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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS

Multiply By To obtain
Length
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Flow
foot per day (ft/d) 0.3048 meter per day
foot squared per day (f%/d) 0.09290 meter squared per day
foot cubed per day (f%/d) 0.02832 meter cubed per day
gallons per minute (gal/min) 0.06308 liter per second
inches per year (in./yr) 254 millimeters per year
Yolume
gallon (gal) 3.785 liter

Temperature: In this report, temperature is given in degrees Celsius (°C), which can be converted to
degrees Fahrenheit (°F) by the following equation:

°F = (9/5 x °C) + 32
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.

Chemical concentration: In this report, chemical concentration in water is expressed in metric units as
milligrams per liter (mg/L) or micrograms per liter (ug/L).

Biodefradation rate constant: In this report, first-order kinetics are used to describe the biodegradation
rate of benzene. First-order rate constants (K) are expressed in units of percent of compound degraded

per day (% d'!). Because percent is dimensionless, this reduces to units of inverse days.
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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATIONS--Continued

f3/mg
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DPM

m
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M
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- psi
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- carbon-14 labeled carbon dioxide
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- chlorinated volatile organic compound

- 1,1-dichloroethane

- cis 1,2-dichloroethene and trans 1,2-dichloroethene
- dissolved inorganic carbon

- dissolved oxygen _

- diesel-range organic
- ferrous iron

- ferric hi:on "

- gas chromatograp.

- ﬁissolved hy(E:)agen
- potassium hydroxide

- modified method of characteristics (solute-transport model solver)

- U.S. Geological Survey modular 3-D flow model
- modular 3-D transport model

- nitrate

- National Pollutant Discharge Elimination System

- tetrachloroethene

- preconditioned conjugate gradient flow-model solver

- polyvinyl chloride

- root mean squared error
- 1,1,1-trichloroethane

- trichloroethene

- terminal electron-accepting process
- U.S. Environmental Protection Agency
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NATURAL ATTENUATION ASSESSMENT OF
CONTAMINATED GROUND WATER AT A
GAS-TURBINE MANUFACTURING PLANT,
GREENVILLE, SOUTH CAROLINA

By Don A. Vroblesky, Matthew D. Petkewich, Paul M. Bradley, and John F. Robertson

ABSTRACT

The potential for natural attenuation of
petroleum-hydrocarbon and chlorinated volatile
organic compound contamination in ground water
was investigated at a gas-turbine manufacturing
facility in Greenville, S.C. Examination of ben-
zene migration involved integrating hydrogeo-
logic, geochemical, and microbial parameters in a
ground-water flow and solute-transport model.
The natural attenuation potential of other com-
pounds was examined using geochemical observa-
tions.

Modeling results suggest that natural atten-
uation processes probably will be adequate to pre-
vent migration of benzene from the Test Stands
contamination to Little Rocky Creek at concentra-
tions greater than 5 pg/L. The potential for naph-
thalene and free-phase petroleum transport to the
creek could not be determined because of limited
historical data.

A substantial amount of chlorinated volatile
organic compound dechlorination has taken place
in the aquifer system. Most of the dechlorination
appears to have taken place in zones where the
chlorinated volatile organic compound contamina-
tion commingled with petroleum hydrocarbon
contamination. Dechlorination in these zones of
maximum degradation potential, however, is
insufficient to prevent tetrachloroethene migration

into downgradient areas where tetrachloroethene

degradation is reduced. Thus, natural attenuation
is not a suitable remedial alternative for contami-
nation from the Diesel Pump Station or the Service
Building.

By analogy, these data also provide a field
experiment to test the potential of an engineered
approach to optimize biodegradation rates in
source areas by allowing the chlorinated aliphatic
compounds to mix with oxidizable organic sub-
strate. The data suggest that such an approach
would be inadequate to completely prevent trans-
port of tetrachloroethene in this aquifer system.

INTRODUCTION

The potential for naturally occurring attenuation
processes to prevent transport of ground-water contam-
inants to property boundaries or points of contact with
human or wildlife populations can be assessed by com-
paring rates of contaminant transport to rates of con-
taminant biodegradation and adsorption. If the rates of
advective contaminant transport are fast relative to nat-
ural attenuation rates, the contaminants potentially can
migrate to property boundaries or points of contact. If
the advective contaminant transport rates are slow rel-
ative to attenuation rates, there is greater potential for
reduction of contaminant concentrations prior to
migration to property boundaries or points of contact.

Introduction 1



Factors affecting contaminant transport and
natural attenuation in saprolite and fractured-rock
aquifers are not well understood. To examine these
processes and their potential to reduce organic con-
taminant concentrations in saprolitic and fractured-
bedrock aquifers, the U.S. Geological Survey
(USGS), in cooperation with the South Carolina
Department of Natural Resources, Water Resources
Division, investigated ground-water contamination
by petroleum hydrocarbons and chlorinated volatile
organic compounds (CYOC) at a gas-turbine manu-
facturing facility in Greenville, S.C.

Purpose and Scope

The purpose of this report is to present the find-
ings of an investigation to evaluate the potential for
saprolite and fractured-rock aquifer processes to nat-
urally attenuate ground-water contamination. Con-
taminants of interest include components of fuel-oil
contamination in a saprolite/transition-zone aquifer
and CVOC contamination in both a saprolite/transi-
tion-zone aquifer and a fractured-bedrock aquifer.
The natural attenuation potential of selected fuel-oil
components and CYOC’s was qualitatively examined
using hydrologic, water-chemistry, and microbial
data. The potential for natural attenuation of benzene
was analyzed more quantitatively by integrating
hydrologic, geochemical, and microbial data into a
digital solute-transport model to simulate contami-
nant movement to the year 2097.

Data from previous investigations as well as
water-quality data collected during this investigation
were used to evaluate the natural attenuation poten-
tial. Ground-water samples were collected from 20
wells (October 1995) and analyzed for major ions,
dissolved oxygen (DO), selected minor constituents,
and relevant organic contaminants.

Description of Study Area

The study area is a gas-turbine manufacturing
plant in the Piedmont physiographic province near
Greenville, S.C. (fig. 1). The ground-water system
consists of three water-bearing zones: the saprolite,
the underlying fractured bedrock, and a transition
zone between the saprolite and the bedrock. For pur-
poses of this investigation, the zones are grouped into

two aquifers: the saprolite/transition-zone aquifer
and the fractured-bedrock aquifer.

The site is characterized by ground-water con-
tamination that originated from a variety of source
areas. This report considers three areas of contamina-
tion: the Test Stands contamination, the Service
Building contamination, and the Diesel Pump Station
contamination. The types of ground-water contami-
nants include chlorinated solvents, such as tetrachlo-
roethene (PCE), trichloroethene (TCE), and cis and
trans 1,2-dichloroethene (DCE); free-phase diesel
fuel (number 2 fuel oil); and dissolved petroleum
hydrocarbons related to the diesel fuel, such as ben-
zene, toluene, ethylbenzene, and total xylenes (collec-
tively termed BTEX), diesel-range organics (DRQ's),
and naphthalene. The areal distribution of chlorinated
solvents is distinct from the petroleum hydrocarbons
in some areas and commingles with the petroleum
hydrocarbons in other areas.

Observation wells in the study area include
wells screened in the saprolite (designated with no
alphanumeric suffix, as in WQ-05, or with the prefix
“TR,” as in TP-7) and others open to the shallow bed-
rock (designated with the suffix “B,” as in WQ-27B).
Wells designed to operate as contaminant-extraction
wells are designated by the prefix “P,” as in P-03.
Wells having “A” as the suffix indicate that the
screened interval is near the base of the saprolite or in
the transition zone between saprolite and bedrock. In
general, the well screens are 10-ft long. A series of
wells with a “BW” prefix have 30-fi-long screens.
The casing material is polyvinyl chloride (PVC).
Construction data for observation wells in and adja-
cent to contaminated areas and selected background
wells are shown in table 1.

Acknowledgments
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Table 1. Construction data for selected observation wells at a gas-turbine manufacturing facility, Greenville, S.C.

[1.D., inside diameter; in., inches; ft, feet; Isd, land surface datum; sl, sea level]

Well Casing Well Screen Top of

number 1.D. depth interval casing elevation
(fig. 1) (in.) (ft below Isd) (ft below Isd) ~ (ftabove sl)

BW-01 4 56.0 26.0-56.0 958.54
BW-02 4 59.5 29.5-59.5 959.01
BW-03 4 55.5 25.5-55.5 958.99
BW-04 4 65.5 35.5-65.5 958.67
BW-05 4 61 31-61 958.54
BW-06 4 56 26-56 958.24
BW-07 4 50 20-50 955.11
BW-08 4 393 9.3-39.3 944.51
P-01 2 40.89 30.89-40.89 959.39
P-02 2 34.54 24.54-34.54 938.43
P-03 2 26.55 16.55-26.55 939.22
P-04 2 24.48 14.48-24.48 946.04
P-04A 2 60.55 50.55-60.55 945.67
P-04B 2 80.59 70.59-80.59 945.53
P-07 2 15.59 5.59-15.59 933.75
P-07A 2 26.1 16.10-26.10 ' 933.94
P-07B 2 54 44.00-54.00 933.78
PW-27B 6 62.1 48.50-62.10 924.43
TP-07 2 24.49 14.49-24.49 959.92
TP-07A 2 79.21 69.2-79.2 960.14
TP-08 2 34.26 24.26-34.26 959.83
TP-09 2 33.98 23.98-33.98 960.59
TP-12 2 27.15 17.75-27.75 960.83
WQ-01A 2 68.96 58.96-68.96 951.28
WwQ-02 2 243 14.3-24.3 949.48
wQ-03 2 33.35 23.35-33.35 959.77
wQ-04 2 36.65 26.65-36.65 960.84
WQ-05 2 40.6 30.6-40.6 960.36
WQ-06 2 47.52 37.52-47.52 959.94

4 Natural Attenuation Assessment of Contaminated Ground Water at a Gas-Turbine Manufacturing Pilant,
Greenville, South Carolina



Table 1. Construction data for selected observation wells at a gas-turbine manufacturing facility, Greenville, S.C.

--Continued

(1.D., inside diameter; In., inches; ft, feet; Isd, land surface datum; sl, sea level]

Well Casing Well Screen Top of
e lin) (tbolowlsd)  (Rbolowisd) . (fiaboves)
WQ-08 2 32.38 22.38-32.38 962.09
WQ-09 2 42.76 32.76-42.76 961.53
WQ-10 2 42.48 32.48-42.48 961.39
wQ-11 2 48.25 38.25-48.25 961.09
WwQ-12 2 30.43 20.43-30.43 960.21
WwQ-13 2 283 16.93-26.43 963.97
WQ-13A 2 61.65 51.65-61.65 964.09
WQ-13B 4 924 73.00-92.40 963.78
wQ-15 2 47.28 37.28-47.28 959.81
WQ-15A 2 65.94 55.94-65.94 960.47
WQ-15B 2 92.69 82.69-92.69 960.09
WQ-17 2 2794 17.94-27.94 959.99
wQ-21 2 13.93 3.93-13.93 950.58
wQ-22 2 13.97 3.97-13.97 952.69
WQ-26 2 342 23.85-34.1 960.02
WQ-26A 2 78.84 68.84-78.84 960.76
wQ-27 2 16.25 4.52-13.85 923.77
WQ-27B 4 58.87 39.00-58.87 924.02
wQ-28 2 19 8.31-17.66 924.63
WQ-28B 4 61 39.60-61.00 925.07
WQ-45 2 23.57 8.8-23.57 961.50

FIELD AND LABORATORY METHODS attenuation. Specific methods used during this inves-

FOR ASSESSMENT OF CONTAMINANT tigation are discussed in the following sections.

ATTENUATION

Established methods were used in this investiga-
tion to assess attenuation of chlorinated hydrocarbons
in a fractured-rock aquifer and petroleum hydrocar-

Ground-Water Sample Collection and
Analysis

All monitoring wells were purged of casing

bons in a saprolite/transition-zone aquifer. Ingeneral,  yater prior to collecting water samples. At least three.
the approach was to compare advective contaminant casing volumes of water were removed from each well
transport processes to the factors affecting contaminant by using either a Teflon bailer or a positive-displace-
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ment pump. Ferrous iron [Fe(II)], dissolved oxygen
(DO), pH, and temperature in ground water were mea-
sured in the field.

After well purging, the DO concentration in
water from each well was determined by Winkler titra-
tion (Hach Company, 1983). Ferrous iron concentra-
tion was measured using the Hach colorimeter/
FerroZine method (Stookey, 1970). The temperature

“and pH were measured on a Beckman digital pH meter.

Water samples for analysis of volatile organic
compounds (VOC’s) and DRO’s were collected at
selected wells by Rust Environment and Infrastructure/
Kubal Furr and Associates following established U.S.
Environmental Protection Agency (USEPA) protocols
(Kubal-Furr and Associates, 1996). All sample bottles

. were capped with Teflon-lined bottle caps. The water
samples for VOC’s and DRO’s were analyzed using
USEPA methods 8240 and 3550/8015, respectively
(U.S. Environmental Protection Agency, 1986).

To determine methane and dissolved inorganic
carbon (DIC) concentrations, S milliliters (mL) of sam-
ple water were collected using a clean syringe and
injected into septated vials through a 0.45-micrometer
(um) porous-membrane filter. The vials were rinsed
with filtered sample water prior to sampling. The sam-
ples were stored on ice until analyzed. Methane was
quantified by thermal-conductivity-detection gas chro-
matography. Dissolved methane concentrations were
calculated using Henry's Law coefficients (Stumm and
Morgan, 1981). The DIC samples were acidified in the
~ laboratory with a 42.5 percent phosphoric acid solu-

tion, and DIC concentrations were quantified by ther-

mal-conductivity-detection gas chromatography.
Sample DIC concentrations were corrected for carbon
dioxide (CO,) present in sample-free blanks collected
in the field. '
Water samples for analysis of inorganic ions
were collected in sample-rinsed polyethylene bottles
after passing through a 0.45-um porous-membrane fil-
ter. The inorganic ion samples were packed in ice
immediately following collection. The samples were
analyzed for calcium (method 215.1), magnesium
(method 242.1), sulfate (method 375.4), and nitrate
(method 352.1) (U.S. Environmental Protection
Agency, 1983). Anions were analyzed using ion-
exchange chromatography with chemical suppression
[method 300.0 (U.S. Environmental Protection
Agency, 1986)].
_ The use of dissolved hydrogen gas (H,), a tran-
sient intermediate product of anaerobic microbial

metabolism, as an indicator of predominant terminal
electron-accepting processes (TEAP’s) was introduced
by Lovley and Goodwin (1988). This approach has
been used to document the zonation of TEAP’s in var-
ious systems by Chapelle and Lovley (1990; 1992),
Chapelle and McMahon (1991), and Vroblesky and
Chapelle (1994). These studies concluded that charac-
teristic dissolved hydrogen concentrations were S to 25
nanomoles per liter (nM) for methanogenesis; 1 to 4
nM for sulfate reduction; and 0.1 to 0.8 nM for ferric
iron [Fe(III)] reduction. Because hydrogen is an
extremely transitory intermediate, with a half-life of
less than a minute (Conrad and others, 1987), itis a
useful constituent for characterizing the local predom-
inant TEAP’s.

A ground-water hydrogen sample was collected
from well WQ-15B using the bubble-strip method of
Chapelle and McMahon (1991). A stream of water was
pumped from the well through a gas-sampling bulb at
an approximate rate of 600 mL per minute (mL/min).
A bubble of nitrogen was injected into the bulb.
Hydrogen and other soluble gases partitioned from the
water into the bubble until equilibrium was achieved.
Once equilibrium was achieved (less than 5 percent
change in hydrogen concentration in 5 minutes, which
typically occurred within 30 minutes of initiating the
flow of water through the bulb), gas was extracted from
the bulb using a gas-tight syringe. Dissolved hydrogen
was measured using a gas chromatograph (GC)
equipped with a reduction gas detector. The detection
limit of this method varied between 0.1 and 0.5 nM. All
dissolved hydrogen samples were collected as dupli-
cates.

Compilation of Water-Level Data

Quarterly water-level data, collected during pre-

. vious investigations, were used in this investigation to

determine field-derived average-annual water levels
for non-pumping and pumping conditions. Field-
derived average-annual water levels for the non-pump-
ing period were determined by compiling quarterly
water-level data for April 1991 through April 1994,
Spring, summer, fall, and winter water-level data from
individual wells were separately averaged to determine
average seasonal water levels, which then were aver-
aged to yield field-derived average-annual water levels
for each well. The field-derived average-annual water
levels for the pumping period were determined in the
same manner as the non-pumping period by compiling
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quarterly data for June 1994 through July 1997. This
allowed approximately 2 months for the pumping
stresses to achieve hydrodynamic stability. A pumping
test in the saprolite near the Test Stands showed that the
aquifer reached hydrodynamic stability within 23
hours (Kessler and Cross, 1986). Thus, the compiled
water levels represent approximate steady-state condi-
tions.

At wells where measured water levels were
available only for a limited number of annual quarters,
the average water levels were determined for the avail-
able time periods, or the period-of-interest. These val-
ues were adjusted to approximate ficld-derived
average-annual water levels by a statistical comparison
to wells where field-derived average-annual data were
available. Field-derived average-annual water levels
were graphed relative to average period-of-interest
water levels at wells where data were available for all
four annual quarters. The linear regression of this rela-
tion (coefficient of determination R? was 0.99) pro-
vided an equation that was used to adjust the average
period-of-interest water levels to approximate field-
derived average-annual water levels at wells with lim-
ited data. This methodology was used to approximate
separate field-derived average-annual water levels for
non-pumping and pumping periods at wells where
measured water levels were missing for some of the
annual quarters.

Quantification of Biodegradation Rates

The ability of microorganisms indigenous to the
aquifer system underlying the site to mineralize spe-
cific compounds under aerobic and anaerobic condi-
tions was evaluated using both radiolabeled and
nonlabeled compounds. Sediment samples were col-
lected from the saprolite below the water table using a
flame-sterilized split-spoon sampler through hollow-
stem augers. In addition, a sample of auger cuttings
was obtained from near well WQ-10 (fig. 1) for deter-
mination of selected petroleum-hydrocarbon biodegra-
dation rates. Samples were maintained at 4 °C until
microcosm studies were initiated.

Petroleum-Hydrocarbon Biodegradation Rates

Biodegradation rates of benzene and decane
under aerobic conditions were evaluated in aquifer-
sediment microcosms using uniformly ring-labeled
carbon-14 ['4C] benzene and uniformly labeled [14C]

decane. Microcosm experiments were initiated using
saprolite sediments collected adjacent to wells and
from a background area approximately 1,600 ft north-
east of the Test Stands contamination area.

Microcosms consisted of 20 mL serum vials-
which were amended with 10 grams (g) of aquifer sed-
iment and sealed with Teflon-lined butyl rubber stop-
per/base trap assemblies (Bradley and Chapelle, 1996).
Microcosms were created with a head-space of air and
amended with 0.5 mL of anoxic, sterile distilled water.
Killed controls were prepared as described and auto-
claved twice for 1 hour at 15 pounds per square inch
(psi) and 121 °C. Three live and duplicate killed con-
trols were prepared for each substrate treatment and
each sediment (split-spoon samples from near well
WQ-11 and from the background area, and auger cut-
tings from near well WQ-10).

The microcosms were incubated for a 2-day
acclimation period. Then, approximately 200,000 dis-
integrations per minute (DPM) of [4C] benzene or
[4C] decane were injected directly into the saturated
sediment to yield a final dissolved concentration of
about 1 micromole per liter (uM). The purity of the
radiolabeled substrates was determined by radiometric
detection gas chromatography to be greater than 98
percent.

To sample, microcosm base traps were rinsed
with 0.5 mL of sterile distilled water and filled with 0.3
mL of 3 moles per liter (M) potassium hydroxide
(KOH). After 12 hours, the KOH solution was
removed and the amount of trapped carbon-14 labeled
carbon dioxide (14C02) was quantified using scintilla-
tion counting. Production of '“CO, was confirmed in
selected vials by addition of barium chloride as
described previously (Davis and Carpenter, 1990). The
fact that no radioactivity was detected in the base traps
of blanks consisting of sterile serum vials that con-
tained radiolabeled benzene or decane but no sediment
indicates that trapping of radiolabeled benzene or
decane was not significant (less than 0.5 percent) in
experimental microcosms. Microcosms were incu-
bated in the dark at room temperature, and mineraliza-
tion was monitored periodically over 20 days.

Rates of [14C] benzene and decane mineraliza-
tion were estimated by linearly regressing the percent-
age of '4C recovered as 14CO, in base traps as a
function of incubation time using a simple linear
regression program (Sigmastat, Jandel Scientific, San
Rafael, Calif.). Rates of ['4C] benzene and decane min-
eralization were considered insignificant in treatments
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where the final recovery of 14C was less than 2 percent
(the purity of the [14C] substrates was 98.5 percent) or

-the slope of the linear regression was not statistically
significant from zero (P value less than 0.05, Sigmas-
tat, Jandel Scientific, San Rafael, Calif.).

Tetrachloroethene Biodegradation Rates

The ability of indigenous, aquifer microorgan-
isms to degrade PCE under aerobic and anaerobic con-
ditions also was evaluated. Sediment samples near well
P-04 were collected using a flame-sterilized split-
spoon sampler and stored in autoclaved jars. All sam-
ples were maintained at 4 °C until microcosm studies
were initiated.

Microcosms consisted of 60 mL serum vials that
were amended with 50 g of aquifer sediment and sealed
with Teflon-lined butyl-rubber stoppers. Microcosms
were created with a head-space of air (aerobic treat-
ments) or helium (anaerobic treatments) and amended
with 20 mL of anoxic, sterilized ground water collected
from well P-04. Killed controls were prepared as
described and autoclaved twice for 1 hour at 15 psi and
121 °C. Three live and duplicate killed controls were
prepared for each head-space treatment (aerobic or
anaerobic) and each aquifer material. The microcosms
were incubated for a 2-day acclimation period and then
amended with PCE to yield a dissolved concentration
of approximately 700 micrograms per liter (ug/L).
Microcosms were shaken to thoroughly mix the PCE
with the water and sediment and allowed to equilibrate
for 12 hours. Microcosms were incubated in the dark,
and the head-space concentrations of PCE and its

-daughter products TCE, DCE, vinyl chloride (VC), and
ethene were monitored periodically over 100 days.

Quantification of Adsorption

Adsorption coefficients for benzene and decane
were determined using a modification of the method
described in Schwarzenbach and Westall (1981).
Approximately 5 g of aquifer material collected from a
boring near well P-04 were placed in 10 mL serum
vials. The vials were filled with solutions containing
‘uniformly labeled ['4C] benzene or uniformly labeled
[4C] decane at concentrations of 0.2 to 100 pg/L ben-
zene or 0.2 to 5 pg/L decane. Vials were sealed without
airspace using Teflon-coated butyl rubber stoppers.
Vials were prepared in duplicate for each compound at
each test concentration. The final volume of solution in

the adsorption vials was 7.4 £ 0.1 mL. Adsorption vials
were vigorously shaken for § minutes and allowed to
stand overnight.

Final dissolved concentrations of [14C] benzene
and [14C] decane were determined by removing 1 mL
of solution from each vial and quantifying radiola-
belled solute by liquid scintillation counting. The dif-
ference between final dissolved concentrations
observed in adsorption vials and the concentration in
the source solutions was attributed to adsorption.

HYDROGEOLOGY

Ground water in the study area moves through
zones of saprolite, underlying fractured metamorphic
rock, and a transition zone in between these two units.
The saprolite primarily consists of silt and fine- to
medium-grained silty sand, and the bedrock primarily
consists of biotite gneiss, although granite gneiss also
has been reported (Koch, 1968; Sirrine Environmental
Consultants, 1992). The saprolite thickness varies from
0 ft where bedrock crops out in Little Rocky Creek to
approximately 100 ft in upgradient areas (Davis and
Floyd, 1994). The approximate altitude of the bedrock
ranges from about 840 to 910 ft, which was determined
during previous investigations by initially contouring
the depth of auger refusal (SEC Donohue, 1992a) and
subsequently adjusting for probable differences in that
depth caused by differing drilling methodologies (Stacy
Sargent, Rust Environment and Infrastructure, Inc., writ-
ten commun., 1996). The approximate saturated thick-
ness of the saprolite/transition-zone aquifer determined
in this investigation was 33 to 67 ft (fig. 2), derived by
subtracting the altitude of the discretized bedrock sur-
face (Stacy Sargent, Rust Environment and Infrastruc-
ture, Inc., written commun., 1996) from the discretized
surface of the approximate mean annual water table
(fig. 3). The discretized surface of the approximate
mean annual water table used for this calculation was
derived from model simulations for this investigation
and will be discussed later in this report.

Hydrogeologic Framework

Ground-water recharges by infiltration of local
precipitation. Normal rainfall near Greenville, is 51.27
in. per year (in./yr) (National Oceanic and Atmospheric
Administration, 1996). Recharge rates were not mea-
sured for this study; however, measured recharge rates
from 12 sites in regolith/fractured rock in Orange
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County, North Carolina, ranged from 4.15 to 6.40 in./yr,
with a mean 0f4.90 in./yr (Daniel, 1996). These values
probably are similar to those in the study area.

During June 1994 to July 1997, when ground-
water pumping was in operation, the field-derived
average-annual water levels at several wells (such as
wells P-03, P-04, TP-07, TP-08, TP-12, WQ-06,
WQ-10, WQ-43, and others) distant from pumping
centers were higher than they were during the non-
pumping conditions. These data imply that recharge to
the aquifer was slightly higher during the pumping
period than the non-pumping period. This hypothesis
is supported by the rainfall data from the Greenville/
Spartanburg Airport (National Oceanic and Atmo-
spheric Administration, 1996), showing that the aver-
age monthly rainfall was 4.03 in. (standard deviation of
2.4 for 25 months) during April 1991 to April 1994,
prior to operation of the pumping wells, and was 4.61
in. (standard deviation of 2.8 for 40 months) during the
pumping period from June 1994 to July 1997.

Ground-water discharge is dominantly to Little
Rocky Creek and its tributaries (fig. 3). During
November 1991, the average stream-flow increase
across the reach of Little Rocky Creek approximating
the reach addressed by this investigation was 57
gal/min, or 11,000 f3/d (SEC Donohue Inc., 1992a).
This value was reported as a mixture of baseflow and
surface runoff. Ground water also discharges to a
series of wells that began operation in April 1994 south
of the wastewater-treatment plant to pump and remove
ground-water contamination emanating from unlined
lagoons (fig. 3).

Horizontal and vertical hydraulic conductivity
values in the saprolite and horizontal hydraulic conduc-
tivity values in bedrock were determined during a pre-
vious investigation (SEC Donohue, 1992a). In the
southeastern part of the modeled area, slug test results
at wells WQ-42 and WQ-43 (fig. 1) showed that the
hydraulic conductivity values were approximately 0.97
and 1.7 f¥/d, respectively. A slug test at well WQ-38
showed the hydraulic conductivity to be about 7.7 ft/d.
Hydraulic conductivities were measured at well
WQ-29 (2.9 ft/d) and on the opposite side of Little
Rocky Creek at wells WQ-30 (15 ft/d) and WQ-34
(3.2 f/d). The geometric mean of horizontal hydraulic
conductivity in the saprolite was about 2.6 ft/d, based
on slug tests. Vertical hydraulic conductivity values
determined by laboratory testing of undisturbed cores
at wells WQ-42, WQ-45, and WQ-40B (fig 1) were 1.4,
2.0 x 102, and 5.6 x 10 f/d, respectively, with a geo-

metric mean of 0.025 f/d. The data indicated an aniso-

tropic distribution of hydraulic conductivity, with the

horizontal hydraulic conductivity being approximately
100 times higher than the vertical hydraulic conductiv-
ity (SEC Donohue, 1992a). The horizontal hydraulic
conductivity of fracture zones in the bedrock (from
0.01 to 5.0 ft/d with a geometric mean of 0.7 ft/d),
determined from aquifer tests, was lower than in the
saprolite (SEC Donohue, 1992a).

Rising-head aquifer tests were done during a pre-
vious investigation to compare hydraulic conductivity
in the saprolite and transition zone (SEC Donohue,
1992a). Calculated hydraulic conductivities in the
saprolite and transition zone were 0.6 and 0.4 ft/d,
respectively, at well-cluster WQ-35; 10 and 0.4 ft/d,
respectively, at well-cluster WQ-36; 0.6 and 1.2
ft/d, respectively, at well-cluster WQ-37; and 7.7 and
5.0 f/d, respectively, at well-cluster WQ-38 (fig. 1).
Thus, the data from most well clusters show a similarity
in reported hydraulic conductivities in the two units.

Although water-levels in upgradient wells gener-
ally are slightly higher in the shallow saprolite than in
the deeper saprolite or transition zone, the difference is
small, typically 0.7 ft or less. These data, and the obser-
vation that horizontal hydraulic conductivity is approx-
imately 100 times larger than the vertical hydraulic
conductivity (SEC Donohue, 1992a), imply that the
direction of flow in the shallow saprolite in upgradient
areas is approximately horizontal (Davis and Floyd,
1994).

Ground water in the vicinity of the Service
Building and the Test Stands moves generally south-
wardly away from a ground-water divide oriented from
northwest to southeast between the Service Building
and the Manufacturing Building (Davis and Floyd,
1994; Kubal-Furr and Associates, 1996) (fig. 3). Shal-
low ground water moves toward Little Rocky Creek
and radially toward a zone of low ground-water levels
(fig. 3) near well P-02 (fig. 1).

The location and inferred orientation of the low
ground-water-level zone near well P-02 are in the
approximate area of two very-low-frequency electro-
magnetic (VLF-EM) anomalies identified during a
WADI survey (Sirrine Environmental Consultants,
1991a; Vroblesky, Rhodes, and others, 1996) (fig. 1).
The VLF-EM anomalies were linear, trending south-
westward from the vicinity of well P-02 to Little Rocky
Creek (fig. 1). '
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The VLF-EM anomalies detected by the WADI
survey arise from secondary electromagnetic fields
generated when subsurface VLF signals from various
military radio transmissions around the world encoun-
ter a low resistivity zone, such as a water-filled fracture
in host rock. The distribution of these secondary fields,
as detected by a WADI survey, are interpreted to repre-
sent water-filled fracture zones at the facility (Sirrine
Environmental Consultants, 1991a; Vroblesky,
Rhodes, and others, 1996). Measurements of water
levels in deeper wells (wells P-02A and P-02B), imme-
diately adjacent to well P-02, show a net upward
hydraulic gradient from the fractured-rock aquifer to
the saprolite (SEC Donohue, 1992a), indicating that the
ground-water depression is not the result of downward
gradient and flow. Thus, the probable explanation for
the ground-water depression near well P-02 is that it
represents a zone of anomalously high hydraulic con-
ductivity and a preferential pathway for lateral water
movement from the area near well P-02 toward Little
Rocky Creek. Shallow test borings near well WQ-09,
upgradient from well P-02, showed the presence of a

‘buried alluvial channel roughly aligned in the direction
of the ground-water depression (Kessler and Cross,
1986). Thus, the zone may indicate the presence of a
paleochannel or fracture zone in the saprolite/transi-
tion-zone aquifer.

Little Rocky Creek and its tributaries are the
areas of shallow ground-water discharge, as evidenced
by upward hydraulic gradients in well clusters near the

- creek (Kubal-Furr and Associates, 1996). During
November 1991, the average stream-flow increase
from baseflow and surface runoff to Little Rocky Creek
within the boundaries of the manufacturing plant was

57 gal/min, or 11,000 ft%/d (SEC Donohue Inc., 1992a).

The creek flows from west to east along the
approximate southern boundary of the facility. The
creek-bottom sediment is predominantly silty sand, but
locally contains outcropping rock. The creek ranges in
width from about 2 ft in areas where flow is constricted
by exposed rock to about 14 ft. The depth of water in

‘the thalweg ranges from about 0.2 to 4 ft. The creek
intercepts shallow ground-water flow, but deeper
ground water of the fractured-rock aquifer locally
appears to flow beneath the creek, as indicated by the
transport of contaminants beneath the creek along cer-
tain reaches (Vroblesky and others, 1997).

Conceptual Model of Ground-Water Flow

The ground-water system can be thought of as
containing three water-bearing zones: the saprolite, the
underlying fractured bedrock, and a transition zone
between the saprolite and the bedrock (fig. 4). Rainfall
infiltration recharges the saprolite/transition-zone aqui-
fer, and most of the recharged water in the study area
discharges to Little Rocky Creek and its tributaries.
Part of the recharged water is discharged to the atmo-
sphere by evapotranspiration, and a relatively small
portion of the water in upgradient areas enters the
underlying fractured bedrock. A series of ground-
water contamination recovery wells approximately
1,000 ft southeast of the Test Stands have been in oper-
ation since May 1994 and provide an additional
ground-water sink. In addition to describing ground-
water flow, this conceptualization is useful for discus-
sions of CVOC'’s in the aquifer because, as will be
shown, density gradients have transported the CVOC’s
downward to each zone. This conceptualization also
was used in a previous ground-water flow model of a
large area, approximately 2.4 mi east to west and
approximately 5.9 mi north to south, with the Test
Stands in the approximate center of the modeled area
(Stacy Sargent, Rust Environment and Infrastructure,
written commun., 1996). The earlier simulations were
used to evaluate the hydraulic effects of selected reme-
diation alternatives in various areas of the facility (Rust
Environment & Infrastructure, 1995b).

For the purpose of simulating benzene solute
transport in this investigation, the ground-water flow
system is further simplified to one layer, the saprolite/
transition-zone aquifer. Simulating the ground-water
flow as a one-layer system is justified for several rea-
sons. As will be discussed, it is highly probable that
benzene in the contamination plume immediately
southeast of the Test Stands is limited to the saprolite/
transition-zone aquifer. This consideration, as well as
the larger average horizontal hydraulic conductivity of
the saprolite (2.6 ft/d) relative to the average horizontal
hydraulic conductivity of the fractured bedrock
(0.7 f/d), and measured vertical anisotropy (SEC
Donohue, 1992a) justifies limiting the simulations to
horizons shallower than the bedrock.
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Further justification can be found by examining
water-level data. Hydraulic gradients indicate that
water discharges from the saprolite into the underlying
fractured bedrock in some upgradient areas; however,
such flow appears to be small relative to lateral flow in
the saprolite (SEC Donohue, 1992a). In downgradient
areas, ground water appears to discharge from the bed-
rock upward into the saprolite; however, part of the
ground water in the fractured bedrock flows under local
discharge zones, such as Little Rocky Creek, and con-
tinues to move toward offsite, regional discharge zones
(Vroblesky and others, 1997). The data imply that
most of the ground water that enters the fractured bed-
rock from the saprolite in the simulated area returns to
the saprolite or to Little Rocky Creek. Because the
fractured bedrock does not appear to constitute a major
sink or source for saprolite ground water in the mod-
eled area, exclusion of the fractured bedrock from the
digital model should not substantially affect the model
solution.

Similarity in hydraulic conductivity values justi-
fies combining the saprolite and the transition zone into
a single unit for simulation purposes. Although the
transition zone elsewhere has been reported to be
somewhat more permeable than the overlying regolith
(Stewart, 1962; Nutter and Otton, 1969), and the tran-
sition zone near the wastewater-treatment plant (fig. 1)
is a transport pathway for chlorinated solvents
(W.T. Hyde, General Electric Company, oral commun.,
1998), rising-head aquifer tests in this study area show
the transition zone hydraulic conductivity to be similar
to or, in some cases, slightly lower than the overlying
saprolite hydraulic conductivity (SEC Donohue,
1992a). These data suggest that the saprolite/transi-
tion-zone aquifer is the predominant pathway of ben-
zene-contaminated ground-water flow immediately
southeast of the Test Stands.

GROUND-WATER CONTAMINATION

Three areas of ground-water contamination are
considered in this report. The areas, which overlap to
some extent, are the Test Stands contamination, the
Service Building contamination, and the Diesel Pump
Station contamination.

Test Stands Contamination

The Test Stands contamination (fig. 5) originated
in January 1984 from a leak of approximately 16,000
gal of diesel fuel from an underground pipe at the
northwest corner of the Test Stands building. The con-
tamination has subsequently spread south and east of
the building. Dissolved components of the fuel include
BTEX compounds and naphthalene. A system of
extraction wells to recover fuel was installed downgra-
dient from the contamination and operated from 1986
until March 1991. Approximately 4,800 to 5,200 gal of
free-phase fuel were recovered by various methods
(Kubal-Furr and Associates, 1996). In addition,
1,1,1-trichloroethane (TCA) may have been released
into a storm drain at the Test Stands that discharged
onto land surface (SEC Donohue, 1992a). Subsequent
testing found TCA in sediment samples.

Distribution

Early investigations showed that the free-phase
fuel was present at the northern part of the Test Stands
in a zone extending at least 50 ft west of the building to
at least 30 ft east of the building (Law Engineering
Testing Company, 1984a; 1984b). Free-phase fuel is
present at two wells (WQ-08 and WQ-11) in the Test
Stands contamination, and dissolved DRO’s are
present in ground water at several nearby wells (fig. 5).
Specific dissolved components of fuel present down-
gradient from the free-phase fuel include BTEX and
naphthalene.

The history of Test Stands contaminant concen-
trations cannot be determined precisely for the fuel-line
leak because petroleum hydrocarbon contamination
also entered the aquifer in the vicinity of the Diesel
Pump Station, and the two plumes probably commin-
gle in places. Moreover, the contamination was
mapped by several investigators using a variety of
analytical methods. The Test Stands contamination
was delineated using the summation of BTEX or ben-
zene, toluene, and total xylenes (BTX) concentrations
prior to the second quarter of 1992 (SEC Donohue,
1992b). After 1992, site investigators ceased sampling
for BTX and BTEX and began characterizing the con-
tamination using DRO concentrations. In 1995, site
investigators began characterizing the contamination
using an analysis of DRO’s that apparently summed a
different suite of hydrocarbons than in previous DRO
analyses (W.T. Hyde, General Electric Company, oral
commun., 1995).
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Despite the differences in data types over time, the
data are sufficient to show that contaminants from the ini-
tial spill migrated southeastward beneath the Test Stands
Building (fig. 5). Free-phase fuel was detected in well
WQ-11 in December 1989 and in well WQ-08 in August
1991 (fig. 5). The absence of free-phase fuel in those
wells during prior sampling events indicates lateral trans-
port of the fuel (Sirrine Environmental Consultants,
1991b). The transport of fuel from the spill area to well
WQ-11 implies that it is unreasonable to expect free-
phase-fuel transport to have stopped at well WQ-11.
However, the lack of detected free-phase fuel at wells
BW-03, BW-04, BW-05, WQ-05, and WQ-06 indicate
that fuel transport has not extended to those areas.

The transport of dissolved petroleum hydrocarbons
differs from the transport of free-phase fuel partly
because petroleum hydrocarbons are more readily biode-
graded in dissolved form. For example, benzene concen-
trations did not substantially change at wells WQ-05,
WQ-06, or WQ-10 between 1991 and 1997 (table 2),
implying that the advective transport rate of benzene into
those areas was balanced by the benzene removal rate.
Factors controlling the benzene removal rate potentially
include the rates of biodegradation and adsorption rela-
tive to the rate of advective transport. Slight increases in
benzene concentrations observed at wells BW-03,
BW-04, and WQ-04 between 1991 and 1997, imply that
the contamination was migrating toward these wells.

No ground-water chemistry data are available
delineating the vertical extent of petroleum hydrocarbon
contamination immediately southeast of the Test Stands;
however, the probable vertical extent can be estimated
using a variety of factors. The petroleum hydrocarbon of
greatest interest to this investigation is benzene. Because
benzene is less dense than water, there is no tendency for
the contamination to sink into the aquifer by density-
driven movement. The larger horizontal hydraulic gradi-
ent at the Test Stands, compared to the vertical hydraulic
gradient, also suggests that there is little tendency at that
location for benzene to be transported significantly deeper
into the aquifer by advective transport. Moreover, the
upward hydraulic gradient from the transition zone to the
saprolite in areas downgradient from well P-01 further
limits downward movement of benzene. Therefore, it is
highly probable that benzene in the Test Stands contami-
nation is most concentrated in the saprolite.

Biodegradation Potential

Water from most wells sampled on the eastern side
of the Test Stands (fig. 1) in October 1995 contained low
concentrations of DO, ranging from 0.44 milligrams per
liter (mg/L) in well WQ-09 to 0.98 mg/L in well P-01

(table 3). The lowest DO concentrations on the eastern
side of the Test Stands'were from wells WQ-05, -06, and
-09, which also contained the highest concentrations of
DRO’s among the sampled wells (table 4). The low con-
centrations of DO is the result of oxygen depletion by aer-
obic microbial degradation of petroleum hydrocarbons.

It is probable that the petroleum hydrocarbon bio-
degradation near the main body of contamination occurs
under anaerobic conditions. The presence of sulfate at
2.64 mg/L in ground water from the well with the highest
concentration of DRO’s (well WQ-05) and at only 0.75
mg/L at well WQ-09, closer to the spill area, implies that
sulfate reduction is active in nearby anaerobic zones.
Concentrations of sulfate above 2 mg/L have been
observed to support sulfate reduction in other petroleum-
hydrocarbon contaminated ground water (Vroblesky,
Bradley, and Chapelle, 1996). The presence of methane
in WQ-03, WQ-05, WQ-06, WQ-09, and P-02 in the
vicinity of the Test Stands supports the hypotheses that
anaerobic conditions are present in some parts of the con-
tamination and that methanogenesis is an active TEAP in
contaminated areas upgradient from those wells.

The wells in the vicinity of the Test Stands contam-
ination containing the highest concentrations of DRO’s
also contained the highest concentrations of DIC.
Because one source of DIC is from dissolved carbon diox-
ide production during petroleum-hydrocarbon biodegra-
dation, the relatively high DIC concentrations in wells
with high concentrations of DRO’s support the hypothesis
that the diesel fuel is being microbially degraded.

Evidence that selected components of diesel-fuel
contamination are actively biodegraded in aquifer sedi-
ments from the facility also is shown by the laboratory
data (table 5). The data indicate that native microbial
populations are capable of degrading benzene and decane
under aerobic conditions.

Currently, insufficient data are available to quantify
the biodegradation potential of naphthalene in the study
area. In general, naphthalene appears to be recalcitrant or
to degrade more slowly than benzene in anaerobic con-
taminated sediment (Milelcic and Luthy, 1988; Land-
meyer and others, 1998), apparently because the slow
naphthalene desorption rate limits the amount of bioavail-
able naphthalene (Volkering and others, 1993; Ghoshal
and others, 1996). Although aerobic naphthalene and
benzene biodegradation rates have been reported to be
similar (Landmeyer and others, 1998), the observations of
limited naphthalene biodegradation implies the possibil-
ity that naphthalene could be more persistent than ben-
zene at this site.
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Table 5. Laboratory-derived biodegradation rates, in percentage degraded per day (plus or minus the
standard devuatnon? of benzene and decane using sediment microcosms from a gas-turbine manufactur-

ing facility, Greenville, S.C.

[z, plus or minus]

Aeerroxlmate location of
iment collection site

Percentage of initial concentration degraded per day

Benzene Decane
Background 163+2.0 4374337
wQ-11 1.25+0.15 0.07 +0.05
WQ-10 (auger cuttings) 1.30+£ 0.6 7.20£5.1

Diesel Pump Station Contamination

In addition to the Test Stands fuel-line leak,
petroleum-hydrocarbon and CVOC contamination is
present in ground water at the Diesel Pump Station
(fig. 1). The contamination was discovered in 1984
during investigation of the Test Stands contamination
(Law Engineering Testing Company, 1984a).

Distribution

Ground-water contamination associated with the
Diesel Pump Station originates near the southwestern

edge of the Test Stands building (fig. 6). The contami-

nation consists of a mixture of CVOC'’s and DRO's
from diesel fuel (Davis and Floyd, Inc., 1994). Con-
tamination by CVOC’s from the Diesel Pump Station
contamination and the Service Building contamination
probably commingle at depth in the saprolite/transi-
tion-zone aquifer (fig. 7).

Petroleum hydrocarbons from the Diesel Pump
Station contamination and the Test Stands contamina-
tion also probably commingle in downgradient areas.
The direction of ground-water flow in the saprolite/
transition-zone aquifer is southeastward from the Die-
sel Pump Station (fig. 3). This path of potential con-
taminant transport approximately intersects the
southern part of the Test Stands contamination (fig. 5).
Thus, the petroleum hydrocarbon contamination in the
southern end of the Test Stands contamination may be
derived partly from the Diesel Pump Station.

The primary CVOC’s present in the saprolite/
transition-zone aquifer at the Diesel Pump Station in
October 1995 were cis 1,2-DCE (35,200 pg/L) and

PCE (2,580 ug/L) (table 4, well TP-07). When highly
concentrated, these compounds have a tendency to
migrate downward in aquifers because they are denser
than water. The presence of PCE in the underlying
transition zone at well TP-07A (table 4) implies that the
contamination has migrated vertically downward into
the transition zone (fig. 7). The presence of 249 pg/L
of PCE at well P-04B, downgradient from the Diesel
Pump Station, shows that CVOC contamination also
has migrated downward into the fractured bedrock
(table 4, fig. 7).

The CVOC contamination from the Diesel Pump
Station is approximately downgradient from sources of
CVOC contamination near the Test Stands. Thus, the
contamination from both sources probably commingles
in the saprolite/transition-zone aquifer (fig. 7). The
areal distribution of the CVOC contamination implies
that the contaminant transport direction is approxi-
mately southward in the deeper part of the ﬂow system
(fig. 6).

Biodegradation Potential

The presence of CVOC’s and BTEX compounds
in ground-water contamination can accelerate the
degradation of each other (Sewell and Gibson, 1991).
The reason for the accelerated degradation is that
higher chlorinated CVOC'’s typically are degraded by
reduction, and BTEX compounds typically are
degraded by oxidation. Because oxidation reactions
are coupled to reducing reactions, the commingling of
oxidizable and reducible contaminants provides both
the electron donor and the electron acceptor necessary
to sustain the redox reactions.
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Evidence for such extensive degradation at the
facility is the relatively high concentration of DIC at
well TP-07 (175.4 mg/L) as well as the presence of sev-
eral dechlorination products, such as 1,1-dichloro-
ethene, cis 1,2-dichloroethene, trans 1,2-dichloro-
ethene, methylene chloride, and VC. Cis 1,2-dichloro-
ethene is present at a concentration of 35,200 pg/L.
The ground water at well TP-07 is aerobic (2.5 mg/L of
DO). In other investigations, VC has been shown to
degrade rapidly under aerobic conditions (Hartman and
others, 1985; Davis and Carpenter, 1990; Phelps and
others, 1991). Thus, the presence of VC (1,630 pg/L)
in aerobic ground water at well TP-07 suggests that
extensive dechlorination of higher chlorinated com-
pounds maintains elevated VC concentrations near the
Diesel Pump Station. The dechlorination may take
place in local anaerobic zones associated with petro-
leum-hydrocarbon contamination.

Further evidence of dechlorination in the aquifer
at well TP-07 is suggested by the chloride concentra-
tions. In October 1995, the ground water at well TP-07
contained 17.79 mg/L of chloride, which was substan-
tially higher than the typical concentration of less than
6 mg/L at most wells. A possible source of chloride is
dechlorination from higher to lower chlorinated ali-
phatic compounds in the aquifer.

Examination of water chemistry from wells
P-04A (transition zone) and well P-04B (fractured bed-
rock) can provide information on the downgradient
potential for PCE transformations (fig. 1). The ground
water at wells P-04A and P-04B contained 1,230 pg/L
and 249 pg/L of PCE, respectively, in October 1995
(table 4). The concentrations of chloride, 0.97 and 0.98
mg/L, respectively, in those zones, however, were
lower than at most other wells (table 3), implying that
dechlorination reactions are not significant in this area.
Moreover, the presence of 4 mg/L of DO in ground
water at well P-04A and 7.2 mg/L of DO in the overly-
ing saprolite at well P-04 (table 3) suggests that acrobic
conditions will inhibit further dechlorination of PCE
along the path of flow. The same aerobic conditions,
however, probably will prevent extensive migration of
VC.

Service Building Contamination

The ground-water contaminants associated with
the Service Building area are primarily PCE and DCE,
with lesser concentrations of TCE, as well as petroleum
hydrocarbons. Ground-water contamination by

CVOC'’s downgradient from the Service Building
appears to have originated from several areas. In addi-
tion to the Diesel Pump Station, previously discussed,
these areas include those near the Service Building,
well WQ-45, and possibly near the National Pollutant
Discharge Elimination System (NPDES) outfall-002
(SEC Donohue, 1992a) (fig. 1). The Service Building
was used to store waste cuttings, grinding oil, and
drums of new and used chlorinated solvents prior to
1976 (SEC Donohue, 1992a; Kubal-Furr and Associ-
ates, 1996).

Distribution

The ground-water contamination from the Ser-
vice Building is moving south to southwestward
toward Little Rocky Creek (fig. 6). Concentrations of
PCE up to 30,000 pg/L in ground water (well WQ-45)
were reported in 1992 (Davis and Floyd, Inc., 1994).
Volatile organic compounds have been detected adja-
cent to Little Rocky Creek at wells WQ-27 and
WQ-27B (Kubal-Furr and Associates, 1996) (fig. 6).
The presence of VOC's in wells adjacent to Little
Rocky Creek indicates that ground-water contaminants
from the Service Building, the Diesel Pump Station, or
a combination of contaminants from the two source
areas has reached the creek and probably discharges to
the creek. '

The presence of VOC contamination in deeper
parts of the aquifer near the source areas (fig. 7) implies

_ that chlorinated compounds from the Service Building

contamination migrated vertically downward under a
density gradient through the saprolite into the transition
zone and, probably, into the fractured bedrock (fig. 7).
The presence of PCE (11.7 ug/L) in ground water col-
lected from transition-zone well WQ-17A (Kubal-Furr
and Associates, 1996), screened 96 to 106 ft below land
surface, indicates that the Service Building contamina-
tion has been transported laterally at depth.

Biodegradation Potential

As with the CVOC contamination from the Die-
sel Pump Station, the CVOC contamination from the
Service Building shows a high potential for contami-
nant degradation in parts of the source area, but little
potential for degradation for those CVOC’s transported
away from the source area. One such area showing a
high potential for contaminant degradation is at well
WQ-45 (fig. 1). The ground water at well WQ-45 con-
tained the highest concentrations of PCE (5,500 png/L)
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among the wells sampled in October 1995 for this
investigation. Petroleum hydrocarbons also were
present in the aquifer at well WQ-45, as evidenced by
detection of BTEX compounds (table 4). It is clear
from the presence of 79,000 pug/L of cis 1,2-dichloro-
ethene and 478 pg/L of VC that a substantial amount of
dechlorination is taking place in the aquifer near the
well. Such extensive dechlorination is consistent with
accelerated degradation caused by commingling of
CVOC’s and petroleum hydrocarbons (Sewell and
Gibson, 1991). '

At well WQ-26, located 200 ft approximately
downgradient from well WQ-45, however, the data
imply that PCE has been transported downgradient.
Although well WQ-26 was not sampled during October
1995, PCE commonly was detected (13 sampling dates
between August 1992 and January 1996) at concentra-
tions exceeding 1,000 pg/L (Robert DeGaetano,
Kubal-Furr and Associates, written commun., 1997).

Aerobic conditions in ground water at wells P-04 and

P-04A imply that PCE biodegradation is limited in
downgradient areas.

SIMULATED GROUND-WATER FLOW AND
BENZENE TRANSPORT IN THE SAPRO-
LITE/TRANSITION-ZONE AQUIFER

A ground-water flow model and a solute-trans-
port model were used to simulate the potential for nat-
ural attenuation of benzene in the Test Stands
contamination area. The flow simulations provided a
description of hydraulic potential in the combined
saprolite/transition-zone aquifer. A solute-transport
model simulated potential benzene-attenuation mecha-
nisms, such as bioremediation. Coupling the flow and
solute-transport simulations allowed estimates to be
made as to whether the benzene-attenuation mecha-
nisms were extensive enough, relative to ground-water
~ flow, to prevent contaminant transport to offsite areas
or to Little Rocky Creek. ‘Ground-water flow was sim-
ulated using the BOSS International (1996) GMS ver-
sion of the U.S. Geological Survey modular 3-D flow
model (MODFLOW) (McDonald and Harbaugh,
1988).

Transport of the ground-water contamination
was simulated using BOSS International (1996) GMS
version of MT3D, a three-dimensional finite-difference
code that can simulate advection, dispersion, sink/
source mixing, adsorption, and chemical reactions
(Zheng, 1990). The code uses a modular structure sim-

ilar to the structure used by MODFLOW and can be
used in conjunction with MODFLOW in a two-step
flow and transport simulation. Heads and cell-to-cell
flux terms are computed by MODFLOW during simu-
lation of flow and are used by MT3D as the flow field
to compute transport. A mathematical description of
the code is found in Zheng (1990).

Ground-Water Flow Model

The USGS modular ground-water flow model,
MODFLOW, solves the partial-differential ground-
water flow equation using the block-centered finite-dif-
ference method (McDonald and Harbaugh, 1988). The
result is a system of simultaneous linear equations iter-
atively solved by the preconditioned conjugate gradi-
ent solver (PCG2). The steady-state solution yields
values of head and flow at specific points in space.

The modeled area consisted of one layer having
133 rows oriented east to west and 127 columns ori-
ented north to south (fig. 8). Linear cell dimensions
over most of the modeled area were 25 ft by 25 ft, and
the column width expanded to SO ft near the east and
west boundaries. Spatial variation in cell size allowed
finer discretization in the area of interest and coarser
discretization outside of the area of interest where less
information was available. The dimensions of the
modeled area were approximately 0.64 mi by 0.77 mi.
The simulated aquifer properties included hydraulic
conductivity and ground-water levels. Simulated
stresses included recharge from rainfall and discharge
by baseflow to streams and to pumped wells. The flow
solution was run under steady-state conditions because
the stresses (recharge and pumpage) did not signifi-
cantly vary within individual simulation periods.

Boundary Conditions and Simulated Stresses

The model boundaries were areal sources, sinks,
or barriers for ground-water flow in the saprolite/tran-
sition-zone aquifer. The source of water was recharge
infiltration into the upper model boundary. The upper
model boundary was defined as the water table and was
simulated as variable-head cells (free to fluctuate). The
lower model boundary was simulated as a no-flow
boundary at the approximate interface of the transition-
zone and the underlying fractured bedrock, as defined
by SEC Donohue (1992a).
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At the southern end of the model, ground-water
discharge to Little Rocky Creek constituted a hydraulic
sink in the saprolite/transition-zone aquifer (fig. 8).
The creek was simulated as a line of river cells. Values
used to represent streambed conductance were 130,
182, 250, and 260 ﬁ2/d; the variations dominantly
being the result of incorporating differences in model-
cell size with a uniform hydraulic conductivity of
1.3 f/d. The simulated hydraulic conductivity value
was slightly less than the average hydraulic conductiv-
ity measured for the study area during previous inves-
tigations. The creek-bed elevation was estimated from
topographic maps (5-ft contour interval), and the stage
of the creek was incorporated as an addition to the
stream base.

A general-head boundary approximately 50 to
100 ft south of Little Rocky Creek constitutes the
southernmost boundary and provided a flux of ground
water into the model grid that discharged into the
southern side of the creek. The conductance used to
simulate the southern general-head boundary was
50 fi2/d. This value was chosen to approximate the
drain conductance. Test simulations showed that dou-

‘bling and halving the conductances along this bound-
ary resulted in increasing discharge by 13 percent and
decreasing it by 11 percent, respectively, but had little
effect on model heads [the root mean squared error
(RMSE) changed by a maximum of 0.03 ft]. The
resulting simulated discharges were within the range of
uncertainty associated with the estimated discharge.
Boundary heads were set approximately to average
heads where data existed and to a reflection across Lit-
tle Rocky Creek of simulated or field-derived average-
annual heads north of the creek where data were lack-
ing.

The northwestern model boundary was oriented
along a ground-water divide (figs. 3 and 8) identified
from several synoptic water-level measurements made
during previous investigations (Davis and Floyd, 1994;
Kubal-Furr and Associates, 1996). The northwestern
edge of the model, therefore, was simulated as a no-
flow boundary.

At most areas along the eastern edge of the
model, ground water discharges to a drainage ditch that
is a tributary to Little Rocky Creek. In those areas,
general-head cells with a conductance of 50 ft%/d were
used to simulate the boundary. Test simulations
showed that doubling and halving the conductances
along this boundary resulted in increasing discharge by
0.5 percent and decreasing it by 0.4 percent, respec-

tively, and had little effect on model heads [the root
mean squared error (RMSE) changed by a maximum of
0.05 ft]. The head values used to simulate this bound-
ary were a uniform addition of one foot (estimated
water depth) to the estimated stream base derived from
a topographic map. At areas along the northeastern
boundary where ground water does not discharge to the
ditch, the model edge was oriented along an approxi-
mate ground-water flowline (Rust Environment and
Infrastructure, 1995a; Kubal-Furr and Associates,
1996) and simulated as a no-flow boundary (fig. 8).
At various locations on the interior of the modeled
area, tributaries to Little Rocky Creek were simulated
as drain cells with a hydraulic conductance of 60 ft%/d,
calculated in a similar manner to that used for stream-
bed conductance in Little Rocky Creek.

Simulated stresses in this investigation include
recharge as a source of water and pumping from wells
as a sink for water. Simulated recharge to this model
was based on initial calibration runs and compared to
measured recharge rates from saprolite in North Caro-
lina (Daniel, 1996) to ensure consistency. A simulated
recharge value of 5.4 in./yr during non-pumping condi-
tions produced a reasonable amount of simulated dis-
charge to Little Rocky Creek (slightly less than the
measured increase in creek flow from baseflow and
runoff through the modeled area). Therefore, this value
was used to represent recharge during non-pumping
conditions. Because the average annual rainfall was
slightly higher during the pumping period than the non-
pumping period (National Oceanic and Atmospheric
Administration, 1996), a value of 6 in./yr was used to
simulate recharge under pumping conditions.

Simulated average-annual pumpage used in this
investigation was estimated from site records. The
simulated pumping rates were 955 ft>/d from well
PW-LRC?2; 1,630 fi*/d from well PW-LRC3; and
270 ft*/d from well PW-35A. These values were
within one standard deviation of recorded values, a dif-
ference that was insignificant to the flow solution (as
will be shown in the section on sensitivity analysis).

Calibration Procedure, Criteria, and Resulits

Flow-model calibration was accomplished by
matching simulated water levels to field-derived aver-
age-annual water levels, by maintaining simulated dis-
charge to Little Rocky Creek at a value less than the
measured increase in creek flow through the modeled
area, and by approximately matching simulated
hydraulic conductivity to values obtained by slug tests.
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The model was calibrated to both non-pumping and
pumping conditions. The water table under non-pump-
ing conditions was simulated using field-derived aver-
age-annual water levels for April 1991 through April
1994 as the calibration points (fig. 9). The pumping

period was simulated using measured average-annual .

water levels for June 1994 through July 1997 as the cal-
ibration points (fig. 10).

Initial modeling runs indicated that although
simulated hydraulic conductivity exhibited a signifi-
cant influence on the amount of simulated ground-
water discharge to Little Rocky Creek, the dominant
control was the amount of recharge added to the model.
Thus, the initial calibrations included adjusting the
recharge to produce an amount of discharge to Little
Rocky Creek consistent with amount of flow increase
measured in the creek during a previous investigation
(SEC Donohue Inc., 1992a). The reported average
stream-flow increase across the reach of Little Rocky
Creek approximating the reach simulated in this inves-
tigation (11,000 ﬁ3/d) for November 1991 included
runoff and was considered to constitute an upper-end
constraining value to the simulated ground-water dis-
charge in the creek. The simulated discharge to Little
Rocky Creek was about 8,800 ft*/d. Approximately 60
percent of the simulated discharge water was derived
from the active portion of the modeled area north of
Little Rocky Creek, the remaining discharge was
derived from the model area south of Little Rocky
Creek. Differences between November 1991 water lev-
els and field-derived average-annual water levels were
small relative to the range of measured values at most
wells (table 6), implying that the simulated discharge is
reasonable for the non-pumping simulation.

Once simulated recharge was adjusted to pro-
duce an acceptable amount of discharge to Little Rocky
Creek, simulated hydraulic-conductivity values were
adjusted to produce a close match between simulated
and field-derived average-annual non-pumping water
levels (fig. 11). A hydraulic conductivity of 2 ft/d was
used for simulations in the immediate vicinity of the
diesel-fuel contamination east of the Test Stands. This
value was derived using a best-fit approach during
model calibration after assuming an initial hydraulic
conductivity value approximately the same as the aver-
age value (2.6 ft/d) determined during a previous inves-
tigation (SEC Donohue, 1992a). The final simulated
hydraulic conductivity of 2 fi/d in the area immediately
east of the Test Stands was obtained by using a best-fit
approach during model calibrations.

Although no aquifer-test data were available for
the northern part of the modeled area, simulated
hydraulic conductivity adjustments made during model
calibration suggest that a hydraulic conductivity of
2 f/d also is appropriate for this area. Reliable aquifer
test data were not found for the immediate vicinity of
the Test Stands contamination. Much of this area was
simulated using 0.3 ft/d and 0.5 ft/d because model
simulations during calibration suggested that a value
lower than 2 ft/d was appropriate (fig. 11).

In the southeastern and much of the eastern part
of the modeled area, a hydraulic conductivity value of
0.5 ft/d (similar to the measured value from slug tests)
was used to simulate the aquifer (fig. 11). Flow simu-
lations during calibration implied that a slightly higher
value of about 5 ft/d was appropriate for the southeast-
ern part of the model near Little Rocky Creek. Thus, a
hydraulic conductivity of 5 ft/d was used to simulate
ground-water flow in the southeastern corner of the
model and in the vicinity of well WQ-38, where the
measured hydraulic conductivity was 7.7 ft/d (SEC
Donohue, 1992a). The southern edge of the model
near Little Rocky Creek was simulated using a hydrau-
lic conductivity of 3 ft/d to approximate slug-test mea-
surements at wells WQ-29 (2.9 ft/d) and WQ-34
(3.2 f/d) (SEC Donohue, 1992a).

The zone of low ground-water levels south of the
Test Stands (fig. 3) was interpreted as an area of signif-
icantly higher hydraulic conductivity than the sur-
rounding values (fig. 11). As will be shown in the
section on sensitivity analysis, doubling or halving the
hydraulic conductivity in this zone had relatively little
effect on the flow solution.

Adjustments to aquifer properties were made
until a close match was achieved between field-derived
average-annual non-pumping water levels at 43 wells
and corresponding simulated heads for non-pumping
conditions (table 7). The final average root mean
squared error (RMSE) between simulated and field-
derived average-annual conditions across the modeled
area for the non-pumping simulation was 1.66 ft, or
approximately 4 percent of the total head change across
the modeled area. In the vicinity of the Test Stands
contamination (wells P-01, WQ-02, WQ-03, WQ-04,
WQ-05, WQ-06, WQ-09, and WQ-10) differences
between simulated and field-derived average-annual
water levels were less than 2 ft.
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Table 6. November 1991 and field-derived average-annual water levels during non-pumping conditions
at a gas-turbine manufacturing facility, Greenville, S.C.

[ft, feet; sl, sea level]

Field-derived

Fleld-derived
Wellnumper  Wotorlevelsin L el “headaminus  rangeot
(fig. 1) (ft relative to sl) water levels . November 1991 water levels
‘ (ft relative to sl) h%att)ls ()
P-01 927.04 926.49 -0.55 6.92
P-02 912.88 913.28 40 2.89
P-03 919.73 921.21 1.48 5.58
P-04 924.71 930.39 5.62 13.00
P-09 912.36 912.60 24 2.30
P-10 917.49 917.52 .03 8.48
TP-08 936.56 938.15 1.59 7.83
TP-09 934.89 936.64 - 1.75 8.05
TP-12 935.73 937.16 1.43 7.60
WwQ-02 934.88 935.55 .67 6.77
wQ-03 932.92 932.98 .06 7.75
WwQ-04 930.79 930.54 -25 7.96
WwQ-05 927.49 927.32 =17 8.58
WQ-06 920.32 920.54 22 3.97
WQ-09 933.58 933.64 .06 7.98
WwQ-10 929.39 931.38 1.99 7.41
WQ-29 906.97 907.42 A4S 277
WQ-30 906.72 907.10 38 2.23
WwQ-31 903.04 903.27 23 3.49
WQ-35 919.84 919.32 -52 5.11
WQ-36 916.80 917.02 22 6.31
wQ-37 913.75 914.39 .64 6.50
WQ-38 920.27 920.98 1 5.12
wQ-42 900.98 902.34 1.36 8.10
wWQ-43 900.14 902.47 233 8.04

30 Natural Attenuation Assessment of Contaminated Ground Water at a Gas-Turbine Manufacturing Plant,
Greenville, South Carolina



'0°S ‘e|lIAusaln) ‘Ayjioey Buunjoejnuew

auiqin}-seb e je AuAnonpuod olnespAy paejnwis pue (egeel ‘enyouoq D3S) Bunse) olneipAy wouy ejeq L1 a4nbig

)\

SHILIW 002

00k
1

1334 006

-

e o

' AVQ H3d 1334 NI ‘ALIALLONANOD
JIMNVHAAH Q3.1vINJTVO ANV
NOLLYOO01 1S31-9N7S HO H3dINOV

AVa H3d 1334 NI ‘ALIALL

-ONANOD JINMNVHAAH A3LVINNIS

INOZ ALIALLONANOD JIMNVHAAH
QILVINWNIS 40 AHVYANNO"

NOILVNV1dX3

5 g@ U

31

Simulated Ground-Water Flow and Benzene Transport in the Saprolite/Transition Zone Aquifer



Table 7. Field-derived average-annual and simulated water levels at a gas-turbine manufacturing facility, Green-
ville, S.C. )

[ft, feet; sl, sea level; ---, data not available; *, data are from a pumping well]

Non-pum&lr%% conditions: April 1991 Pumping conditions: June 1994 through
gh April 1994 July 1997
nimber  dered  average  minusfield-  deried  avorage  minus fleld-
TnuD watsriovel  average Tonea walorlvel  average
- L R 1 S L
to sl) (ft) sl) (ft)
P-01 926.49 924.80 . -1.69 924.90 925.30 0.40
P-02 913.28 916.10 282 913.92 916.10 2.18
P-03 , 921.21 920.40 -81 92198 © 920.80 -1.18
P-04 930.39 931.20 o 81 " 930.78 932.10 1.32
P-05 932.50 932,50 .00 934.09 933.20 -.89
P-06 . 92553 926.70 117 92564 927.10 1.46
P-07 922.30 922.50 .20 922.08 922.90 .82
P-08 - 917.60 - 914.96 ' 917.70 274
P-09 912,60 915.90 . 3.30 o 913.18 | 916.00 2.82
P-10 _ 917.52 - 916.80 =72 - 915.29 915.20 -.09
PW-35A 912.38 915.40 3.02 897.54 906.40 _ 8.86*
PW—LRCZ - 904.00 905.30 1.30 889.24 ©902.60 13.36*
PW-LRC3 902.79 902.20 | -.59 892.47 895.70 3.23*
TP-07 938.48 939.80 1.32 ' 939.56 941.00 - 144
TP-08 938.15 939.10 95 938.96 940.30 1.34
TP-09 936.64 937.40 76 937.39 938.60 1.21
TP-12 937.16 938.70 1.54 938.07 939.90 1.83
| WQ-02 © 935.55 936.20 .65 935.94 937.00 1.06
wQ-03 932.98 934.30 1.32 ‘ 932.67 935.10 243
- WQ-04 930.54 931.10 .56 | 929.70 931.80 2.10
WwQ-05 927.32 925.40 -1.92 927.38 925.90 -1.48
wWQ-06 >920.54 921.30 .76 921.51 921.60 .09
wQ-09 933.64 932.40 -1.24 934..12 933.20 -92
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Table 7. Field-derived average-annual and simulated water levels at a gas-turbine manufacturing facility, Green-
ville, S.C.--Continued

[tt, feet; sl, sea level; ---, data not available; *, data are from a pumping well]

Non-pumt;;‘irl:,g'.l conditions: April 1991 Pumping conditions: June 1994 through
gh April 1994 July 1997
Well Fleld- Simulated Simulated Fleld- Simulated Simulated
number derived average minus fleld- derived average minus fleld-
Sl watoriovel  aversge Shnual walorlevel  average
i AL L R 1 S S i
to sl) (ft) sl) (ft)
WQ-10 931.38 930.00 -1.38 932.05 930.70 -1.35
WQ-12 935.33 934.50 -.83 935.45 935.50 05
WQ-15 947.03 944.70 -2.33 947.52 946.10 -142
WwQ-16 945.62 945.60 -02 944.96 947.10 2.14
WwQ-17 945.97 942.90 -3.07 945.45 944 30 -1.15
wQ-19 945.11 944.20 -91 947.05 945.40 -1.65
WQ-21 940.30 937.00 -3.30 938.06 938.00 -.06
WQ-22 940.29 938.00 -2.29 940.77 939.20 -1.57
WQ-26 942.05 943.10 1.05 942.59 944.40 1.81
wQ-27 916.44 918.80 2.36 916.97 918.80 1.83
WQ-29 907.42 907.90 A48 903.56 907.70 4.14
WQ-31 903.27 901.90 -1.37 900.69 899.90 =79
WQ-35 919.32 916.90 242 918.63 913.80 -4.83
WQ-36 917.02 916.40 -.62 917.20 914.90 -2.30
WwQ-37 914.39 913.30 -1.09 910.08 911.90 1.82
WQ-38 920.98 920.50 -48 917.92 920.70 2,78
wQ-42 902.34 902.70 .36 904.00 902.00 -2.00
wQ-43 902.47 905.40 293 904.95 905.50 55
wQ-47 944.53 945.70 1.17 946.11 947.10 0.99
wQ-48 948.15 945.70 -2.45 948.87 947.10 -1.77
wQ-69 --- 947.90 - 946.39 949.10 271
wQ-71 - 935.60 - 935.97 936.30 33
WQ-72 91591 914.70 -1.21 913.57 914.10 .53
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When the differences between simulated and
field-derived average-annual water levels at most wells
were less than about 3 ft and simulated hydraulic con-
ductivity values approximated measured values, the
calibrated model was run under pumping conditions.
The steady-state pumping period represented June
1994 to July 1997. Ground-water removal by pumping
was simulated at recovery wells southeastward from
the Test Stands. Recharge was simulated as 6.0 in./yr,
slightly higher than non-pumping recharge (5.4 in./yr)
to account for increased water levels in some wells out-
side the influence of pumping wells and a slight
increase in measured rainfall (National Oceanic and
Atmospheric Administration, 1996).

The final average RMSE between simulated and
field-derived average-annual water levels across the
modeled area during pumping simulations was 2.64 ft,
or less than 6 percent of the total head change across
the modeled area. In all cases, simulated water levels

at pumped wells were higher than field-derived aver-

age-annual water levels, as would be expected with a
grid spacing of 25 ft. When pumped wells were
excluded from the comparison, the average RMSE
declined to 1.84 ft for pumping conditions, and in the
vicinity of the Test Stands contamination, differences
between simulated and field-derived average-annual
water levels were 2.43 ft or less under pumping condi-
tions (table 7). The percent discrepancies of the flow
simulation volumetric water budget for non-pumping
conditions and pumping conditions were both 0.01.

Sensitivity Analysis

Model parameters were adjusted, and the simu-
lations were rerun to determine model sensitivity to
individual parameters. The results of the simulations
indicate that the model is most sensitive to global
changes in hydraulic conductivity and recharge
(table 8). Decreasing the hydraulic conductivity by a
factor of 2 resulted in simulated water-level changes up
to 11.2 ft in the vicinity of the Test Stands under non-
pumping conditions and up to 11.4 ft under pumping
conditions. Multiplying the recharge by 0.667 resulted
in simulated water-level changes at target wells up to
4.8 ft under non-pumping conditions and up to 6.1 ft
under pumping conditions. These changes also pro-
duced the largest shifts in RMSE of the modeling sim-
ulations (table 8).

Increases and decreases in drain, river, and gen-
eral head boundary conductances resulted in simulated
water-level changes of less than 1 ft at observation
wells. Similarly, increasing or decreasing the hydraulic
conductivity of the ground-water depression near well
P-02 (fig. 9) produced less than 1 ft of change in simu-
lated water levels. The lack of model sensitivity to
these parameters indicates that minor differences
between these assumed values and the actual values
probably have no effect on the model solution.

The model sensitivity to pumping rates also was
tested because some of the measured pumping rates
from previous site records appeared to have slight tran-
scription errors. Rerunning the model using the mea-
sured pumping rates as the simulated pumping resulted
in water-level changes of 0.7 ft or less near or downgra-
dient from the pumped wells and less than 0.1 ft else-
where (not shown in table 8). The relative lack of
model sensitivity to the pumping rates was further
shown by doubling the pumping rates and rerunning
the model, which resulted in 1 to 4 ft of water-level
change near the pumped wells, but less than 0.5 ft of
water-level change elsewhere.

Solute-Transport Model

The solute-transport model (MT3D) was used to
simulate migration of benzene associated with the die-
sel-fuel spill at the northeastern part of the Test Stands
building. The MODFLOW simulations provided the
block-centered finite-difference grid and the ground-
water flow field used by the solute-transport simula-
tions. The transport model used a mixed Eulerian-
Lagrangian method to solve the advective-dispersive-
reactive equation that describes the transport of misci-
ble contaminants in ground water. The modified
method of characteristics (MMOC) was used as the
solver.

Solute-transport simulation using MT3D
requires breaking the simulated time period into time
steps, which then are further discretized into transport
steps. The non-pumping phase of the solute-transport
modeling was simulated using 37 time steps. The
pumping phase of the solute-transport model was sim-
ulated using 40 time steps. Each time step simulated 30
days of transport. Transport-step discretization was
handled internally in the MT3D code.
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Modeled Solute-Transport Properties

The finite-difference grid and model boundaries
used by the solute-transport model were identical with
those used in the ground-water flow simulations. Sim-
ulated potential sinks for contaminants included
removal by pumping wells and discharge to river cells,
drain cells, and the general-head boundaries.

An additional parameter required by the solute-
transport model is aquifer effective porosity. For this
investigation, simulated effective porosity was 0.30.
This value is in the range of specific yields (0.15 to
0.30) cited for saprolite (Fetter, 1988), and is the effec-
tive porosity used by previous investigators of this site
(Kubal-Furr and Associates, 1997). The simulated
value also was chosen to be slightly higher than the
average specific yield (0.27) of 36 saprolite-aquifer
samples from an investigation in Dawson County,
Georgia (Stewart and others, 1964) because specific
yield can underestimate effective porosity due to capil-
lary tension and van der Waals forces.

The simulated distribution of free-phase fuel
(fig. 12) was based partly on initial investigations by
Law Engineering Testing Company (1984a,b) and
adjusted to include downgradient areas to which fuel
was transported in subsequent years. These additional
areas include the vicinity of well WQ-08, where free-
phase fuel was detected in August 1991, and the vicin-
ity of well WQ-11, where free-phase fuel was detected
in December 1989 (Sirrine Environmental Consultants,
1991b). To account for potential undetected transport
farther downgradient, the simulated area of free-phase
fuel distribution was chosen to extend beyond well
WQ-11 but not as far as the wells where fuel has not
been detected (fig. 12). The aqueous concentration of
benzene chosen to represent the free-phase fuel was
344 pg/L, which is the concentration of benzene
observed in water after contact with diesel fuel (Dunlap
and Beckman, 1988). This value was assigned to 208
model cells in the vicinity of the Test Stands and simu-
lated as a constant concentration (not free to fluctuate).

The simulated distribution of benzene outside
the free-phase-fuel area (fig. 12) was chosen to include
wells where petroleum hydrocarbons were detected in
March 1991 (Robert DeGaetano, Kubal-Furr and Asso-
ciates, written commun., 1997). This area includes
well WQ-09; however, contaminant concentrations in
water from well WQ-09 probably are not representa-
tive of aquifer concentrations because the top of the
well screen is approximately 7.2 ft below the average
water-table surface. A uniform value of 48 pg/L was

used to simulate the starting dissolved-phase concen-
tration because 43 ug/L of benzene was detected in
well WQ-08 in March 1991, and by July 1991, free-
phase fuel was present in the well. Moreover, 49.4
pug/L was the highest benzene concentration detected in
the Test Stands contamination (February 1997). Thus,
a value of approximately 43 pg/L, or slightly higher, is
a reasonable value to represent ground-water concen-
trations near free-phase fuel. The concentration of ben-
zene in these model cells was allowed to change with
time. Although lower concentrations than 48 ug/L
were measured at several wells, the uniform concentra-
tion provided a conservative scenario. Moreover, as
will be shown in the discussion on sensitivity analysis,
the model showed little sensitivity to starting concen-
trations located outside of the free-phase fuel area.
Biodegradation of benzene was simulated as part
of the attenuation process. The lowest laboratory-
derived biodegradation rate for benzene under aerobic
conditions was 1.25 per day (table 5). The rate was
determined under aerobic conditions because the water
in most of the wells contained DO at concentrations
greater than 1 mg/L. However, ground water from sev-
eral wells near the free-phase fuel east of the Test
Stands contained methane. Moreover, water from
wells P-01, WQ-05, WQ-06, and WQ-09 contained
less than 1 mg/L of DO. Thus, it is clear that oxygen
has been depleted in some areas and that anaerobic bio-
degradation of organic compounds is active. The over-
all biodegradation of the fuel, therefore, is a com-
bination of aerobic and anaerobic activity. Because
benzene degradation under anaerobic conditions has
not definitively been demonstrated under field condi-
tions, and because only one biodegradation rate can be
incorporated into the simulation, a value substantially
lower than that characterizing aerobic biodegradation
is appropriate for simulating areas near the contami-
nant source at this site. Model simulations using a
range of biodegradation rates lower than 1.25 per day
showed that a simulated biodegradation rate of 0.009
per day produced reasonable solutions for benzene
transport. Therefore, 0.009 per day was used to simu-
late benzene biodegradation for the calibrated model.
Adsorption of benzene onto solid particles was
not simulated as an attenuation mechanism because lab-
oratory analysis of sediment from the site showed insig-
nificant potential for benzene sorption. Moreover,
simulation of benzene movement with no adsorption
provides a conservative evaluation of benzene transport.
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Diffusion, or the migration of a chemical species
as a result of its chemical potential, was incorporated
into the solute-transport model by using a uniform
starting molecular diffusion coefficient characteristic
of other volatile organic compounds, such as trichloro-
ethane and trichloroethene (Lee and Chrysikopoulos,
1995). Thus, 6.278 x 10 %/d was used to simulate
the benzene effective molecular diffusion
coefficient (Dp,).

Longitudinal dispersivity of benzene, or the
mechanical mixing from advective flow in porous
media, was initially simulated using a uniform value of
25 ft. During calibration, the value was increased to 50
ft. The ratio of simulated horizontal transverse to lon-
gitudinal dispersivity (a/cy) was 0.2, which is within
the range of values derived from other literature
(Freeze and Cherry, 1979). This combination of longi-
tudinal and transverse dispersivity allowed the simu-
lated contamination to expand laterally as observed in
the field.

Callbration Procedure, Criterle, and Results

Calibration of the solute-transport mode] con-
sisted of simulating transport over two time periods
and allowing concentrations of benzene to change with
time. The first of the two time periods used hydraulic
conditions represented by the ground-water flow non-
pumping simulation. This solute-transport simulation
represented the period from April 1991 to April 1994.
The second time period represented solute transport
from June 1994 to July 1997 and used hydraulic condi-
tions from the ground-water-flow pumping simulation.

Simulated August 1997 benzene concentrations
were compiled for model cells that approximated the
locations of observation wells where benzene concen-
trations in ground water were measured in August
1997. The RMSE was calculated for 4 wells that con-
tained benzene concentrations greater than the detec-
tion limit of 5 pg/L. Simulations producing benzene
concentrations that substantially varied from the mea-
sured data were considered inaccurate and re-simulated
after modifying one of the solute-transport parameters
(dispersivity, ratio of horizontal transverse to longitudi-
nal dispersivity, or biodegradation coefficient). The
final simulated benzene concentrations from the non-
pumping transport simulation were used as starting
concentrations for the pumping transport simulation.

The model was considered calibrated when sim-
ulated benzene concentrations at wells were approxi-
mately the same as measured concentrations at target

wells (fig. 13). The simulated benzene concentrations
differed by 2 ug/L or less from the measured concen-
trations at wells with 10-ft well screens. Wells that had
30-ft well screens (wells BW-03 and BW-04) were pur-
posely simulated with higher-than-measured concen-
trations to account for probable in-well dilution effects
from mixing with water across the screened interval
during sampling (table 9). Simulated benzene concen-
trations were below detection limits (5 pg/L) at wells
where measured concentrations were below detection
limits (wells WQ-06 and P-02). The percent discrep-
ancy of the cumulative mass budget was 1.32 for non-
pumping conditions and 1.48 for pumping conditions,
which showed good calibration.

Table 9. Comparison of simulated and measured banzene concentrations

(August 1897) at a gas-turbine manufacturing facllity, Greenville, S.C.
[<, less than; pg/L, micrograms per liter; ©,30-ft well screens]

Observation wollg

We04 We05 WeLls pwas’ Bwos P02

Measured 29 16 <5.0 15 8.7 <5.0
benzene

concentra-

tions

(ugL)

Simulated 30 14 43 26 28 3.0
benzene

concentra-

tions

(ugL)

Sensitivity Analysls

The sensitivity of the solute-transport solution to
various parameters was tested by individually adjust-
ing the model parameters and comparing the resulting
1997 test-simulation results to the calibrated results
(table 10). Aquifer effective porosity was increased by
a factor of 1.25 and decreased by a factor of 0.75. The
number of time steps in the solute-transport simulation
was tested by rerunning the model with double the
number of time steps. The effective molecular diffu-
sion coefflicient (Dy,) was increased and decreased by a
factor of 10. The remaining tested parameters were
increased by a factor of 2 and decreased by a factor of
0.5. These parameters were biodegradation rate, longi-
tudinal dispersivity, ay/ay, the benzene starting concen-
trations in the source area (zone of free-phase diesel
fuel) and in cells outside the source area, hydraulic
conductivity, and recharge.
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The solute-transport model appeared to be most
sensitive to changes in the biodegradation rate. The sim-
ulated August 1997 leading edge of the contamination
reached steady-state conditions approximately 62 ft
upgradient from the calibrated position when the simu-
lated bioremediation rate was doubled to 0.018 per-day.
The leading edge reached steady-state conditions approx-
imately 174 ft downgradient from the calibrated position
when the simulated biodegradation rate was halved to
0.0045 per day, allowing the simulated contamination to
reach approximately 507 ft from Little Rocky Creek by
1997.

An additional influential parameter affecting
model sensitivity is the amount of simulated recharge.
Under conditions of doubling the calibrated recharge,
simulated benzene advectively moved forward to about
569 ft from Little Rocky Creck by 1997 (table 10).

The solute-transport model was also sensitive to
effective porosity. Decreasing the effective porosity by
about one third allowed the contamination plume to
travel an additional 87 ft toward Little Rocky Creek
(594 ft from the creek).

The choice of simulated source-area benzene con-
centrations also affected model sensitivity (table 10).
When the simulated concentration of dissolved benzene
in the area of free-phase diesel fuel was doubled, the sim-
ulated contamination moved forward an additional 62 ft
(619 ft from Little Rocky Creek).

The remaining tested parameters showed substan-
tially less influence on model sensitivity. Changes in the
dispersivity and in the ratio of horizontal transverse to
longitudinal dispersivity affected concentrations at spe-
cific wells, but did not influence the distance that the
leading edge of the contamination was transported
(table 10). The model appeared to be insensitive to
changes in the effective molecular diffusion coefficient,
starting benzene concentrations in model cells outside of
the free-phase fuel area, or doubling the number of time
steps in the transport simulation, thus indicating that the
calibrated values of these parameters are probably ade-
quate for this investigation.

Predictive Simulatiohs

After the solute-transport model was considered
calibrated by approximately matching observed benzene
concentrations for August 1997, the calibrated model
was run in a predictive mode to simulate 100 years of
benzene transport utilizing 200 time steps. The predic-
tive model produced concentrations and areal distribu-
tion of contaminants that were the same as those for the

August 1997 simulation (fig. 13). The model, therefore,
indicates that by August 1997, the benzene contamina-
tion had reached approximately steady-state conditions
and further transport of benzene was unlikely under the
conditions simulated in the model.

The observed lack of change in benzene concen-
trations at wells WQ-05, WQ-06, and WQ-10 between
1991 and 1996 implies that in some parts of the plume the
benzene transport rate is balanced by the benzene
removal rate (table 2). The apparent increase in benzene
concentration at wells BW-03 and BW-04 between 1991
and 1997 (table 2) may mean that contamination has
moved to those wells, or the results may be a sampling
artifact related to the distribution of contamination across
the 30-ft screened interval.

Model simulations also were run to determine
whether benzene would be transported to Little Rocky
Creek under a combination of model input parameters
constituting a worst-case scenario within the probable
limits of model uncertainty. Benzene transport was sim-
ulated in a 100-year predictive mode under the combined
conditions of reduced biodegradation rate (0.0045 per
day), doubled hydraulic conductivity, doubled recharge,
and reduced effective porosity (0.2). Using these model
input parameters, the simulated contamination reached
steady-state conditions within three to five years and pro-
duced benzene concentrations at Little Rocky Creek at or
near detectable limits of 5 pg/L (fig. 14). '

Model Limitations

The model simulations used in this investigation
are subject to certain limitations. In general, uncertain-
ties in the input data are propagated to the uncertainties
in the model solution. For example, the flow model is pri-
marily sensitive to recharge and hydraulic conductivity.
Recharge is measured only with difficulty, and hydraulic
conductivity is based on single-well aquifer test measure-
ments as well as best-fit adjustments made during model
calibration. Thus, there is uncertainty associated with
these values. Moreover, the flow and transport simula-
tions do not represent unique solutions within the realm
of available data. Other slightly different configurations
and values of recharge and hydraulic conductivity con-
ceivably could produce similar head configurations and
acceptable discharge quantities to Little Rocky Creek.
Again, this produces uncertainty in the model results.
Nevertheless, the values used in this simulation represent
the solution producing a reasonable fit of available data.
Therefore, the flow simulations probably are valid within
the realm of application of this investigation.
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Similarly, the solute-transport model is subject to
certain limitations. The transport model was most sen-
sitive to changes in the biodegradation rate. Because
the biodegradation rate is not well understood, this
imparts an uncertainty to the solution. However, the
simulated biodegradation rate was lower than labora-
tory results, thus simulating a conservative scenario.

There is some uncertainty in the model predic-
tion based on the model assumption that the free-phase
fuel constitutes a constant concentration at a fixed loca-
tion. The 100-year predictive simulation of benzene
movement was run using the measured and estimated
distribution of free-phase fuel in the 1980's and 1990's.
Continued downgradient movement of the free-phase
fuel would transport the dissolved part of the contami-
nation forward as well.

Finally, adsorption of benzene was not simulated
as a removal mechanism because the limited number of
samples examined showed little adsorption potential.
If benzene adsorption is a viable mechanism in down-
gradient areas, the contaminant movement would be
slower than predicted.

ASSESSMENT OF NATURAL ATTENUA-
TION

Assessment of the potential for natural attenua-
tion of ground-water contaminants from the Test
Stands, the Diesel Pump Station, and the Service
Building involved comparing the potential depletion
mechanisms to the simulated or measured transport of
the target compounds. As will be shown, natural pro-
cesses probably are adequate to attenuate benzene from
the Test Stands contamination, but not the contamina-
tion from the Diesel Pump Station or the Service Build-
ing.

Test Stands Contamination

Model simulations indicate that ground-water
flow in the vicinity of the Test Stands contamination is
toward the water-table depression extending from
about well WQ-06 toward Little Rocky Creek (fig 10).
Solute-transport simulations indicate that the transport
velocity of dissolved constituents increases substan-
tially in and near the water-table depression. Thus, if
contaminants are allowed to enter the water-table
depression, the ability of natural attenuation to mitigate
contaminant transport is substantially reduced. In the

case of benzene, however, the solute-transport simula-
tion suggests that natural attenuation is sufficient to
prevent migration to Little Rocky Creek above concen-
trations of 5 ug/L. Predictive simulations using cali-
brated model parameters showed that after 100 years,
no detectable benzene was transported to Little Rocky
Creek (fig. 13). When the model was rerun using a
combination of model input parameters constituting a
worst-case scenario, simulated benzene concentrations
in ground water at Little Rocky Creek were at or near
detectable limits of 5 pug/L (fig. 14). The actual values
of the simulated parameters probably allow more ben-
zene attenuation than those modeled by the worst-case
scenario, and it is probable that benzene will not be
transported to Little Rocky Creek at concentrations
greater than 5 pg/L

Decane and naphthalene are two additional com-
pounds of interest at this facility. They are examined
qualitatively because the lack of site-specific historical
data on these compounds precludes a quantitative
approach. Decane is of interest because it is a poorly
soluble component of free-phase fuel and was used
here to gain an understanding of free-phase fuel migra-
tion. Naphthalene is of interest because it is a petro-
leum hydrocarbon that has been measured in ground
water east of the Test Stands. Neither compound is reg-
ulated, although there is a recommended South Caro-
lina interim drinking water advisory level for
naphthalene of 25 pg/L (Brown, 1996).

The laboratory-derived apparent adsorption
coefficient of decane in sediment from the site was
7.4 x 10°8 cubsic ft per milligram (f>/mg). Although
the measured adsorption coefficient for decane
includes both adsorption and hydrophobic exsolution,
the net effect on contamination migration is the same:
a substantial retardation of decane migration relative to
benzene. These data support the observation that
migration of the free-phase fuel appears to be substan-
tially slower than benzene and other dissolved constit-
uents.

Naphthalene adsorption was not measured in this
investigation. However, a generalized conceptualiza-
tion of naphthalene adsorption can be obtained from
published investigations. Naphthalene adsorption in
silty sand measured in a previous investigation was
4.84 x 10 f*/mg (Campbell and others, 1996). By
comparison, the adsorption coefficient for toluene in
the same investigation was substantially lower
(3.32 x 10" fi*/mg). Comparison of naphthalene to tol-
uene adsorption behavior can provide a qualitative
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comparison of naphthalene to benzene adsorption
because toluene and benzene are similarly structured.
Thus, substantially more naphthalene adsorption
would be expected relative to benzene adsorption.

Reasonable approximations of the probable
naphthalene and decane (or free-phase fuel) transport
distance cannot be ascertained because they are
affected by a variety of factors. Although decane and
naphthalene are transported more slowly than benzene
(by virtue of their relative adsorptive differences),
microbial degradation of these compounds is slow
under some conditions (Milelcic and Luthy, 1988;
Landmeyer and others, 1998). Thus, there is a poten-
tial for moderately soluble compounds, such as naph-
thalene, to be more persistent than benzene,

Service Building and Diesel Pump Station
Contamination

Ground-water chemical data from areas down-
gradient from the Service Building and from the Diesel
Pump Station show that a substantial amount of CVOC
dechlorination has taken place. Most of the dechlori-
nation appears to have taken place in zones where the
CVOC contamination commingled with petroleum
hydrocarbon contamination.

Dechlorination in these zones of maximum deg-
radation potential, however, is insufficient to prevent
PCE migration into downgradient areas of limited
PCE-degradation potential. For example, despite
geochemical evidence for substantial dechlorination in
the Service Building contamination at well WQ-45,
greater than 1,000 pg/L of PCE was still present in
ground water at downgradient well WQ-26 (Robert
DeGaetano, Kubal-Furr and Associates, written com-
mun., 1997). Moreover, the presence of 790 pg/L of
PCE (October 1995) in aerobic ground water in the
deeper part of the flow system at well WQ-15 shows
that the PCE has been transported into a zone where
limited dechlorination is expected. Similarly, the pres-
ence of 23.5 pug/L of PCE (October 1995) in aerobic
ground water at well P-04, downgradient from a zone
of mixed contamination near well TP-07 and near the
Diesel Pump Station, shows that PCE has been trans-
ported into a horizon where further dechlorination
probably is limited. These data show that the commin-
gling of PCE with oxidizable petroleum hydrocarbons
in the aquifer can accelerate biodegradation rates, but
not sufficiently to mitigate PCE transport. This consid-
eration, with support of recent analyses (Kubal-Furr

and Associates, 1996) showing that chlorinated-sol-
vent contamination has been transported at least to
wells adjacent to Little Rocky Creek, indicates that nat-
ural attenuation is not a suitable remediation approach
for contamination from the Diesel Pump Station or the
Service Building.

By analogy, these data can be used to evaluate a
potential engineered remediation approach to optimize
biodegradation rates in source areas by adding oxidiz-
able organic substrate as an electron acceptor for chlo-
rinated aliphatic compound degradation. The data
show that adding oxidizable organic substrate would
result in a substantial increase in the degradation rates
for higher chlorinated solvents such as PCE. However,
the fact that PCE continues to be transported out of the
zone where this organic substrate is readily available
implies that advective factors are significant enough to
transport PCE from the treatment area faster than it can
be degraded. The implication is that such an engi-
neered approach to remediation would be inadequate to
completely prevent transport of PCE in this aquifer
system.

CONCLUSIONS

The USGS, in cooperation with the South Caro-
lina Department of Natural Resources — Water
Resources Division, investigated petroleum-hydrocar-
bon and CVOC contamination in ground-water at a
gas-turbine manufacturing facility in Greenville, S.C.
The contaminants originated from a variety of source
areas, and dissolved contaminants were being trans-
ported toward Little Rocky Creek, an area of potential
point of contact with human or wildlife populations.
The purpose of the investigation was to evaluate the
natural-attenuation potential for these contaminants.
The evaluation utilized field and laboratory data col-
lected during this investigation in combination with
data collected from the site during previous investiga-
tions. Examination of benzene migration involved
integrating hydrogeologic, geochemical, and microbial
parameters in a ground-water flow and solute-transport
model.

Results of model simulations indicated that
ground-water flow in the vicinity of the Test Stands
contamination is toward the water-table depression
extending from about well BW-04 toward Little Rocky
Creek. Solute-transport simulation results indicated
that the transport velocity of dissolved constituents
substantially increased in and near the water-table
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depression. Natural attenuation processes, however,
appear to be sufficient to prevent migration of benzene
to Little Rocky Creek in concentrations greater than
detectable limits of 5 ug/L.

The potential transport of naphthalene, a dis-
solved component of the petroleum-hydrocarbon con-
tamination, could not be quantitatively determined
because site-specific historical data are sparse.
Although naphthalene is more readily sorbed than ben-
zene, it has been reported to be poorly biodegradable in
some other investigations. Thus, the potential for nat-
ural attenuation of naphthalene cannot be determined
with certainty without additional data. Similarly, the
movement of the free-phase diesel fuel east of the Test
Stands could not be quantitatively simulated because of
limited available data on the extent of contamination
and the rate of movement.

Examination of ground-water chemical data
from areas downgradient from the Service Building
and from the Diesel Pump Station show that a substan-
tial amount of CVOC dechlorination has taken place.
Most of the dechlorination appears to have taken place
in zones where the CVOC contamination commingled
with petroleum hydrocarbon contamination. Dechlori-
nation in these zones of maximum degradation poten-
tial, however, is insufficient to prevent PCE migration
into downgradient areas of limited PCE-degradation
potential. This consideration, supported by recent
analyses showing that chlorinated-solvent contamina-
tion has been transported from the Pump Station or Ser-
vice Building at least to wells adjacent to Little Rocky
Creek, indicates that natural attenuation is not a suit-
able alternative for contamination from the Diesel
Pump Station or the Service Building. The data also
suggest that an engineered attempt to optimize biodeg-
radation rates in source areas by allowing the CVOC's
to mix with oxidizable organic substrate would
enhance biodegradation, but would be inadequate to
completely prevent transport of PCE in this aquifer
system.
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