small because the two systems are generally
not in direct hydraulic connection. Under these condi-
tions, the model may not accurately quantify the vol-
ume of water exchanged between the surface-water
and ground-water systems.

The most serious limitation of the model analy-
sis is the lack of an independent check of the simulated
water budget. A brief discussion of Darcy’s Law can
be used to illustrate the problems that result from this
situation. Darcy’s Law (3) is expressed here as:

Q =-KA dh/ds, 3)

where

Q s the volumetric flow, in cubic feet per day;

K is the hydraulic conductivity of the porous flow
medium, in feet per day;

A is the cross-sectional area of flow, in square feet;

ds is the horizontal distance of flow, in feet; and

dh is the difference in fluid potential, in feet over ds.
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Table 10. Results of sensitivity analyses of the calibrated flow model of the
shallow aquifer system in the area of Naval Support Activity Memphis,

Millington, Tennessee

Number of
. wells with Root mean
Parameter tested Change in residual error square
parameter
greater than error
3 feet
Calibrated model 2 1.82
Induced recharge rate x05 37 10.46
x2.0 38 14.87
Transmissivity of x 05 30 8.99
layer 1. x2.0 33 6.78
Natural recharge rate x 05 36 5.50
x2.0 40 8.19
Vertical conductance x0.5 19 3.29
of layer 1. x2.0 24 4.34
Vertical conductance x 0.5 17 3.23
of layer 2. x2.0 31 4.51
Transmissivity of x 0.5 5 2.13
layer 2. x2.0 20 3.64
Riverbed conductance x 0.5 5 2.12
x2.0 12 272
General head boundary x 0.5 5 2.37
conductance terms. x2.0 5 2.15
Specified head boundaries 5 2.32

instead of general head
boundaries.

A rearrangement of Darcy’s Law shows that the
ground-water gradient (dh/ds) for any defined flow
section is proportional to the ratio of Q/-KA:

Q/-KA = dh/ds. 4)

The model closely simulates the ground-water gradi-
ent in the A1 aquifer at NSA Memphis. However,
because no measurement of Q is available as an inde-
pendent check, Q or K cannot be independently quan-
tified. Thus, the model could generate the same
potentiometric surface for layer 1, simulating the
potentiometric surface of the Al aquifer using a vari-
ety of flow rates (Q) and lateral hydraulic conductivi-
ties (K), as long as the ratio of Q/K in the model
remained the same. The model solution is not unique
because many combinations of parameters exist that
will result in the same solution.

The significance of the above limitation is illus-
trated when the equation for the average linear veloc-
ity of ground-water flow in a porous flow medium is
examined (modified from eq. 2.82, p. 71, Freeze and
Cherry, 1979):

v = Q/nA = K/n (dh/ds), (&)

where
v is the average linear velocity, in feet per day;
Q is the volumetric flow, in cubic feet per day;
n is the effective porosity of the flow media, in per-
cent;
A is the cross-sectional area of flow, in square feet;
K is the hydraulic conductivity of the porous flow
medium, in feet per day;
ds is the horizontal distance of flow, in feet; and
dh is the difference in fluid potential, in feet.
Inspection of equation 5 shows that the average linear
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velocity is directly proportional to Q and K, and
inversely proportional to n and A. Doubling or halving
Q and K would double or halve the average linear
velocity. This relation between ground-water-flow
velocity, Q, and K reduces the confidence that can be
placed in the estimated time-of-travel for ground water
simulated by the particle-tracking analyses; however,
the simulated direction of ground-water flow is not
affected.

SIMULATION OF GROUND-WATER FLOW
AND TRAVEL TIME WITH ADVECTIVE
FLOW PARTICLE-TRACKING PROGRAM

The particle-tracking program MODPATH (Pol-
lock, 1989, 1994) was used to simulate ground-water-
flow directions and times-of-travel at NSA Memphis.
The objective of the particle-tracking analysis was to
characterize and illustrate ground-water flow in the
shallow aquifer system at NSA Memphis and to simu-
late the advective transport of contaminants in the
ground-water system. The analysis of ground-water
flow and potential movement of contaminants within
the shallow aquifer system was addressed using the
calibrated model driven by the long-term average (cal-
ibrated) recharge rate. Ground-water-flow paths and
time-of-travel within the A1 aquifer were simulated at
two sites within the Northside area and at SWMU 2 in
the Southside area.

The MODPATH program computes particle
locations and travel times in three dimensions based
on advective flow in a uniformly porous medium.
MODPATH can track particles forward in time and
space in the direction of ground-water flow, or back-
ward toward recharge areas. Physical, chemical, and
biological processes that attenuate chemical constitu-
ents in ground water are not considered, and the dis-
solved contaminant is assumed to not appreciably alter
the density of the ground water. MODPATH cannot be
used to predict solute concentrations.

The cell-by-cell flow terms from the calibrated
steady-state MODFLOW model were used as input to
MODPATH. Ground-water travel time in the shallow
aquifer system was simulated using a uniform value of
effective porosity for each hydrogeologic unit repre-
sented in the model. Equation 5 introduced in the pre-
ceding discussion quantifies the relation between
ground-water-flow velocity, the volume of water mov-
ing through the model, and effective porosity of the
porous media. The porosity values reported for core

samples of the hydrogeologic units at NSA Memphis
are total porosity. For coarse-grained, unconsolidated
sediments, such as those forming the A1l aquifer,
effective porosity will approach the total porosity, but
the effective porosity will be somewhat less.

A particle-tracking analysis of ground-water
flow in the shallow aquifer system at NSA Memphis
was performed for each of three scenarios: (1) effec-
tive porosity was assumed to approximate the total
porosity values reported for core samples of the hydro-
geologic units, (2) minimum effective porosity was
used based on reported values in the literature for the
type of sediments present at NSA Memphis (Freeze
and Cherry, 1979), and (3) intermediate porosity val-
ues were used between these endpoints. The residence
time of water within the A1 aquifer was simulated by
seeding one particle on the lower faces of each active
cell of layer 1 and performing a backward-tracking
analysis. For effective porosity values ranging from 20
to 33 percent, typical ground-water-flow velocities
ranged from about 15 to 25 ft/yr, and average resi-
dence times ranged from about 645 to 1,000 years.
The variability in the results of particle-tracking analy-
ses (table 11), theoretically, should encompass the
range of potential ground-water travel times at NSA
Memphis.

Ground-water-flow directions in the A1 aquifer
were simulated by seeding the upper faces of layer 1
cells and performing a forward-tracking analysis.
Most of the particles traveled for relatively short dis-
tances in layer 1 before they were either “captured” by
ariver node, entered a deeper layer, or exited the
model through one of the boundary cells (fig. 23).
Most of the ground water (79 percent) moves verti-
cally through the model. The highest rates of vertical
movement are within the western half of the study area
where a window in the Cook Mountain confining unit
was simulated, and under the hypothesized buried
river valleys where a window in the Cockfield confin-
ing unit was simulated. Vertical flow is also acceler-
ated in the area of the simulated fault, but because the
fault is a long narrow feature, a smaller area is affected
compared to the windows in the confining units and
less water is transmitted than through the windows.

Intermediate porosity values (table 11) were
used for particle-tracking analyses of contaminant
migration at NSA Memphis. Ground-water-flow paths
and times-of-travel within the A1 aquifer were simu-
lated at three sites: (1) the former N-6 hangar area and
(2) the grassy area near SWMU 7, both within the
Northside AOC; and (3) at SWMU 2 (fig. 24). The
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Table 11. Results of particle-tracking simulation of ground-water travel time at Naval Support Activity Memphis,

Millington, Tennessee
[~, approximately]

Porosity value, in percent
Time-of-travel, in years

Parameter
Total Intermediate Minimum

Porosity:

Layer | porosity 33 25 20

Confining unit 1 48 40 30

Layer 2 porosity 30 25 20

Confining unit 2 36 33 30
Average residence time in layer 1 ~1,000 yrs ~800 yrs ~645 yrs
Average time-of-travel to:

Layer 3 from the former N-6 hangar area ~350 yrs ~280 yrs ~225 yrs

Layer 3 from grassy area near SWMU 7 ~490 yrs ~380 yrs ~300 yrs

Discharge to river node from SWMU 2 ~30 yrs ~26 yrs ~20 yrs

contaminants detected within the Al aquifer are esti-
mated to first have been used about 40 years ago in the
mid- to late 1950’s. The advective transport of con-
taminants in the Al aquifer was simulated by seeding
the upper face of the appropriate cell(s) in layer 1 and
using forward-tracking analyses. This approach simu-
lates the introduction of contaminants into the Al
aquifer through leakage from the overlying loess or
alluvium and subsequent advective transport within the
aquifer. Particle locations were plotted after 40 years
of travel, simulating a worst case scenario in which the
contaminant entered the aquifer as soon as the contam-
inant began to be used. For simplicity, the assumption
was also made that a single release of contaminants
occurred.

The location of suspected plumes of contami-
nants were noted within the Northside AOC (fig. 25).
Particle-tracking analyses of the former N-6 hangar
area (fig. 26) indicate that ground water moves north-
northwest from the suspected source area for about
4,000 feet, and then flows vertically downward along
the simulated fault towards layer 3. The average time-
of-travel to layer 3, the simulated Memphis aquifer,
was about 280 years (table 11). The simulated flow
path and travel distance after 40 years compares favor-
ably with the identified extent of migration of the
hypothesized plumes (fig. 26).

Particle-tracking analyses of the grassy area
near SWMU 7 (fig. 26) indicate that ground water
moves north-northwest from the suspected source area
until it enters the area-of-influence of the simulated

fault and moves downward towards layer 3. The aver-
age time-of-travel to layer 3 was about 380 years
(table 11). The simulated flow path and travel distance
after 40 years also compares favorably with the identi-
fied extent of migration of the hypothesized plumes
(fig. 26).

The close agreement between the estimated loca-
tions of the hypothesized contaminant plumes and the
distance traveled in 40 years predicted by the particle-
tracking analyses for the two sites within the North-
side AOC indicates that the estimates of hydraulic
conductivity and effective porosity of the Al aquifer
are reasonably accurate for these areas. Based on the
results of particle-tracking analyses, the potential for
contaminants to reach the Memphis aquifer in the next
100 years is negligible.

Particle-tracking analyses of the SWMU 2 area
(fig. 27) indicate that ground water moves rapidly
towards Big Creek Drainage Canal. Out of 40 particles
tracked, 39 were removed from the model by river
nodes, which simulates ground-water discharge from
the Al aquifer to Big Creek Drainage Canal. The aver-
age time-of-travel was about 26 years; however, at
present, there is no map of the extent of contaminant
migration at SWMU 2 to compare to particle-tracking
simulations.

The calibrated flow model and the MODPATH
program were not used to evaluate remedial designs at
NSA Memphis. The results of the calibrated flow
model and MODPATH analyses may simulate the
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