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PREFACE

The Toxic Substances Hydrology (Toxics) Pro-
gram of the U.S. Geological Survey (USGS) provides
earth-science information needed to prevent or miti-
gate contamination of the Nation’s ground-water and
surface-water resources. The Toxics Program’s objec-
tive is to understand the movement and fate of toxic
substances in the Nation’s ground water and surface
water. The program’s research activities include
(1) field and laboratory investigation of the physical,
chemical, and biological processes that control the
transport and fate of contaminants in ground water and
surface water; (2) the development of new analytical
methods and sampling techniques to measure the con-
centrations of toxic substances in water; and (3) the
investigation of the relations among human activities,
environmental characteristics, and regional patterns of
water quality. Most of the research activities take
place at contaminated sites. The major research
objective is not characterization of contaminated sites,
but is obtaining knowledge about contaminant-trans-
port processes transferable to other contaminated sites.
For example, the knowledge obtained at the research
sites could be used to predict contaminant transport at
other sites, improve methods for remediating contami-
nated ground water, design water-quality assessments,
and identify potential causes of contamination.

Recent accomplishments of the Toxics Program
have been presented at a series of technical meetings
held in Tucson, Arizona (1984), Cape Cod, Massachu-
setts (1985), Denver, Colorado (1987), Pensacola,
Florida (1987), Phoenix, Arizona (1988), and
Monterey, California (1991). This report documents
the oral and poster presentations given at the most
recent meeting, held in Colorado Springs, Colorado,
in September 1993. The sections in this report corre-
spond to the topical organization of the meeting’s oral
sessions. Each session focused on research at a spe-
cific contaminated site or on a topical subject. Papers
associated with poster sessions were integrated into
the appropriate section. The lead paper in most of the
sections gives an overview of the research conducted
at the site discussed.

Section A addresses the biodegradation of gaso-
line in ground water that resulted from a leaking
underground storage tank in Galloway Township,
New Jersey. The papers describe methods to deter-
mine in situ biodegradation rates of gasoline on the
water table, the geochemistry of gasoline constituents

dissolved in ground water, and air-flow modeling of
gas transport in the unsaturated zone.

Section B describes fluid flow and solute trans-
port in fractured rock at the Mirror Lake Site in New
Hampshire, where methods to characterize contami-
nated fractured rock are being developed. The meth-
ods are interdisciplinary and draw on techniques from
hydrology, geology, geochemistry, and geophysics.
Specific examples of papers are (1) discussions on the
use of well logs to help design tracer tests and (2) com-
parisons of subsurface fracture mapping with electro-
magnetic and seismic tomography and with borehole
acoustic televiewer and borehole flowmeter logs.

Section C contains papers on the migration of
sewage-contaminated ground water on Cape Cod,
Massachusetts, and on the transport and fate of metals,
microbes, and organic chemicals in ground water. The
papers describe the use of a large array of multilevel
samplers to conduct large- and small-scale (hundreds
of meters to meters) tracer tests designed to study a
variety of transport processes in ground water. Exam-
ples of topics of additional papers in this section
include: phosphate contamination in ground water, the
role of protozoa in an organically contaminated aqui-
fer, and numerical simulation of contaminant trans-
port.

Section D is on the biodegradation and transport
of chlorinated solvents, such as trichloroethylene
(TCE), in ground water at Picatinny Arsenal, New
Jersey. The papers describe the desorption of TCE
from aquifer sediments, the microbial degradation and
transport of TCE in ground water, the volatilization
and transport of TCE in the unsaturated zone, and the
surfactant-enhanced remediation of ground water con-
taminated with TCE.

Section E presents the development of methods
to analyze and collect water samples, and to investi-
gate transport processes. These papers discuss, for
example, the development of a new method to collect
sediment cores without loss of sample, new analytical
methods to measure the concentrations of pesticides
and pesticide metabolites in water, and the use of
nitrogen isotopes to study the subsurface transport of
nitrogen.

Section F contains papers on the environmental
fate of agricultural chemicals in the Midwest. The
papers describe the occurrence, distribution, and trans-
port of agricultural chemicals in ground water,
streams, large rivers, reservoirs, and precipitation at



regional to test plot scales. Examples of specific top-
ics in this section are papers on the relation of nitrate
concentrations in surface water to land use, the persis-
tence of herbicides in reservoirs, and the results of a
reconnaissance of pesticides in near-surface aquifers.
The final eight papers in this section present results
from the Management Systems Evaluation Areas
(MSEA) program, which is part of an interagency
research program to evaluate the effects of agricul-
tural-management (farming) systems on water quality.

Section G contains papers on the natural bio-
degradation and transport of crude oil in the subsur-
face at Bemidji, Minnesota. The papers describe
crude-oil contamination that resulted from a pipeline
failure. Because the time the contamination occurred
and the amount of crude oil in the subsurface are
known, this site has provided USGS researchers and
others a unique opportunity to study contaminant
hydrology; information on the source of contamina-
tion usually is not available for most sites of ground-
water contamination. Examples of specific topics in
this section are papers on the use of simulation to
study field-scale solute transport and biodegradation,
and on small-scale chemical heterogeneities in the
contaminated aquifer.

Section H focuses on the fate of anthropogenic
contaminants in the San Francisco Bay Estuary and
tributaries in California. The papers describe the
transport of pesticides from the San Joaquin and
Sacramento Rivers, California, through the Sacra-
mento-San Joaquin Delta, and into the Bay. In addi-
tion, the papers in this section describe the fate of
organochlorine compounds, the results of a survey of
molecular marker compounds, and the distribution
and flux of sulfides in the Bay.

Section I contains papers on the transport and
fate of toxic metals in acidic mine drainage in the
headwaters of the Upper Arkansas River in Colo-
rado. Results of tracer and pH-modification experi-
ments in St. Kevin Gulch, Leadville, Colorado--a
small mountain watershed--are discussed. These
experiments were designed to isolate hydraulic trans-
port processes so that geochemical processes can be
studied.

Section J addresses a variety of topics relating
to the hydrology of toxic substances in ground water
and surface water. The papers are grouped by topic,
and discuss, for example, the fate of organic com-
pounds in surface water, the fate of hydrocarbons in
the subsurface, the microbial degradation of explosive
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wastes, and the measurement of unsaturated-zone
properties.

Section K reports on the transport of agricul-
tural chemicals in ground water at an agricultural
research plot near Plains, Georgia, where USGS and
U.S. Department of Agriculture researchers collabo-
rated on a tracer test involving bromide, atrazine, and
other agricultural chemicals beneath a plot of irrigated
com. The papers discuss, for example, the two-
dimensional distribution of a bromide tracer in the
unsaturated zone, and the spatial variability of soil
properties affecting the transport of agricultural chem-
icals.

Section L contains papers on nonpoint sources
of ground-water contamination. These papers, which
report results of studies on Long Island, New York,
and the New Jersey coastal plain, describe the relation
between land use and ground-water contamination.

Section M presents papers on acidic ground-
water and surface-water contamination from copper
mining near Pinal Creek, Arizona. The papers
discuss, for example, the use of ground-water age dat-
ing to confirm estimates of traveltimes, the interaction
of the contaminant plume with Pinal Creek, and the
relations among algal species and chemical gradients
in Pinal Creek.

Compiling and editing a proceedings of this size
is a complex and difficult task. The task was made
easier by the work and dedication of David Aronson,
who died on April 7, 1996. David coedited two pro-
ceedings of technical meetings for the Toxic Sub-
stances Hydrology Program, and received awards for
his work. This proceedings is a testament to his many
contributions to the U.S. Geological Survey.

B...c . gt

David W. Morganwalp
Acting Coordinator
Toxic Substances Hydrology Program
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Overview of Research on the Transport, Microbial Degradation,
and Remediation of Hydrocarbons at a Subsurface Gasoline-
Spill Site in Galloway Township, New Jersey

By Arthur L. Baehr' and Jeffrey M. Fischer'

Abstract

Since 1988, the U.S. Geological Survey has
conducted research on the fate and transport of
hydrocarbons at a site of subsurface gasoline con-
tamination in Galloway Township, New Jersey,
Work has focused on three interrelated areas of
research: ground-water contaminant geochemis-
try, estimation of microbial degradation rates of
hydrocarbons on the basis of rates of gas transport
in the unsaturated zone, and vapor-extraction
remediation design. Contaminant-geochemistry
work has produced a water-quality data base that
indicates zones of aerobic degradation adjacent to
zones of anaerobic degradation with sharp chemi-
cal-concentration gradients in narrow interfacial
zones. The analysis of gas transport in the unsatur-
ated zone has provided a method for quantifying
rates of acrobic hydrocarbon biodegradation in the
capillary zone and shallow ground water. Mathe-
matical modcls have been developed to simulate
vapor-extraction remediation and to optimize sys-
tem design. Research activity in each area is
detailed and the project bibliography is updated.

INTRODUCTION

In 1988, the U.S. Geological Survey (USGS)
began a ficld-oriented research project at a site of
subsurface gasoline contamination from a leaky under-
ground storage tank on a farm in Galloway Township,
New Jersey (fig. 1). The objective of the original
project, which was conducted in cooperation with the
New Jersey Departiment of Environmental Protection
and Energy, was to determine factors controlling the
performance of vapor-extraction remediation. During
the installation and sampling of the initial monitoring

'us. Geological Survey. West Trenton, N.J.

network in the fall of 1988, it became clear that the site
afforded a unique opportunity to conduct field and
laboratory research on the fate and transport of
hydrocarbons in the subsurface.

The scope of the project was expanded to allow for
more extensive characterization of contamination in
the unsaturated zone and shallow ground water before
site remediation. The project data base provides for
evaluation of the natural attenuation and microbial
degradation of hydrocarbons. In 1989, the site was
selected as a USGS Toxic Substances Hydrology
program research project. The project workplan in its
formative stage was presented at the technical meeting
held in Monterey, Calif., in 1991. The purpose of this
paper is to summarize research activity and update the
project bibliography to include results reported since
the Monterey mecting.

The Galloway Township study site is located in the
New Jersey Coastal Plain about 30 mi northwest of
Atlantic City (fig. 1). Unconsolidated sediments
beneath the site are mostly medium-grained sands,
with some clay layers. The unsaturated zone is typi-
cally about 9 ft thick. Its lower boundary is a perched
water table which, depending on precipitation history,
may be coincident with the regional water table.
Ground water in the regional aquifer usually flows to
the southeast. Fischer, Smith, and Bachr (1996)
describe the hydrogeology of the sitc. The monitoring
network (fig. 1) consists of 27 nests of vapor probes, 13
ground-water monitoring wells, 2 multilevel ground-
water samplers, 5 vapor-extraction wells, 2 neutron-
probe access pipes, and a nest of thermistors (Fischer
and others, 1991). The composition of unsaturated-
zone gases is determined by analysis of gas samples
collected from the vapor-probe network (Baker and
others, 1991). Ground-water contamination and inor-
ganic chemistry is determined by analyzing samples
collected from wells and submerged vapor probes
(Baedecker and others, 1991; Cozzarelli and others,
1991). Gibs and others (1993) report on the construc-
tion and sampling of the multilevel samplers.
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HYDROCARBON CONTAMINATION
GEOCHEMISTRY

Results of initial studies at the site revealed that
gasoline was present as a separate-phase liquid on the
regional water table in the immediate vicinity of well
DEP-1 and on the perched water table in the vicinity of
the exhumed tank (fig. 1). Dissolved hydrocarbons
identified include benzene, toluene, C,-C;-, C,-alkyl-
benzenes, and napthalene (Baedecker and others, 1991;
Phinney and Cozzarelli, 1996). The areawide distribu-
tion of contaminants was described by Baedecker and
others (1991) and Fischer, Smith, and Baehr (1996).
Contamination in perched water has persisted at high
concentrations in the vicinity of the exhumed tank.
Hydrocarbon contamination on the regional water table
is downgradient from the source and concentrations
vary with time, depending on the direction of ground-
water flow. The concentration of total aromatic hydro-
carbons decreases downgradient, as a result of dilution,
volatilization, and biodegradation.

Ground water was sampled and analyzed to iden-
tify biogeochemical processes occurring at the site and
to identify degradation pathways. Baedecker and oth-
ers (1991) and Cozzarelli and others (1991), provide
descriptions of the sampling methods. Results of anal-
yses for inorganic and organic chemical compounds
indicate active microbial degradation of hydrocarbons
in ground water. These data are reported by Baedecker
and others (1991), Cozzarelli and others (1991), Coz-
zarelli (1993), and Cozzarelli and Baedecker (1996).

Aerobic respiration and reduction of nitrate, sul-
fate, and iron oxides by microbes have been identified
as important processes for degrading hydrocarbons at
the site (Baedecker and others, 1991; Cozzarelli and
others, 1991). The perched water has been depleted of
dissolved oxygen and nitrate, leaving sulfate and iron
reduction as the main biodegradation processes. In the
regional aquifer, aerobic respiration and nitrate reduc-
tion appear to be the main hydrocarbon-degradation
pathways as evidenced by results of multilevel sam-
pling beneath the water table. Results of microbial
counting showed higher numbers of hydrocarbon-
degrading microorganisms in contaminated ground
water and sediment than in uncontaminated ground
water and sediment (Mills and Randall, 1991). The fate
of organic acids, which are intermediate hydrocarbon-
degradation products, depends on the availability of
electron acceptors for anaerobic degradation processes
(Cozzarelli, 1993).

ESIMATION OF MICROBIAL DEGRADATION
RATES OF HYDROCARBONS ON THE
BASIS OF GAS TRANSPORT RATES IN
THE UNSATURATED ZONE

Environmental regulators concerned with the
effect of gasoline spills on ground-water quality have
recently acknowledged that microbial degradation of
hydrocarbons is a significant mechanism for attenuat-
ing subsurface gasoline contamination. Methods for
quantifying degradation rates at a given site, however,
have not been established. The approach developed for
the Galloway Township site is to identify stoichiomet-
ric relations among oxygen consumption, carbon diox-
ide production, and hydrocarbon degradation. Once
these relations are established, fluxes of oxygen and
carbon dioxide through the unsaturated zone are used
to estimate in situ biodegradation rates.

Baelr and others (1991) provide an overview of
this method. Oxygen diffuses toward the water table
where it is used by microbes to aerobically degrade
hydrocarbons. Carbon dioxide, which is an end product
of this degradation, diffuses toward the surface. At the
Galloway Township site, hydrocarbons are not
detected in the gaseous phase in most parts of the unsat-
urated zone, whereas the underlying perched water is
virtually anoxic and contains high concentrations of
dissolved hydrocarbons (Cozzarelli and others, 1991;
Cozzarelli, 1993). These data, combined with the pres-
ence of an abundance of hydrocarbon-degrading bac-
teria at the water table (Mills and Randall, 1991),
indicate that aerobic hydrocarbon degradation occurs
near the top of the perched water. Thus, the rates of
oxygen and carbon dioxide transport are related to the
rate of aerobic degradation of hydrocarbons.

The relation between the rates of oxygen consump-
tion and carbon dioxide production by hydrocarbon-
degrading bacteria is complicated by the oxidation of
ferrous iron. Also, the presence of intermediate metab-
olites, such as organic acids, detected in the ground
water (Cozzarelli, 1993) indicates that aerobic degra-
dation is not always complete. If these pathways can be
neglected for the purpose of determining an approxi-
mate stoichiometry, then complete hydrocarbon miner-
alization (for example, for toluene: C;Hg + 90, —»
7CO, + 6H,0) may provide a working approximation.



This working approximation was substantiated in the
laboratory by conducting respiration experiments with
hydrocarbon-contaminated sediment (Noland, 1993;
Noland and others, 1996). Furthermore, Lahvis (1993)
detcrmined that the ratio of oxygen and carbon dioxide
fluxes in the unsaturated zone above contaminated
perched water at the Galloway Township site was closc
to that predicted by using the mineralization working
approximation.

A value for the eftective diffusion coefficient for a
constituent in unsaturated porous media is required for
calculating diffusion rates through the unsaturated zone.
Cores of sediment were extracted from the unsaturated
zone at the Galloway Township site and a technique was
developed for estimating eftcctive diftusion coefficients
(Fischer, Baker, and Bachr, 1996). The method involves
measuring changes in tracer concentration along the
length of the core. A mathematical model developed by
Baehr and Bruell (1990) is used to calculate the effective
diffusion coefficient.

Two types of field experiments were conducted to
evaluate hydrocarbon-biodegradation rates. The first
experiment involves measuring oxygen and carbon
dioxide profilcs at the site undcr natural conditions prior
to remediation. The second experiment involves moni-
toring the redistribution of gases after a period of vapor
extraction has causcd oxygen concentrations to increase
and carbon dioxide concentrations to decrease in the
unsaturated zone to near-atmospheric levels. A vapor-
transport model developed by Lahvis (1993) is used to
compute rates of gas movement from gas-phase concen-
tration data. Lahvis and others (1996) conclude that the
rates of gas movement at the Galloway Township site
indicate that significant rates of hydrocarbon degrada-
tion may be limiting the spread of the contaminant
plume in ground water.

Water-quality data collected by sampling near the
perched water table indicate that the aerobic degradation
rate is highest in a small vertical interval between the top
of the capillary zone and | ft below the water table. This
information leads to the formulation of the hypothesis
that coexisting conditions of high moisture content and
high concentrations of oxygen and hydrocarbons, which
prevail only within this small vertical interval, are more
favorable for the aerobic degradation of hydrocarbons
than those in the relatively dry overlying unsaturated
zone and underlying anoxic ground water. Construction
of a field experiment to study these conditions over the
indicated spatial scale was not possible as a result of
perched water-table altitude variations. Therefore, a lab-
oratory method to emulate biochemical conditions near
the water table was developed (Baker, 1993). Sediment

collected just above the water table was packed in glass
columns. The upper part of the column was unsaturated
and the column water level was maintained at a constant
altitude. Hydrocarbon concentration was maintained as
a constant level in the saturated lower part of the column.
Concentrations of hydrocarbons, oxygen, and other
constituents can be controlled by manipulating the end
reservoirs. Analysis of these experiments with a one-
dimensional vapor-transport model is reported by
Baker (1993) and Baker and Baehr (1996). Hydro-
carbon-degradation rates within sediments maintained
near capillary-zone moisture conditions were an order
of magnitude higher than those in the drier overlying
unsaturated sediments. Neither hydrocarbon concen-
trations nor oxygen concentrations were limiting
factors in these experiments.

VAPOR-EXTRACTION-REMEDIATION
DESIGN

Remedial action for spills of petroleum products
generally include an effort to physically recover product
accumulated on the water table by pumping or bailing.
Substantial portions of the spill typically remain trapped
in residual saturations in the unsaturated and capillary
zones as well as in a smear zone in shallow ground water
caused by fluctuating water-table altitudes. This part of
the spill can pose a long-term threat to ground-water
quality, because it is a source of hydrocarbons that can
be transported in aqueous and gaseous phases. Vapor-
extraction technology has been applied successfully to
remove additional hydrocarbons from the residual satu-
ration source. The success of this technology is based on
the significant volatility of gasoline hydrocarbons and
the ability to induce an air-flow field in the unsaturated
zone with combinations of dry wells and trenches.

Mathematical models of the air-flow field can be
used to help design a vapor-extraction system. The
ground-water-flow simulator MODFLOW (McDonald
and Harbaugh, 1988) has been adapted for this purposc.
This codc, called AIR3D, and a users’ manual currently
are in preparation for distribution in the public domain.
Application of the air-flow codc results in the definition
of the air-flow field corresponding to a chosen configu-
ration of extraction and injection locations. Welty and
others (1992; 1996) extended the modeling tool by
coupling the three-dimensional air-flow model with
mathematical programming to define an optimal config-
uration of extraction and injection locations. Publication
of the computer code that implements this coupling,
called OPTAIR, and a users’ guide in the public domain
is planned.



The permeability of unsaturated porous media to
air is required information for air-flow simulations.
Baehr and Hult (1991) developed analytical solutions
to the equation defining air flow to or from a single well
screened in an unsaturated zone to determine air-phase
permeability from results of pneumatic tests conducted
at aresearch site near Bemidji, Minn. A computer code
that implements the analytical solutions has been
developed. The code, called AIR2D, and a users’ man-
ual is currently in preparation for publication in the
public domain. Joss and others (1992) report on appli-
cations of this parameter-estimation technique at the
Galloway Township site.

A mathematical model for simulating chemical
transport associated with vapor extraction and biovent-
ing has been developed by Joss (1993). The model can
be used to simulate three-dimensional, coupled trans-
port of multiple chemical species and is expected to be
a useful tool in analyzing and designing vapor-extrac-
tion, bioventing, and air-sparging remediation systems.
This model is summarized by Joss and Baehr (1996).
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Hydrogeology, Contaminant Distribution, and
Biodegradation Processes at a Gasoline-Spill
Research Site in Galloway Township, New Jersey

By Jeffrey M. Fischer!, Nicholas P. Smith', and Arthur L. Baehr'

Abstract

The hydrogeology of the Toxic Substances
Hydrology Program research site in Galloway
Township, New Jersey, was characterized to deter-
mine factors controlling hydrocarbon-contami-
nant distribution and biodegradation. Sediments
beneath the site are predominantly sand and clay.
A localized zone of perched water forms above the
regional water table. The direction of regional
ground-water flow in the unconfined aquifer has
varied from slightly north of east to east-southeast.
Horizontal hydraulic gradients have been less than
0.005 since 1988 and estimates of average hori-
zontal lincar velocities range from 0.04 to 0.36 feet
per day. A monitoring well provides a conduit for
water to flow down from the perched water table
zone to the unconfined part of the regional aquifer.
The direction of ground-water flow ncar this well
differs from regional flow directions.

Gasoline as a separate-phase liquid 1s float-
ing on the regional water table in the leaky moni-
toring well and in the perched water zone near the
location from which the tank was exhumed. Dis-
solved hydrocarbons are present in the perched-
water zone within a stable clliptical plume about
80 feet long and 40 feet wide in the 11 to 14 foot
depth interval. Hydrocarbon contamination in the
unconfined aquifer was detected downgradient
from the leaky well, but contaminant location var-
ied with changes in the direction of ground-water
flow. The concentration of total aromatic hydro-
carbons decreased downgradient as a result of
dilution, dispersion, and biodegradation. Ground-
water flow affects the types of hydrocarbon-
degradation processes and, thus, the locations in
which hydrocarbon contaminants are found.

'U.S. Geological Survey, West Trenton, N.J.

INTRODUCTION

Contamination of ground water with gasoline
hydrocarbons is a serious problem throughout the
United States. In the subsurface the constituents of
gasoline move as solutes, as vapors, or as an
immiscible phase, and can undergo microbial
degradation. An understanding of the processes that
control the transport and biodegradation of gasoline is
needed to provide a strong scientific basis for
evaluating the threat to ground-water supplies from
gasoline spills.

In 1984, gasoline was found to have leaked from
an underground storage tank at a farm in Galloway
Township, New Jersey (fig. 1). Investigations by State
agencies revealed a localized area of shallow ground
water contaminated with gasoline hydrocarbons. No
contamination was detected in offsite shallow domestic
wells or in onsite deep irrigation wells. The leaking
tank was removed in May 1986, and contaminated soils
were excavated to a depth of 8 1 from an area about
80 ft long and 25 ft wide (fig. 1). The excavation was
backfilled with uncontaminated sediments.

In 1988, the U.S. Geological Survey (USGS)
began investigations at the site. Objectives of these
investigations are described by Fischer and others
(1991) and Baehr and Fischer (1996). This paper
describes the hydrogeology and geochemistry of the
research site, and discusses the relations among the
hydrogeology, contaminant distribution, and
biodegradation processes at the site.

Since the Galloway Township farm was chosen
as a USGS research site in July 1988, an extensive
network of multilevel probes and wells has been
installed for observing small-scale vertical chemical
gradicnts immediately above and below the water
table. The ground-water-monitoring network (fig. 1)
consists of 13 monitoring wells, 2 multilevel ground-
water samplers, 27 nets of submerged vapor probes,
and 5 vapor-extraction wells. To identify dissolved
hydrocarbons and inorganic constituents that are
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indicators of hydrocarbon biodegradation, ground-
water samples were collected in June 1989, January
1990, July 1990, and April 1991. The monitoring
network is described in detail by Fischer and others
(1991). Ground-water sampling and analytical
procedures, as well as a detailed discussion of the
ground-water chemistry, can be found in Baedecker
and others (1991) and Cozzarelli and others (1991).

HYDROGEOLOGY

The research site is located in a sparsely
populate agricultural section of Galloway Township, in
Atlantic County, New Jersey. The area is relatively flat
and no perennial streams or surface impoundments are
present within 0.25 mi of the site. During periods of
heavy rain, runoff is channeled across the site in an

ephemeral drainage channel (fig. 1). Measured
precipitation at the research site was 40, 45, and 39 in.
in 1990, 1991, 1992, respectively.

The site is situated in the Coastal Plain
physiographic province and is underlain by seaward-
dipping wedges of unconsolidated sediments
composed of sand, silt, and clay. Near-surface
sediments consist of fluvial sands and clays. The sands
are predominantly quartz with minor microcline and
ilmenite. Clays near the surface are mostly gibbsite,
whereas deeper clays are kaolinitic (Owens and
Minard, 1979). Core samples and geologic logs
obtained during installation of the vapor probes and
wells were used to describe the lithology within 25 ft of
the land surface (fig. 2). Records of domestic and
irrigation wells at the site and on adjacent properties
were used to examine the lithology at greater depths
and to assess the areal extent of the lithologic units.

A A
60 — ()
1) w %]
g o g4 b
z T o =]
> s za 2 34 0
Sa_ > T
55 - ] . .
Clayey-organic soil -
w
\\ Brown-clayey sand E
E ~ | -5 z
W 50+ ] "
z Q10789 —d— == B it L 8
; - ~~—_x_ =
o i | Medium well-sorted|| White sand =~-10 g
> b ]
w45 — I @
2 d and clay 2
ot san
m SIBQV ? 1 Al‘efﬂﬂ»t{n? laye'.s W"T‘ j
[} T e s E‘g,:_h l_15 >
w 7 e 3
5 40 — =
2 Perching w
< unit [14]
w ? i X
=y Fine clayey sand 20 E
2 _wame = _ 3 | i
5 35— EXPLANATION 22— w
< ?—— Geological contact; =
Queried where unknown ;
——= Perched water table Medium sand — 25 3
04— Regional water table 8
1 Depth of borehole | &
0 5 10 15 20 25 FEET <
-t - 30
01234 58METERS
25

DATUM IS SEA LEVEL

VERTICAL EXAGGERATION x 4

Figure 2. Vertical section through the research site illustrating the generalized geohydrology within 25 feet of
land surface and altitudes of regional and perched water tables in march 1989 and October 1989. (Location of

section shown in fig. 1.)



The research site overlies the Cohansey aquifer.
The ground-water-flow system beneath the site
consists of two hydrologic units that were studied in
detail: a zone of perched water of local extent and an
unconfined aquifer of regional extent (hereafter
referred to as the "regional aquifer). The perched-water
zone forms above the dense clay stringers that are
present at depths of 14 to 19 ft (fig. 2). Measurements
of moisture contents less than saturation beneath the
clay stringers and the ability to draw vapors from
probes situated between the base of the clay stringers
and the top of the regional aquifer confirm that the
clays are responsible for the presence of the perched
water. Records of offsite wells indicate that the upper
part of the regional aquifer is separated from the lower
part by an areally extensive, 20-ft-thick clay layer, the
upper surface of which is at a depth of about 40 ft.
Because initial study results from the site indicated that
no hydrocarbon contaminants were present in the lower
part of the regional aquifer, USGS studies were limited
to the perched-water zone and the upper part of the
regional aquifer.

The depth of the regional water table has varied
from 13.8 to 20.9 ft below land surface since water-
level measurements were first made at the site in March
1988. The horizontal hydraulic gradients has usually
been less than 0.005. Directions of ground-water flow
vary in response to precipitation and irrigation
withdrawals. Since May 1989, the usual ground-water
flow direction has been to the east, and normally has
ranged from slightly north of east to east-southeast
(fig. 3). Occasionally, flow has been to the east-
northeast or southeast. Results of slug tests conducted
at monitoring wells in the regional aquifer, and
analyzed according to the method of Hvorslev (1951),
indicate that horizontal hydraulic conductivities range
from about 2 to 30 ft/d. Hydraulic conductivities at two
adjacent wells, DEP-1 and EVW8D, were lower than
those measured at other wells (about 0.2 ft/d). Well
records indicate that these two wells may be screened
in a clayey part of the regional aquifer. On the basis of
hydraulic-conductivity measurements, hydraulic-
gradient data, and an average porosity of 0.41, the
average linear flow velocity in the regional aquifer was
estimated to range from about 0.04 to 0.36 ft/d.

The depth of the perched water table varied from
8.0 to 12.4 ft below land surface from May 1990 to
December 1992. The perched water table is highest
near the ephemeral drainage channel (fig. 1). Because
runoff infiltrates along this channel, the perched water

10

table slopes away from the channel and ground water
flows perpendicularly away from it (to the northwest
and southeast; fig. 2). Slug tests conducted in the
perched-water zone indicate the horizontal
conductivities of the sands that are present at depths of
4 to 11 ft range from 8 to 30 ft/d. Deeper interbedded
sands and clays, at a depth of 11 to 14 ft, are presumed
to have lower horizontal hydraulic conductivities. The
perched-water zone varies in areal extent and thickness
with precipitation, but it usually is present within a 70-
ft radius of the location of the exhumed gas tank.
During dry periods, the southeastern part of the
perched-water zone, in the vicinity of well USGS-5
(fig. 1), disappears entirely. Several factors may
account for this observation. The slope of the clay
stringers may cause ground water to flow toward the
northwest during dry periods (fig. 2); sand units with
relatively high hydraulic conductivity may grade into
clayey sands of lower hydraulic conductivity; or the
characteristics of the clay stringers, such as their
thickness or hydraulic conductivity, may vary and
cause changes in percolation rates.

Perched water eventually leaks down to the
regional aquifer; however, the degree of connection
between the perched-water zone and the regional
aquifer is uncertain. On a seasonal basis the regional
water table rises and completely saturates the zone
beneath the clay stringers. Baedecker and others (1991)
concluded, on the basis of chemical gradients, that the
clay stringers hinder mixing between the perched-
water zone and the regional aquifer. Measured
hydraulic conductivities of cores indicate that the clays
are relatively impermeable (10-5 to 10-7 ft/d). During
the study period, water levels in the perched-water
zone were 5.3 to 9.6 higher than those measured in the
regional aquifer. This difference produced very high
vertical gradients; however, the low permeability of the
clay stringers limits contact between the two water
zones. Estimated vertical fluxes through the clay
stringers were less than | in/yr and flow velocities were
less than 2 in/yr.

The annular space around well DEP-1, a
monitoring well installed prior to USGS investigations,
appears to provide a conduit for the downward flow of
water and gasoline from the perched-water zone to the
regional aquifer. Evidence for this connection includes
the following: The record of well DEP-1 indicates that
the top of the screen is in the clay stringers and that the
sand pack extends up into the perched-water zone;
water-level altitudes in well DEP-1 are consistently
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higher (from 0.3 to 1.5 ft, depending on time of year)
than those in nearby wells (fig. 3), and water-level data
from vapor probe borings indicate that the perched
water table is depressed in the vicinity of well DEP-1.
Elevated regional water levels near this well indicate
that local directions of ground-water flow are radially
away from the well and vary significantly from
regional flow directions (fig. 3). In addition, ground-
water flow rates must be greater in the vicinity of this
well than elsewhere in the regional aquifer, and vertical
flow must be significant. The amount of leakage varies
over time as vertical gradients changes.

CONTAMINANT DISTRIBUTION AND
DEGRADATION PROCESSES

From the beginning of the field study in
September 1989 until December 1991, gasoline as a
separate-phase liquid was detected only on the regional
water table in well DEP-1 (fig. ). From September
1989 to March 1990, the thickness of gasoline in the
well decreased from about 1.2 fi to less than 0.05 ft.
From April 1990 through January 1991, only a slight
sheen of gasoline was detectable in the well; minor
amounts (less than 0.03 ft) reappeared in the well from
February 1991 through October 1991. No separate-
phase gasoline has been detected in well DEP-1 since
January 1992.

Vapor sampling, begun in July 1989, indicated
the presence of separate-phase gasoline on the perched
water table in the area where the tank had been (fig. 1).
Much of the separate-phase gasoline has been removed
from the perched-water zone as a result of vapor-
extraction experiments begun in October 1990. (See
Baehr and Fischer (1996) for a description of vapor-
extraction experiments at the site.) Hydrocarbon
vapors have not been detected above the perched-water
zone since August 1992; it is presumed that very little
separate-phase gasoline has been present since then.

Aqueous-phase-hydrocarbon contamination in
the perched-water zone consists of a small elliptical
area about 80 ft long by 40 ft wide at a depth of 11 to
14 ft (fig. 4). Studies by Baedecker and others (1991)
indicate that the total concentration of benzene,
toluene, ethylbenzene, o-xylene, m-xylene, and p-
xylene (BTEX) within this area usually exceeded 2 mg/
L. Hydrocarbon concentrations in the center of this
plume have remained fairly stable over time, possible
as a result of low rates of ground-water flow in the

12

interbedded sand and clay layers at the base of the
perched-water zone. Hydrocarbon concentrations
decrease toward the sides and top of the plume, partly
as a result of dilution. Hydrocarbon concentrations in
the southeastern limb of the plume have decreased
considerably over time (fig. 4).

In the regional aquifer, concentrations of
aqueous-phase hydrocarbons and their areal
distribution have varied substantially during the study
period as a result of changes in ground-water flow
directions. Generally, hydrocarbon contaminants were
detected downgradient from areas where ground water
leaks through the clay stringers. These areas usually
were downgradient from well DEP-1. Thus the areal
distribution of BTEX was east of well DEP-1 in
January 1990, southeast of the well in July 1990, and
east of the well in April 1991 (fig. 5). In July 1990, the
plume was narrow, possibly because the direction of
ground-water flow was relatively constant for the 4
months prior to sampling. The plume was much
broader in July 1990 than it was during the other two
sampling periods possibly because the direction of
ground-water flow was highly variable during the 4
months prior to sampling. The plume location is
consistent with flow directions if solute-transport times
are considered. Total BTEX concentrations in the
center of the plume in the regional aquifer often excced
10 mg/L (fig. 5). The concentration of total aromatic
hydrocarbons decreases downgradient, in part as a
result of dilution and dispersion. Compositional
changes from lighter weight to heavier weight
aromatics are indicators of volatilization and
biodegradation along the flow path. The contaminant
plume flows 5 to 10 ft beneath the top of the regional
water table and is usually less than 10 ft thick
(Baedecker and others, 1991; Gibs and others, 1993).
Except in areas where leakage occurs, contaminant
flow is predominantly horizontal with a slight
downward component, possibly in response to
recharge. The downgradient extent of the plume is
unknown because it extends beyond the monitoring
wells (a maximum distance of 80 ft from well DEP-1).

Although the plume in the regional aquifer
forms downgradient from the contaminant source, it
has variegated appearance. Zones of highly
contaminated water and slightly contaminated water
alternate across the plume. The submerged vapor
probes and wells used for ground-water sampling are
screened at different depths and were designed for
sampling water from discrete 6-in. to 24-in. intervals of
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the aquifer. Cozzarelli (1993) has demonstrated
significant vertical heterogeneity in hydrocarbon
concentration over short vertical distances. Radial flow
around well DEP-1 could account for some of the
observed contaminant distribution; however,
determination of flow rates and flow directions is
difficult as a result of steeper vertical gradients and
lower hydraulic conductivities in the vicinity of this
well than elsewhere at the site. The observed
contaminant distribution also could be attributed to
natural or borehole-induced leakage in the vicinity of
vapor well VW-9. Another possibility is that separate-
phase gasoline is trapped beneath the clay stringers and
moves in response to changing flow directions. All
these possibilities are currently being investigated.

Hydrologic conditions at the site also control the
distribution of inorganic constituents used in
microbially mediated oxidation-reduction reactions.
Microbially mediated reactions identified at the site
include aerobic respiration, denitrification, nitrate
reduction, sulfate reduction, and iron reduction
(Baedecker and others, 1991; Cozzarelli and others,
1991; Cozzarelli, 1993). Oxygen, nitrate, and sulfate
are supplied to the plume in the perched-water zone by
vertical percolation of recharge and reach the plume in
the regional aquifer by horizontal flow (Cozzarelli and
others, 1991). At the base of the perched-water plume.
in an area of low rates of ground-water flow and high
concentrations of hydrocarbons, oxygen and nitrate
have been depleted and sulfate and iron reduction are
the main biodegradation processes (Cozzarelli, 1993).
At the edges of this plume, where recharge mixes with
contaminated water, aerobic respiration, nitrate
reduction, and denitrification occur. In the regional-
aquifer plume, lower concentrations of oxygen and
nitrate and higher concentrations of ammonia than
those in uncontaminated water indicate that aerobic
respiration, denitrification, and, possibly, nitrate
reduction are the main biodegradation processes. On
occasion, anoxic zones have formed in the regional-
aquifer plume. This may be related to the rate of
contaminant input and the length of time that one
ground-water flow direction has been maintained.
Changes in flow direction facilitate mixing of
contaminants and oxygenated water and may preclude
the formation of anoxic zones.

Water-chemistry data show that the
geochemical environment in the regional aquifer is less
stable than that in the perched-water zone (Baedecker
and others, 1991). Reduced chemical species, such as

reduced iron and hydrogen sulfide, are produced in
anoxic environments and typically are not stable in
oxygenated water. Leakage of anoxic perched water to
the regional aquifer, either at well DEP-1 or other
locations, may explain some of the instability. Also,
anoxic zones may form at different locations in the
regional aquifer at various times, depending on the
recent stability of the regional flow direction.

SUMMARY

The USGS began investigations in 1988 at a site
in Galloway Township, New Jersey, at which ground
water had been contaminated by gasoline leaking from
an underground storage tank. Sediments at the site,
which is located in the New Jersey Coastal Plain,
consist of horizontal layers of sand and clay. The two
uppermaost units of the ground-water-flow system, the
perched-water zone and the unconfined regional
aquifer, each contain a plume of gasoline-contaminated
ground water. The areal extent and thickness of the
perched-water zone varies with precipitation. The clay
stringers that are responsible for the perching appear to
be relatively impermeable in the northwestern part of
the research site and leaky in the southeastern part.
Monitoring well DEP-1, installed prior to USGS
investigations, provides a conduit for water to flow
down from the perched-water zone to the regional
aquifer. The general direction of flow in the regional
aquifer usually is to the east, but the direction varies
from slightly north to east to east-southeast. Hydraulic
gradients are less than 0.05, and estimates of average
horizontal linear flow velocities range from 0.04 to
0.36 ft/d. Elevated water levels in well DEP-1 indicate
that directions and rates of ground-water flow near this
well vary significantly from regional flow directions.

Gasoline as a separate-phase liquid has been
detected in only two places: in the regional aquifer in
well DEP-1 and in the perched-water zone near the
location of the exhumed tank. Dissolved-hydrocarbon
contamination in the perched-water zone consists of a
stable elliptical plume about 80 ft long and 40 ft wide
in the 11 to 14 ft depth interval. Ground-water flow
rates are very low where contaminants currently reside
in the perched-water zone. Hydrocarbon contamination
in the regional aquifer was downgradient from well
DEP-1. The location of the contaminant plume varied
with changes in ground-water flow directions. The
thickness of the plume in the regional aquifer usually is
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less than 10 ft, and hydrocarbon-contaminant flow is
predominantly horizontal. The concentration of total
aromatic hydrocarbons decreased downgradient, in
part as a result of dilution, dispersion, and
biodegradation. Hydrocarbon degradation is affected
by the rate of movement of organic and inorganic
chemical species in the ground water. Natural
attenuation mechanisms are significant throughout the
site and account for many of the observed changes in
water quality.
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Biogeochemical Fate of Organic Acid Metabolites
Produced During the Microbial Degradation of
Hydrocarbons in Ground Water

By Isabelle M. Cozzarelli' and Mary Jo Baedecker'

Abstract

A combined field and laboratory study of
low-molecular-weight organic acids was
undertaken to improve an understanding of the
distribution of organic acids and the geochemi-
cal parameters that influence the prevalence of
these compounds in ground water of a shallow
aquifer contaminated with gasoline, in Gallo-
way Township, New Jersey. The degradation
of aromatic hydrocarbons from gasoline
occurred in situ by oxidation-reduction reac-
tions mediated by bacteria. The important
reactions were aerobic degradation and reduc-
tion of nitrate, sulfate, and Fe(lll). Temporal
and spatial shifts in the biogeochemical reac-
tions occurred in response to changes in hydro-
geochemical conditions in the aquifer.

Low-molecular-weightaliphatic, aromatic,
and alicyclic organic acids were associated
with hydrocarbon degradation in oxygen-
depleted zones of the aquifer. Laboratory
microcosm experiments demonstrated that the
biogeochemical fate of specific organic acids
observed in ground water varied with the struc-
ture of the acid and the availability of electron
acceptors. Benzoic and phenylacetic acid were
degraded by the indigenous aquifer microor-
ganisms when nitrate was supplied as an elec-
tron acceptor. Aromatic acids with two or more
substituents on the benzene ring persisted
under nitrate-reducing conditions. Organic
acids produced during hydrocarbon degrada-
tion participate in processes such as metal com-
plexation, sorption, and mineral dissolution;
thus, understanding the biogeochemical fate of

'us. Geological Survey, Reston, Va.

organic acids is essential to predicting the
geochemical evolution of shallow aquifers con-
taining degradable organic compounds.

INTRODUCTION

Aromatic hydrocarbons are frequently
reported in anoxic subsurface environments (for
example, Reinhard and others, 1984; Barker and
others, 1986; Bacdecker and others, 1993; Egan-
house and others, 1993). In these environments,
anacrobic degradation is an important attenuation
process. The degradation of monoaromatic hydro-
carbons has been demonstrated to occur in the
absence of oxygen by a variety of microbiatly medi-
ated reaction pathways, including nitrate reduction
(Kuhn and others, 1988; Major and others, 1988;
Hutchins and others, [991), iron reduction (Lovley
and Lonergan, 1990), sulfate reduction (Edwards
and Grbic’-Galic’, 1992; Haag and others, 1991),
and methanogenesis (Wilson and others, 1986;
Grbic'-Galic” and Vogel, 1987). As a result of
these degradation processes, oxidized organic com-
pounds, such as low-molecular-weight (LMW)
organic acids, arc formed. A variety of metabolic
intermediates, including aromatic, aliphatic, and
alicyclic organic acids, phenols, and aldehydes,
have becen identified in laboratory experiments dur-
ing the anaerobic microbial oxidation of petroleum
hydrocarbons (Grbic’-Galic' and Vogel, 1987;
Kuhn and others, 1988). The tew reports of LMW
organic acids in shallow aquifers contaminated with
petroleum products provide documentation that
these compounds are associated with the in situ
anaerobic degradation of aromatic hydrocarbons
(Cozzarelli and others, 1990,1991; Wilson and oth-
ers, 1990; and Godsy and others, 1992).

Organic acids arc more geochemically reac-
tive than the hydrocarbon precursors. Although
there is little understanding of the importance of
sorption of simple organic acids onto aquifer sedi-
ments, the sorption ot these polar compounds is
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known to occur onto oxide surfaces (for example,
Kummert and Stumm, 1980), clay surfaces (Yariv and
others, 1966), and organic coatings on mineral surfaces
of marine sediments (Sansone and others, 1987).
Organic acid anions also can form complexes with met-
als in solution (Sposito, 1989) and may thus facilitate
the transport of dissolved metals in ground water.

Although organic acids may contribute signifi-
cantly to the total organic carbon pool, little is known
about the distribution and fate of LMW organic acids in
ground-water environments. It is apparent that the
transformation of aromatic hydrocarbons to more solu-
ble, and potentially more reactive, intermediates may
have significant implications to modeling the
geochemical effects of organic solutes in ground water
and the implementation of bioremediation technolo-
gies.

The research described in this paper is part of a
larger ongoing study of the fate of LMW organic acids,
produced during microbial degradation of aromatic
hydrocarbons, in aquifers contaminated with petro-
leum products (Cozzarelli, 1993; Cozzarelli and others,
1990, and 1994). The purpose of this paper is to docu-
ment how the distribution of organic acids in a shallow
Coastal Plain aquifer contaminated with gasoline is
affected by the availability of electron acceptors in the
ground water. Specifically, the prevalence and type of
dissolved organic acids in the ground water are related
to temporal changes in the concentrations of nitrate in
the aquifer. The field observations are compared to lab-
oratory microcosm experiments constructed with aqui-
fer sediment in which nitrate was added as an electron
acceptor.

FIELD SITE

The field site is in Galloway Township, New Jersey,
10 mi west of Atlantic City. An underground storage
tank on a farmer's property leaked, resulting in the
accumulation of pockets of a separate gasoline phase in
the saturated and unsaturated zones of this shallow
aquifer (Fischer and others, 1991). The aquifer 1s in
surficial sediments of the Bridgeton Formation,
described as fluvial feldspathic deposits (Owens and
Minard, 1979) of the Atlantic Coastal Plain. The upper
20 ft of soil at the site is predominately fine- to
medium- grained sand with iron-oxide coatings and
discontinuous clay lenses and coarse-grained sand
lenses throughout. Below a depth of 20 ft, coarse-
grained sand predominates. Atapproximately I1to 15
ft below land surface, a clayey-sand layer contains 1-to
3-in.-thick, dense, clay lenses that have a low hydraulic
conductivity (Fischer and others, these proceedings).
Due to the presence of the clayey layer, a perched water
table is present above the water table aquifer beginning
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at about 10 ft below land surface. The water table
fluctuated between approximately 14-17 ft below land
surface during the period June 1989 - April 1991.

METHODS

Ground-Water Sampling.--Water samples were
collected seven times over a 2-year period between
June 1989 - April 1991. For this study, ground-water
samples were collected from stainless-steel probes
installed at site VW9 as described previously (Cozza-
relli and others, 1991; Fischer and others, 1991). Sam-
ples were collected from 10.7, 12.5, 15.5, 18 and 22 ft
below land surface, in both the perched and regional
water zones. The areal distribution of hydrocarbon
contaminants and unstable constituents at this site have
been described by Baedecker and others (1991).

Water samples were analyzed for geochemical
constituents that are important reactants, intermediates,
or end products involved in the degradation of the dis-
solved hydrocarbons. Redox-sensitive constituents,
including dissolved organic carbon (DOC), bicarbon-

ate (HCOy"), oxygen (O,), ammonia (NH,*), hydrogen

sulfide (H,S), ferrous iron (Fe2+), and methane (CHy),

were analyzed as described in Baedecker and Cozzarelli
(1992). Nitrate and sulfate were analyzed on filtered
(0.4 um) samples by ion-exchange chromatography.
Water samples for hydrocarbon analyses were
collected and analyzed using a liquid-liquid extraction
technique as described by Phinney and Cozzarelli
(these proceedings). Samples for analysis of organic
acids were collected and analyzed by extraction with
diethyl ether and quantified by gas chromatography
with flame-ionization detection and gas chromato-
graphy/mass spectrometry (Cozzarelli, 1993).

Microcosm Experiments.--To determine the bio-
degradability of selected aromatic organic acids found
in ground water contaminated with gasoline hydrocar-
bons, microcosm experiments were conducted with
nitrate added as electron acceptors. Sediment was col-
lected for the microcosm experiments from the anoxic
perched-water zone at a location 5 ft west of site VW9
in April 1991 (fig. 1). The cores were opened in a nitro-
gen (N,)-filled glove bag at the field site and trans-
ferred to cleaned and sterilized glass jars. The jars
were topped off with anoxic ground water collected at
site VW9 at 12.5 ft below land surface (VW9-12.5) to
minimize any headspace and kept on ice for transport
to the laboratory. Twelve jars of sediment and an addi-
tional 2.5 L of water from VW9-12.5 were collected
for use in the construction of the microcosms.
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The microcosms were constructed and solutions
prepared in a N>-filled glove bag in the laboratory.

Approximately 40 g of sediment from the field and 40
mL of organic-acid solution made with ground water
from site VWO9-12.5 were added to each 60mL BOD
bottle. Five organic acids were added to the ground
water for all the experiments to yield a concentration of
approximately 0.05-0.20 mM of each compound. The
acids added were benzoic acid (added as sodium ben-
zoate), ortho-toluic acid, phenylacetic acid, 3,4- dime-
thylbenzoic acid, and 2.4,6-trimethylbenzoic acid.
Nitrate was added to the organic acid solution in suffi-
cient quantity (30 mM) such that the concentration
would not limit degradation reactions. The pH of the
organic acid solutions was adjusted (with | normal
potassium hydroxide) to 6.0, the pH value measured at
site VW9-12.5 in the field when ground-water samples
were collected. The degradation intermediates and end
products produced during the incubation period were
monitored at intervals of 1,2, 4, 8, 16, and 32 days.

RESULTS AND DISCUSSION

Small-scale spatial and temporal changes in bio-
geochemical reactions at site VW9 resulted in signifi-
cant vertical heterogeneity of chemical constituents in
the aquifer. The concentrations of aromatic hydrocar-
bons, organic acids, and electron acceptors exhibited
similar vertical distribution patterns throughout 1990
(Cozzarelli and others, 1991). Oxygen and nitrate were
depleted in the shallow (10.7 ft below land surface) and
deeper part of the perched water (12.5 and 15.5 ft
below land surface). Cozzarelli and others (1991)
reported that in the deeper part of the perched water
sulfate reduction and iron reduction resulted in a
decrease in sulfate concentrations and an increase in

the concentrations of Fe?¥ in the ground water. The
highest concentrations of hydrocarbons and organic
acids were found at these depths.

Changes were observed, however, in the distribu-
tion of electron accepting species in April 1991 (fig. 2
A,B). These changes result, in part, from changing
hydrologic conditions at the site. Oxygen, nitrate, and
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sulfate in the shallow perched water (10.7-ft depth) are
supplied by vertical recharge from precipitation
events, whereas, at greater depths, these electron
acceptors are also supplied by mixing with ground
water originating from recharge areas upgradient of
the site. Low-hydraulic-conductivity layers that form
the base of the perched-water zone may inhibit mix-
ing, thereby limiting the supply of electron acceptors.
The higher nitrate and sulfate concentrations in the
upper perched water in 1991 (fig. 2) indicate that
nitrate and sulfate reduction by anaerobic respiration
were not limited by availability of electron accep-
tors. The increased availability of electron acceptors
is probably a result of a combination of increased
recharge in the spring of 1991 and a decrease in
degradable hydrocarbons in the ground water (Cozza-
relli, 1993).

The changes in concentration of specific classes
and structures of organic acids over time in the ground
water at sitt VW9 provide insight into the persistence
of certain organic acid structures in the presence of dif-
ferent electron acceptors. In the presence of nitrate in
the shallow perched water, aliphatic organic acids were

consumed at a rapid rate and did not accumulate in the
ground water (Cozzarelli, 1993). This observation was
in contrast to the observation of increased concentra-
tions of aliphatic organic acids in the methanogenic
zones of aquifers contaminated with petroleum prod-
ucts (Cozzarelli and others, 1994). Under the nitrate-
reducing conditions of the shallow perched water,
however, aromatic acids, as a class, were persistent.

The persistence of individual aromatic acids is
different--largely dependent on their structures--in the
perched water where nitrate reduction and denitrifica-
tion were occurring (fig. 3). Because the metabolic
intermediates of hydrocarbon degradation are both pro-
duced and consumed by microbiological processes,
rates of degradation of the organic acids cannot be
inferred from the changes observed in ground water
over time. However, the relative persistence of the dif-
ferent compounds indicates that the simple aromatic
acids, benzoic acid and phenylacetic acid, are either
degraded more quickly when nitrate is available as an
electron acceptor or that they were not produced as
extracellular intermediates during hydrocarbon degra-
dation under nitrate-reducing conditions. The organic

GALLOWAY SITE VW9, 10.7 FT BELOW LAND SURFACE
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Figure 3. The concentrations of individual aromatic organic acids: benzoic acid, phenylacetic acid, ortho-toluic acid, 3,4-dime-
thylbenzoic acid, and 2,4,6-trimethylbenzoic acid in the ground water at site VW9 in February 1990 and April 1991 in the

perched water at 10.7 feet below land surface.
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acids with more substituents, ortho-toluic acid, 3,4-
dimethylbenzoic acid, and 2,4,6- trimethylbenzoic
acid, increase in concentration under the same condi-
tions. Studies by other investigators have found that
slight changes in the number or type of substituents on
the aromatic ring causes compounds to be more or less
resistent to biological degradation (see, for example,
Horowitz and others, 1982; Berry and others, 1987).

The results from the microcosm experiments in
which NO5™ was added as a potential electron acceptor

clearly establish that NO; reduction is coupled to the

biological degradation of the simplest aromatic acids,
benzoic acid and phenylacetic acid (fig. 4). Complete
mineralization occurs, as evidenced by the loss of
organic acids and production of bicarbonate in the
microcosms over time. Although initiation of benzoic
acid degradation appeared to occur first, the degrada-
tion of phenylacetic acid was observed before benzoic
acid was depleted. Between days 16 and 32, after the
benzoic acid was depleted, 0.093 mM of phenylacetic
acid was degraded. For complete oxidation of that

amount of organic carbon, 0.74 mM of HCO5 should
have been produced. This amounts to a transfer of 36
electrons. Over this time period, an increase of 0.50
mM of HCO;™ was actually measured, indicating that
33 percent of the CO, went into biomass, assuming
there were no losses of aqueous CO, from the system.
Alternatively, some carbon could be present as meta-
bolic intermediates; however, none were detected dur-
ing the organic acid analyses. If the oxidation of
phenylacetic acid was coupled to nitrate reduction to
NH,4", 0.42 mM of NO;” would need to be reduced to
balance the electrons released. If, on the other hand,

denitrification was occurring, 0.67 mM of NO;™ would

be reduced. The actual amount of NO;3™ reduced was
1.06 mM, indicating that the reduction of nitrate may
have been coupled to the oxidation of other organic
compounds in the microcosms as well.

In a study of the degradation of benzoic acid and
phenylacetic acid by a sulfate reducer, Desulfosarcina
strain DSU3, Sembiring and Winter (1989) observed
that both substrates were utilized simultaneously when
the concentrations of both compounds were less than
3.5 mM. They also observed that benzoic acid
degraded first when in the presence of phenylacetic
acid--an observation consistent with the results of the

microcosm experiment presented here in which NOj5”

was added as an electron acceptor. However, in con-
trast to the current study, where no aliphatic acids were
detected in the microcosms, Sembiring and Winter
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(1989) found significant accumulation of acetic acid
during the degradation of benzoic acid. This difterence
may indicate that the more reducing conditions, under
which sulfate reduction occurs, result in the accumula-
tion of acetate whereas nitrate-reducing conditions do
not.

The lack of any degradation of the higher alky-
lated benzoic acids in the microcosms with nitrate
added indicates that they were resistent to biodegrada-
tion under the conditions employed in the experiments.
The observation, that the degradation of the organic
acids by aquifer microorganisms is structure specific, is
consistent with other reports of selective degradation of
aromatic compounds in the literature (for example,
Eganhouse and others, 1987 and 1993; Kuhn and oth-
ers, 1989; Evans and others, 1991; Haag and others,
1991). Several of the pathways proposed for anaerobic
degradation of aromatic compounds require substituent
removal before ring reduction and ring cleavage. The
magnitude of the activation energy required to remove
substituents depends upon chain length and position of
the substituent. In particular, aromatic compounds
with substitutions at the ortho position are more stable
than aromatic compounds with substitutions at other
positions.

SUMMARY

The fate of organic acids in a shallow aquifer con-
taminated with gasoline is controlled by a complex
interplay between microbial degradation processes and
geochemical and hydrologic changes in the aquifer.
Organic acids were found to be associated with hydro-
carbon degradation in oxygen-depleted zones of the
aquifer. The organic acid pool changed in composition
and concentration over time and in space as the avail-
ability of electron acceptors changed. The alkylben-
zoic acids with two or more functional groups appeared
to be the most persistent under a range of hydro-
geochemical conditions. The availability of nitrate--in
particular, nitrate from infiltrating water--appeared to
be an important geochemical parameter that resulted in
low concentrations of simple aromatic acids in ground
water. In contrast, alkylbenzoic acids with a greater
number of functional groups were more persistent
under nitrate-reducing conditions.

Laboratory microcosm experiments, designed to
simulate field geochemical conditions, demonstrated
that the biogeochemical fate of specific organic acids
observed in the ground water varied depending on the
structure of the acid and the availability of electron
acceptors. The addition of nitrate as an electron accep-
tor enhanced the microbial degradation of benzoic acid
and phenylacetic acid that were added to the experi-
ments as substrates.

The results presented here, combined with our
previous studies of organic acids in shallow aquifers
(Cozzarelli and others, 1991 and 1994) indicate that the
types and concentrations of LMW organic acids identi-
fied in ground water contaminated by petroleum hydro-
carbons are related to the geochemical conditions
under which the degradation of the organic compounds
occurred.
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Method for Estimating the Rate of Microbial Degradation
of Hydrocarbons Associated with Bioventing at a
Gasoline-Spill Site in Galloway Township, New Jersey

By Matthew A. Lahvis', Arthur L. Baehr!, and Jeffrey M. Fischer! |

Abstract

Bioventing is the enhancement of microbial
degradation caused by the delivery of atmospheric
oxygen to aerobically biodegradable contaminants
in the subsurface through vapor-extraction reme-
diation. Simulation of the redistribution of oxygen
and carbon dioxide in the unsaturated zone follow-
ing a period of vapor extraction provides a method
for estimating the rate of microbial degradation of
hydrocarbons. Rebound vapor-concentration data
are used to calibrate a diffusive-transport model
developed to quantify gas fluxes and the degrada-
tion rate. The resulting rates are indicative of the
upper limit of aerobic degradation that can occur
during or immediately after vapor extraction,
when oxygen availability exceeds microbial utili-
zation. Microbial degradation of is a significant
hydrocarbon fate at a gasoline-spill site in Gallo-
way Township, New Jersey.

INTRODUCTION

The distribution and fate of hydrocarbons in the
subsurface depends on their tendency to dissolve in
ground water, volatilize to the atmosphere, adsorb to
sediment material, or undergo biochemical
transformations. Energy-intensive methods 1o treat
physically or remove the contaminant typically are
hampered by the transport characteristics of the
sediment and the physiochemical properties of the
hydrocarbon (its solubility, vapor pressure, and
sorption potential). Restoration of a hydrocarbon-
contaminated aquifer may occur naturally, however,

'U.S. Geological Survey, West Trenton, N.J.

through microbial degradation processes that
molecularly transform hydrocarbons to harmless end-
products. This mechanism, as well as other natural
attenuating mechanisms, such as volatilization to the
atmosphere, commonly are the only viable means of
remediation. Engineered attempts at remediation may
be less effective in the field than in theory, especially at
hydrogeologically complex contamination sites.
Quantification of site-specific degradation rates may
therefore be beneficial to regulators and environmental
engineers challenged by the escalating costs of cleanup
and faced with the consequences of partial remediation
or no-action scenarios. In Wisconsin, for example,
natural biodegradation must now be considered as a
remediation option at hydrocarbon-contaminated sites
(Wisconsin Department of Natural Resources, 1993).

Bioventing is the enhancement of microbial
degradation caused by delivery of atmospheric oxygen
to aerobically biodegradable contaminants in the
subsurtace through vapor-extraction remediation.
Microbial degradation reactions at the ground-water
table results in an accumulation of carbon dioxide
(COy) and a reduction in oxygen (O5) in the gas phase
of the overlying unsaturated zone. During vapor
extractions at a gasoline-spill site at Galloway
Township, New Jersey (fig. 1), near-atmospheric gas-
phase concentrations of CO, and O, are generated
throughout the unsaturated zone. When vapor
extraction is terminated, the subsequent redistribution,
or rebound, of these gases in the unsaturated zone
overlying the area of ground-water contamination
provides a signature of microbial degradation as it
occurred during vapor extraction. The degradation rate
is quantified by calibrating a diffusive-transport model
to rebound vapor-concentration data. As outlined by
Bachr and others (1991), knowledge of the
composition of unsaturated-zone gas coupled with
transport modeling can be used to estimate degradation
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rates under unremediated conditions. This problem
was addressed by Fischer and others (1992) and Lahvis
(1993). This paper describes the application of the
method of Baehr and others (1991) to obtain a site-
specific upper-bound estimate of the degradation rate
when oxygen transport is not a limitation on aerobic
degradation.

FIELD METHODS

Unsaturated-zone gas samples were collected
from a network of vapor probes (methods discussed by
Fischer and others, 1991) and their composition
determined by using gas chromatography (Baker and
others, 1991). Samples of perched water were
collected from submerged vapor probes with a
peristaltic pump and analyzed for dissolved
hydrocarbons, dissolved oxygen, alkalinity, and pH.
The distribution of organic and inorganic constituents
in the ground water is described further by Baedecker
and others (1991). Unsaturated-zone-sediment
samples were collected with a split-spoon sampler and
analyzed for total porosity and moisture content. Core
samples were used to map the unsaturated-zone
stratigraphy. The site geology is discussed further by
Fischer and others (1991) and Fischer, Smith, and
Baehr (1996). Some undisturbed sediment cores were
used directly in laboratory column experiments to
measure the effective diffusion coefficient (Fischer,
Baker, Lahvis, and Baehr, 1996), a parameter required
for vapor-transport modeling. A nest of thermistors
and neutron probes was used to obtain additional
depth-dependent temperature and moisture-content
data, respectively, to help assess the diffusive-transport
characteristics of the unsaturated-zone sediments.

Synoptic vapor- and ground-water sampling was
conducted at the Galloway Township site to document
conditions at the site prior to applying vapor extraction
(Fischer and others, 1991). The distribution of CO,
and O, in the unsaturated zone is presented by Baehr
and others (1991). High concentrations of dissolved
hydrocarbons were present in the perched (10 feet
below land surface), particularly near Vapor Well 9
(VW9) (Baedecker and others, 1991), but were not
detected in the overlying unsaturated zone except in a
small region near the former location of the exhumed
gasoline tank (Fischer, Smith, and Baehr, 1996). This
observation indicates the presence of thin microbially
active zone near the perched water table, where the rate

of hydrocarbon degradation exceeds the rate of
hydrocarbon volatilization to the overlying unsaturated
zone.

MODEL APPLICATION

The diftusive-transport model developed to
quantify microbial degradation in porous media
implements the following one-dimensional analytical
solution to the diffusion equation under the assumption
of unsaturated-zone homogeneity:

8Gk _ 8261\-

akw Dk ~2 (l)

where the subscript k indicates that the equation
applies to either CO, or O, G, (g/cm’) is the gaseous-
have concentration of the constituent, Dy (cm?/s) is the
effective diffusion coefficient, ak (unitless) is the stor-
age coefficient, and L (cm) is the total length of the
model domain. A homogeneous unsaturated zone
implies that Dy and a; are constant, which in turn
implies that the physical properties of the porous
medium (total porosity, moisture content, and tortuos-
ity) are constant. Because all degradation is simulated
through use of a boundary condition a the perched
water table, CO, and O, transport are uncoupled.
Equation | incorporates the following assumptions:
equilibrium partitioning of the mass between the gas-
eous ad aqueous phases, negligible adsorption, and no
constituent sources or sinks.

This model was applied to simulate the
redistribution of CO, and O, near VW9. Vapor-
concentration data collected from vapor probes (VW9-
6.0 and VW9-8.2 were used in the one-dimensional
vapor-transport analysis. A conceptualization of the
unsaturated-zone stratigraphy in the vicinity of VW9 is
shown in figure 2. A high relative moisture content
measured in the thin clay layer (unit #4), indicates that
modeling the entire unsaturated zone as a uniform
porous medium may be inappropriate. To account for
this sharp discontinuity, the model domain was
reduced to the three lowermost stratigraphic units
(nos.1-3) and the clay was modeled as a third-kind
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Figure 2. Conceptualization of the unsaturated-zone stratig-
raphy in the vicinity of Vapor Well 9 (VW9) (Blackened
rectangles represent vapor probes.

boundary, analogous to a leaky confining unit, as
follows:

oG G, -G,
k _ , arm _
—Dk-a—z' = —-Dk[——— ,atz=1L (2)

bl

where Dk' (cmz/s) is the effective diffusion coeffi-
cient of the clay layer; b’ (cm) is the clay-layer
thickness; L (cm) is the length of the model domain;
and G (g/cm3) is the constants concentration of
the constituent on the opposite site of the clay layer,
typically designated as the atmospheric concentra-
tion.

The lower boundary corresponds to the top of
the capillary zone, which is defined by a sharp gradient
in the moisture content. An analytical solution was
obtained for two boundary-condition cases: (1) a
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constant flux, Jk((g/cmz)/s); and (2) a constant
concentration, (G, ( g/cm3), modeled as follows:

oG,
@) = Dy (3)
G,(z) = G, case(2)atz=0. 4)

The constant-flux boundary condition implies
constant substrate utilization, independent of transport
in the unsaturated zone above, whereas the constant-
concentration boundary condition implies time-
dependent degradation, directly influenced by
unsaturated-zone transport. The boundary conditions
mathematically span the range of microbial responses
to unsaturated zone-transport, bracketing boundary-
condition sensitivity.

The initial condition is specified as a linear
piecewise interpolation through specified points as
follows:

G, (2.0) = 4,(2) &)

The solution to (1) subject to the boundary
conditions (2), (3), or (4), and the initial condition (5)
is obtained by applying the separation-of-variables
solution technique as follows:

Gk (z,t) =v(z,t) +K(2) (6)

where v(z,t) is the transient component of the solution,
and may be written as:

v(z,0)= {Z T,,(t)¢,,(z)} (7)

n=0

where:
Dk
T, ()= C,exp M}b"“_kt
¢,= cos fA,z forcasel,or
$,= sin A z  forcase 2.
In general,

_2¢t _ i
C = ZIO [4,(2) —K(2)1,d

where A(z) is the initial condition comprised of m

components, given by:
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Figure 3. Analytical model calibration to summer 1991 carbon dioxide vapor-concentration data with application of the
constant carbon dioxide flux boundary condition.

m
0 0
A (D)= ZMk'z+Bk (8)

,':] ! !

and K(z) is the steady state solution defined as:

J
. k b L
R R AR I 2
Dk k D[( D[‘ A(lflll
Gk _Gk
K(z)= ”D - 2+ G, case 2 (8b)
k o
L+-—b
D,/

For each case, the constants Cn are defined more specifically as:

m M B
c, = % > {x—’[cosL /k”+L /k”sinL /7»”* 1] +}T'sinL /kn } for case 1, or
i=1 n n
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m

2
anzz

1= 1

M, B.
{l—'[sinLJk—”+Lﬁ;cos14ﬂ;] + [ }T'C()SLJK—HI}} for case 2,
n n

where:

G, -G,

atm 24

o J
+ A

Ml. = MA for case I, or Mi = M;:‘— for case 2, and
i k !

L+—

for case I, or Bl. = B: — Gk for case 2.
i

0 b’ L
5= 4[4 55 ) |+

The eigenvalues (X)) in cach case are determined numerically by the Newton-Raphson method and are given by:

o

D’
b
tan L /A =
an " DAA/_}\'_”
RESULTS AND SUMMARY

For this analysis, the magnitude of the boundary
condition (Ji and G, ) and the eftective diffusion
coefficients (D, and D} ")and are determined by means
of model calibration by using a least-root-mean-
squares fit between measured and simulated rebound
vapor-concentration data. Rebound vapor-
concentration samples were collected over a 1,000-
hour period after vapor extraction was terminated.

The relations among the rates of hydrocarbon
degradation, carbon dioxide production, and oxygen
consumption are defined under the assumption that
aerobic degradation is the dominant microbial-
degradation pathway and hydrocarbon mineralization
is complete. (Baker and Bacehr, 1996). The
hydrocarbon-degradation rate in the perched water
zonc is then stoichiometrically related to the flux of
CO, and O, in the unsaturated zone as follows:

J
hio — ,_I_‘ (9
where Ry, ((g/cm?)/s) is the hydrocarbon-degradation
rate, and r, (unitless) is the stoichiometric mass con-
stant relating the mass of CO, produced or mass of O,
consumed to the mass of hydrocarbon degraded. Sto-
ichiometric mass constants r(‘“? =3.19 and 2.28
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-D, [
for case I, or tan LA/X_” = —'I‘-;A/; for case 2.
l‘,

D

3
<r0,<3.32 were calculated for carbon dioxide and
oxygen, respectively (Lahvis, 1993). Any agreement
between the degradation rate calibrated by using CO,
vapor-concentration data and the rate calibrated by

using 0, vapor-concentration data supports the
hypothesis of complete hydrocarbon mineralization.

Results for calibration to the CO, rebound data
obtained during summer 1991 with application of the
constant-flux boundary condition (case 1) are
illustrated in figure 3. A microbial degradation rate of
Rpio=2.22E-10 ((g/cm>)/s) was calibrated at the
degradation boundary. Similar estimates were
obtained from other model calibrations (Lahvis, 1993).
This rate can be extrapolated to a sitewide estimate of
pure hydrocarbon degradation (Ry,;,=16.4 L/yr, or
4.33 gal/yr) by assuming a plume diameter of 1524 ¢cm
(50 ft) and an average hydrocarbon density of
0.77 g/cm3.

Calibrated estimates of the diftusion coefticient
for the model domain (D) compared favorably to
laboratory-based estimates (Baker, 1993; Lahvis,
1993). This agreement lends credibility to the estimate
of flux, the other unknown parameter defined by model
calibration.

In summary, the sitewide degradation-rate

estimate, Ry,;,=16.4 L/yr, determined by means of
model calibration to CO, rebound data collected



during summer 1991, represents an upper bound of
aerobic degradation that occurs during or immediately
after vapor extraction when oxygen transport in the
unsaturated zone is not a limitation. A similar rate
estimate, Ry,;,=15.8 L/yr (4.18 gal/yr), was obtained by
calibrating a more comprehensive numerical transport
model to the same data. The numerical model accounts
for spatial variability in the diffusion and storage
coefticients (Lahvis, 1993). The microbial degradation
rate calibrated by using this approach indicates that
microbial degradation of hydrocarbons is a significant
process at the Galloway Township site, the rate of
which exceeds the rate of volatilization into the
atmosphere under unremediated conditions. This
modeling approach provides regulators and
environmental engineers with an ability to quantify the
bioventing performance at other hydrocarbon-
contaminated sites.
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Determination of Vapor-Phase Diffusion Coefficients for
Unsaturated-Zone Sediments at a Gasoline-Spill Site in
Galloway Township, New Jersey

By Jeffrey M. Fischer', Ronald J. Baker', Matthew A. Lanhvis', and Arthur L. Baehr'

Abstract

The rate of diffusion of gases through the
unsaturated zone has been related to rates of
microbial degradation of hydrocarbons at a gaso-
line-spill site in Galloway Township, New Jersey.
The diffusion coefficient for the unsaturated
porous medium is required to obtain rates of vapor
movement from vapor-concentration measure-
ments. Laboratory experiments were conducted on
heterogeneous sediment cores to identify vapor-
phase concentration profiles and vapor fluxes.

A one-dimensional vapor-diffusion model based
on the Stefan-Maxwell equations was used to
calculate diffusion coefficients from these experi-
ments. Diffusion coefficients obtained by using
this method were smaller than those predicted by
using the Millington-Quirk equation, and were
particularly significant for clayey sediments. Use
of the theoretically calculated diffusion coeffi-
cients to calculate vapor flux and biodegradation
rates at the study site would have led to over-
estimates of these rates when compared to those
determined by using the experimental method.

INTRODUCTION

Studies of diffusive transport in the unsaturated
zone of hydrocarbon vapors and inorganic-gas con-
stituents that are indicators of biodegradation are being
conducted at a gasoline-spill site in Galloway Town-
ship, N.J. (Baehr and others, 1991; Bacehr and Fischer,
1996; Baker and Bachr, 1996; Lahvis and others,
1996). Diffusion of gases through the unsaturated zone
is controlled by the vapor-constituent concentration
gradient and the diffusion coefficient. Unsaturated-
zone concentration profiles can be measured (Baker
and others, 1991; Fischer and others, 1991), whereas

us. Geological Survey, West Trenton, N.J.

diffusion coefficients are determined by using some
form of tracer experiment. The diffusion coefficient
(D) of a vapor constituents in an unsaturated porous
medium is commonly defined as follows:

D=D,6, . (1
where
Dy, is the diffusion constant of the vapor constituent in a
bulk gascous phase identical to that in the
unsaturated-zone atmosphere,
0, is the air-filled porosity, and
T is the tortuosity of the vapor-filled pores.

D,, and 6, are measured independently of diffusion
experiments. The tortuosity depends only on pore-
space configuration and is independent of vapor con-
stituents. A widely used empirical approximation for
tortuosity is the Millington-Quirk equation (Millington
and Quirk, 1961):

= ea7/3 / ¢2‘ (2)
where ¢ is porosity.

This paper describes laboratory tracer experiments
that were conducted on sediment cores from the Gallo-
way Township research site. It describes and demon-
strates the use of a one-dimensional model that was
developed to estimate diffusion coefficients on the
basis of the Stefan-Maxwell equations.

METHODS

Fickian diffusion is commonly assumed to be
sufficient for calculating diffusive fluxes, or, if fluxes
are known (as in a controlled experiment), for calculat-
ing tortuosity. Bachrand Bruell (1990) have shown that
the Fickian assumption can lead to errors in estimated
tortuosity values under certain conditions. This
assumption can introduce substantial errors in subse-
quent calculations of biodegradation rates. A more rig-
orous approach for quantifying multicomponent vapor-
phase diffusive transport in an unsaturated porous
medium is to use the Stefan-Maxwell equation (Bachr
and Bruell, 1990).
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Four cores were collected from the study-site loca-
tion shown in figure 1. The sampling location is the site
of concurrent in situ bioegradation studies (Lahvis and
others, 1996) and sample collection for laboratory
biodegradation experiments (Baker and Baehr, 1996).
Cores were collected in 3.6-cm-i.d., 6 1-cm-long alumi-
num tubes with a split-spoon sampler. Two of the four
cores collected were used in laboratory vapor-diffusion
experiments.

The column design used in the laboratory experi-
ments is shown in figure 2. Cores were oriented verti-
cally and a stainless-steel screen was attached to the
bottom of the core liner to support the sediment. The
tracer constituent is placed in a reservoir below the
screen. For these experiments, pure liquid toluene was
maintained in the reservoir, The liquid maintained a
toluene-saturated airspace at the bottom of the core.

If necessary, several centimeters of sediment were
removed from the top of the column, and a cap was
placed on the liner, creating an airspace. During the
experiments, this space was purged continually with
humidified gas (95 percent nitrogen and 5 percent
oxygen, by volume). Purging with the sweep gas con-
stantly removed vapor-phase toluene that had diffused
through the column. Bracketing the column with tou-
lene-saturated gas at the base and a sweep gas with a
low toluene concentration at the top resulted in a verti-
cal concentration profile in the sediment. Sampling
ports were installed at about 9-cm intervals to deter-
mine this profile. Sampling ports consisted of [8-gauge
stainless-steel syringe needles that were inserted
through holes drilled in the core liner. The holes were
sealed and the syringe needles were capped with
syringe valves. Toluene concentrations were deter-
mined by using a gas chromatograph with a flame-
ionization detector. Inorganic-gas concentrations (oxy-
gen and carbon dioxide) were determined by using a
gas chromatograph with a thermal-conductivity detec-
tor (Baker and others, 1991). Toluene flux at the top of
the column was determined by multiplying the volu-
metric flow rate by hydrocarbon concentration in the
sweep gas and dividing the result by the cross-sectional
area of the column. When a steady vapor-phase compo-
sition, as indicated by an unchanging hydrocarbon pro-
file, was reached in the column, vapor-concentration
data were collected for use in model calibration. At the
end of the experiments, the column was cut into 2-cm
to 5-cm sections, and sediment lithology, porosity, and
moisture content were determined.
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A one-dimensional vapor-diftusion model was
developed for analyzing laboratory column vapor-
concentration and physical-property data to estimate
tortuosity as a function of column depth. The model, an
expansion of work by Bachr and Bruell (1990), incor-
porates the Stefan-Maxwell equations into a steady-
state conservation-of-mass equation to define transport
of each component of a multicomponent gas mixture in
an unsaturated porous medium. The model has the
ability to simulate one-dimensional vapor transport
through a variably saturated porous medium that is het-
erogeneous with respect to porosity, moisture content,
and the diftusion coefficient. Laboratory column
vapor-concentration and physical-property data are
simulated as a one-dimensional series of nodes. The
model is calibrated by varying tortuosity values at
nodes until the difference between observed and simu-
lated constituent concentrations is minimized. Details
of the model are presented in Baker (1993); additional
uses of the model are presented by Baker (1993) and
Baker and Baehr (1996).

The model requires data on vapor-phase constitu-
ents and porous-medium physical properties. Only
steady-state conditions were considered in these simu-
lations. Vapor-phase inputs include constituent concen-
trations and sample depths, as well as concentrations
and fluxes of the constituents in the sweep gas. Porous-
medium inputs include porosities and volumetric mois-
ture contents. Initial estimates of tortuosity also are
required; these were calculated by using Fick’s law.
Additional data on physical characteristics include
atmospheric pressure, temperature, and sediment-
column length.

The ability of the model to accurately estimate tor-
tuosity was tested by using data reported in Baehr and
Bruell (1990) for a homogeneous dry sand column. The
reported tortuosity for benzene diftusion through the
column was 0.566. The simulated concentration profile
matched the reported profile and the estimated tortuos-
ity for 13 nodes averaged 0.576, with a standard devia-
tion of 0.073. This result indicated that the model can
be used to produce accurate estimates of tortuosity.

VAPOR-PHASE-DIFFUSION
COEFFICIENTS

Core-2, the first core from the Galloway Township
site to be analyzed, came from a depth 0of 0.6 to 1.2 m.
It contained nonlayered, fairly uniform sediments com-
posed of approximately 30 percent clay, 25 percent silt,
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and 45 percent coarse- to fine-grained sand. Other
physical properties of the core are listed in table 1, i

which estimated values of tortuosity from the simula-

tions are compared to Millington-Quirk estimates.
Simulated and actual vapor concentrations compare

favorably, demonstrating a successful model calibra-

tion (fig. 3). Values for tortuosity derived from simula-
n tions were consistently greater than 1.0 (an infeasible

value) for the upper 10 cm of the sediment column.

No such problems were encountered in similar experi-
ments in which repacked sediments were used (Baker,

Table 1. Physical properties of core subsections and tortuosity values calculated
by using the Millington-Quirk equation (theoretical) and those simulated with the

1993). Values greater than 1.0 probably indicate the

Fine sand

model
[g/cm3 . grams per cubic centimeter; V/V volume per volume; --, no data; >, greater than;
<, less than]
Sample Buik Totai Air-fiiied
intervai densit}y porosity porosity ':"ortuo?ity‘ T:)rtu'o slt:
(cm) (g/em’) VIV) (VIV) (theoretical) (simulated)
Core-2
0.0- 5.1 1.51 0.407 0.311 0.394 >1.0
5.1-10.2 1.69 337 211 234 >1.0
102-15.2 1.79 297 156 149 0.073
15.2-20.3 1.76 308 158 143 023
20.3-254 1.83 280 477 225 025
25.4-30.5 1.77 303 119 076 .004
30.5-350 1.71 328 134 085 017
Core 3
0.0- 5.0 1.44 0.435 0.395 0.603 >1.0
5.0-10.0 1.79 296 186 225 >1.0
10.0-15.0 1.87 264 125 At >1.0
15.0-20.0 2.03 202 .080 .068 0.033
20.0 -25.0 1.86 267 in .083 039
250-275 1.99 217 001 < .001 001
27.5-30.0 1.82 283 126 100 029
30.0-35.0 1.75 312 241 371 025
35.0 -40.0 1.79 295 214 314 -
40.0 -45.0 1.62 361 .308 490 -
45.0-49.5 1.62 364 298 447 -
GEOLOGY 0 GEOLOGY
— . —————
? CORE-3

DEPTH IN COLUMN, IN CENTIMETERS

40 " A i " " i 1 s 2 1

0 4 8 12 . 16
TOLUENE CONCENTRATION, IN MILLIGRAMS PER LITER

DEPTH IN COLUMN, IN CENTIMETERS

40—
0

160

TOLUENE CONCENTRATION, IN MILLIGRAMS PER LITER

EXPLANATION

Measured
Simulated

Clayey
medium sand

Gray clay

Clayey sand

Medium sand

Clayey sand
Medium sand

Figure 3. Measured and simulated toluene concentration with depth for homogeneous sediments (core-2) and heterogeneous

layered sediments (core-3).
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presence of a short-circuited flow path in the disturbed
part of the upper core. Nondiffusive flux through the
upper part of the volume does not affect diffusive flux
through lower parts of the column.

Core-3, the second core from the Galloway Town-
ship site to be analyzed, came from a depth of 1.5 to
2.1 m. It contained heterogeneous sediments with
layers of sand, clay, and clayey sand (fig. 3). Physical
properties of the layers are listed in table 1. Porosity
and moisture-content values were assigned at layer
interfaces to define layers in the model. Thus, values
measured within a layer were entered at depths 1 cm
above or below the interface to define the sediment
discontinuity for the model. As for the previous core,
estimated values of tortuosity were greater than 1.0 for
the upper 15 cm of the column. No concentration gra-
dient could be measured in the sand beneath the clay
layers situated in the core at depths between 24.0 and
37.0 cm because the diffusion coefficient of the under-
lying sand was so much greater than that of the clays,
which were effectively a “transport bottleneck.” With-
out a concentration gradient, it was not possible to
calculate tortuosity in this layer; a separate laboratory
experiment would need to be conducted on the sand
alone to obtain this estimate. Estimates of tortuosity for
the part of the core that was amenable to analysis with
the model ranged from 0.001 to 0.033 (table 1), and
simulated and actual vapor concentrations matched
closely (fig. 3). The lower tortuosity value is for a thin
clay lens at a core depth of 24 to 26.5 cm. Tortuosity
values for the remaining layers were similar to those
for core-2 because the physical properties of the
sediment were similar.

Simulated tortuosity values for both cores gener-
ally were 2 to 20 times less than those predicted by
using the Millington-Quirk equation (table 1) probably
because the Millington-Quirk equation incorporates
the assumption that the particles were spherical and the
sediments contain considerable amounts of clay. Use of
tortuosity values estimated from the Millington-Quirk
equation to calculate vapor fluxes would have caused
an overestimation of vapor fluxes at the site by an order
of magnitude. Therefore, subsequent calculations of
biodegradation rates at the site based on calculated
vapor-transport values also would yield seriously
overestimated values.

Although values of tortuosity calculated for cores
in the laboratory are believed to be more representative
of in situ conditions than theoretically obtained esti-
mates, some uncertainty exists. Some sediment com-
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paction probably occurred during sampling and while
the cores were standing vertically in the lab. Further,
moisture redistribution probably occurred as well.
Compaction would cause tortuosity values to decrease
and moisture redistribution would cause it to increase
near the top of the core and decrease toward the bot-
tom.

Although the model accurately simulated mea-
sured vapor concentrations, several concerns are being
addressed. These include the sensitivity of tortuosity
estimates to nodal spacing, and ways to reconcile dif-
ferences in the vertical spacing of measured values
(vapor concentration, moisture content, and porosity)
and predicted values (vapor concentration and tortuos-
ity). Also, to conserve computing time, an improve-
ment in the algorithm used to minimize the difference
between observed and simulated vapor concentrations
may be made.

SUMMARY

Diffusion coefficients are required to quantify
vapor fluxes through the unsaturated zone when the
vapor-concentration distribution is known. Sediment
cores from the unsaturated zone at the Galloway Town-
ship gasoline-spill research site were used to illustrate
a method developed to obtain diffusion coefficients.
The method involves the use of laboratory tracer exper-
iments and the application of a one-dimensional model
based on the Stefan-Maxwell equations. Physical-
property data and vapor-concentration data from
homogeneous and heterogeneous cores were used to
successfully estimate tortuosity. Tortuosity in the upper
part of the cores could not be estimated, however,
possibly as a result of short-circuited flow through
disturbed sediments. Tortuosity in the lower part of the
layered core could not be simulated because concentra-
tion gradients could not be measured. Calculated tortu-
osity values ranged from 0.001 for a clay layer to 0.033
for clayey sands. Simulated tortuosity values were
about 2 to 20 times less than those predicted by using
the Millington-Quirk equation. Use of tortuosity values
estimated by using the Millington-Quirk equation
would have resulted in the overestimation of vapor
fluxes at the site and the overestimation of biodegrada-
tion rates based on estimated rates of vapor transport.
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Use of Column Studies and a Reactive
Transport Model to Measure Biodegradation Rates
of Hydrocarbons

By Ronald J. Baker' and Arthur L. Baehr!

Abstract

A laboratory method for determining
biodegradation rates of volatile hydrocarbons in
unsaturated porous media (subsurface sedimen-
tary material) was developed. Glass columns were
filled with samples of porous media from the
unsaturated zone at a gasoline-contaminated site
in Galloway Township, N.J. Vapor-phase hydro-
carbons (benzene, toluene, or p-xylene) were
added to the porous media at the bottom of the
column and were transported vertically along a
concentration gradient. Aerobic biodegradation of
hydrocarbons is indicated by the production of
carbon dioxide (CO,). The vapor-phase hydro-
carbon and CO, concentrations were monitored at
several depths through sampling ports. Fluxes of
hydrocarbons and CO, leaving the column also
were measured frequently. A mathematical model
was used to calculate CO,-production rates as a
function of depth. These distributions and
stoichiometric relations describing hydrocarbon
biodegradation were used to calculate depth-
specific hydrocarbon-degradation rates. Degra-
dation rates generally increased with depth, and
appeared to be coupled to soil-moisture content,
which also incrcased with depth. Degradation
rates also increased with the number of methyl
groups on the aromatic ring, and rates were greater
in unprocessed sediment than in sieved sand from
which fine particles had been removed. This
method could be used to determine optimum
biodegradation conditions in the design of
bioremediation stratcgies.

'U.S. Geological Survey, Trenton, N.J.

INTRODUCTION

An estimated 75,000 to 100,000 underground
gasoline- and other fuel-storage tanks in the United
States currently are leaking (Brown and others, 1985),
causing widespread contamination of ground water by
benzene, tolucne, xylenes, ethylbenzene, and other
toxic hydrocarbon components. The fact that hydrocar-
bons from petroleum products are degraded in the sub-
surface by indigenous microbes has been established
(Atlas, 1984). Biodcegradation ratcs must be quantified
to assess the importance of this process as an attenuat-
ing mechanism under conditions assoctated with either
in situ broremediation or no-action scenarios.

Rates of biodegradation can be estimated by mon-
itoring vapor-phase geochemical signatures of hydro-
carbon biodegradation (for example, concentration
gradients and fluxes of oxygen (O,), CO,, and hydro-
carbons). These gas constituents have been monitored
extensively during ongoing research at the site of a
crude-oil spill in Bemidji, Minn. (Baedecker and
others, 1989), and at a gasoline-spill site in Galloway
Township, N.J. (Bachr and Fischer, 1996).

One component of the research at the Galloway
Township site is the determination of hydrocarbon-
biodegradation rates in laboratory columns filled with
samples of unsaturated porous media collected at the
site. The columns are designed to maintain constant
conditions over long periods of time (months), and to
provide conditions that more closely approximate nat-
ural geochemical conditions than a closed-microcosm
approach does. When the columns are aligned verti-
cally, a stable moisture gradient forms that is represen-
tative of the moisture gradient typically observed in the
unsaturated zone above the capillary zone. A stable
gradient of vapor-phase hydrocarbon concentration
also forms. This gradient is representative of condi-
tions in the field, where contaminant concentrations
typically decrease with distance from the contaminant
source.
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Aromatic hydrocarbons readily biodegrade under
acrobic conditions (Atlas, 1984), resulting in consump-
tion of O, and production of CO, and biomass. Molar
ratios of O, consumption, hydrocarbon consumption,
and CO, production can be derived stoichiometrically
from relevant reactions. For example, representative
reactions for toluene biodegradation are as follows:

* Mincralization of hydrocarbons to CO5:
1C;Hg+90, > 7C0O,+4H,0 (N

Molar ratios:  1.00 toluene : 9.00 O, : 7.00 CO,

 Conversion of hydrocarbons to biomass:
7C3Hg +9H' +9NO; > 9CH,0,N (2)
+4C0O, + 1 HyO

B

Molar ratios: 1.00 toluenc : 1.28 NO,: 0.57 CO,

» Endogenous respiration of biomass to CO»:
C5H702N +5 02 +H* > 5 COz 3
+ NH4* +2 H,0

Molar ratios: 1.00 Biomass : 5.00 O, : 5.00 CO, : 1.00 NH,*

Stoichiometric ratios allow for calculation of reaction
rates for one chemical constituent in terms of another.
This approach was used in this work, where hydrocar-
bon-utilization rates were not directly measurable, but
were calculable from CO; production rates.

This paper describes the development of the
column apparatus used to (1) determine biodegradation
rates, (2) measure biodegradation rates of hydrocarbons
in columns of unsaturated porous media from the
Galloway Township site, and (3) determine depth-
specific hydrocarbon-biodegradation rates by use of
a mathematical model.

EXPERIMENTAL METHOD AND
MATERIALS

The experimental column design is shown in
figure 1. Five 10-cm internal diameter glass columns
each have six ports for vapor-phase sampling. A stain-
less-steel screen near the bottom of the column sup-
ports the porous media. The bottom reservoir provides
a constant source of hydrocarbons, which evaporate
and diffuse upward through the column. In the experi-
ments reported here, pure liquid aromatic hydrocar-
bons were placed in the bottom reservoir. A gas-filled
chamber above the porous media was purged continu-
ously with a mixture of compressed gases referred to as
the sweep-gas. The sweep-gas composition can be
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varied to produce desired experimental conditions (for
example, air for aerobic conditions and nitrogen for
anaerobic experiments). A hydrocarbon-concentration
gradient defined by high hydrocarbon concentration
near the reservoir source and low concentration near
the sweep gas was established. The composition of the
gaseous phase of the porous media was determined by
analyzing samples collected by syringe from the ports
by using gas chromatography. Details of the methods
are presented in Baker (1993).

Sediment samples were collected from the Galloway
Township site with a hand auger. A white sand layer
was sampled from the depth of the perched water table,
about 3.5 m below land surface near the location vapor
sampling well VW-9 (Fischer and others, 1996). This
location is near the center of the hydrocarbon contami-
nant plume and also is a zone of active microbial deg-
radation. Either the sand was directly placed in the
glass columns (in the unprocessed-sediment experi-
ment) or a fraction was prepared by sieving the sand
and filling the columns with the predominant grain-size
range of 0.25 to 1.0 mm (in the sieved-sand experi-
ments). Sieved sand was prepared further by washing
to remove fines and oven-drying at about 150 °C. The
sieved sand was mixed with a small amount (2 percent)
of unprocessed sediment from the area of vapor well
VW-9 to inoculate it with microorganisms from the
Galloway Township site. Additional inoculation was
accomplished by flooding the porous media with
hydrocarbon-contaminated ground water taken from
VW-9, then draining by gravity.
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Figure 1. Porous-media-column design.
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