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Abstract 

A minireview of subsurface microbial ecology as it relates to ground water contamination and 
remediation is presented. Microorganisms have been detected unequivocally at depths of 500 to 
600 m below the surface. Microbial numbers and activity are higher in sandy transmissive sedi- 
ments than in those with high clay content and low transmissivity. Many of these organisms are 
active and can metabolize a variety of organic compounds which are of environmental concern. 
Biodegradation in the subsurface is favored by the presence of acclimated organisms and essential 
nutrients and the absence of toxicants and inhibitors. Natural bioremediation in the subsurface 
is enhanced by transporting an electron acceptor and essential nutrients to microorganisms in the 
zone of contamination, A better understanding of microbial processes in the subsurface may pro- 
vide better solutions to ground water contamination problems. 

Introduction 

The biosphere under the root zone is largely uncharacterized in terms of 
ecological diversity and importance in geochemical processes and more re- 
cently, in the fate of environmental pollutants. Lack of interest in subsurface 
microbial ecology is probably a result of early investigations which indicated 
that bacterial numbers decreased with depth below the surface [ 11. In addi- 
tion, the expense and logistical difficulties of collecting representative samples 
have steered research away from subsurface microbiology [2 ] . As a conse- 
quence, it was assumed that the subsurface below the root zone was generally 
void of life until scientists at the United States Environmental Protection 
Agency readdressed the question [ 2,3]. The results of renewed investigations 

*Paper presented at the GCHSRC Fourth Annual Symposium on Ground Water - The problem 
and Some Solutions, Lamar University, Beaumont, TX, U.S.A., April 2-3, 1992. 
Correspondence to: J.M. Thomas, National Center for Ground Water Research, Department of 
Environmental Science and Engineering, Rice University, P-0. Box 1892, Houston, TX 77251 
(USA). Fax: (713) 5274203. 

0304-3894/92/$05.00 0 1992 Elsevier Science Publishers B.V. All rights reserved 



180 J. M. Thomas and C. H. Ward/J. Hazardous Mater. 32 (I 992) 179-l 94 

of the subsurface indicate that subsurface microorganisms exist and can be 
metabolically active. The heretofore relatively unexplored subsurface may pro- 
vide a better understanding of biogeochemical processes, harbor organisms with 
novel metabolic pathways and provide solutions to ground water and subsur- 
face contamination. The following sections will concentrate on subsurface mi- 
crobial ecology as it relates to subsurface remediation. 

Numbers, distribution and activity of microorganisms 

Below the rhizosphere where the terrestrial environment is no longer class- 
ified as soil, microorganisms have been found unequivocally at depths of 500 
to 600 m [ 41. Although earlier works suggested that microorganisms could be 
found at even greater depths, the results of these studies were considered equiv- 
ocal because methods for sample collection did not exclude the likelihood of 
contamination from the surface and drilling operations [2,5]. After develop- 
ment of methods that excluded contamination of shallow subsurface samples 
around 1980 [6,7], credible data on the numbers, diversity and distribution of 
microorganisms in the shallow subsurface were reported. In addition, analyses 
of samples of subsurface material instead of ground water was emphasized 
because water drawn from wells may contain nonindigenous microorganisms 
[8]. Initial investigations were conducted to determine the microbial ecology 
of shallow uncontaminated and contaminated subsurface material, the zone 
from the rhizosphere to about IO to 20 m from the surface. Later investigations 
included samples from the uncontaminated deep terrestrial subsurface at depths 
of 500 to 600 m, which required specialized sampling equipment [ 9,101. 

In general, the numbers, types, and distribution of microorganisms in shal- 
low and deep subsurface sediments are similar, depend on subsurface charac- 
teristics, and are microsite specific. Investigations of the microbial ecology of 
the shallow subsurface have indicated that bacteria are the predominant type 
of microrganism present [ 7,11-141, although protozoa, algae and fungi have 
been detected as well [l&14,16]. Studies conducted using samples from the 
deep subsurface also have indicated the presence of the same inhabitants, with 
bacteria predominating [ 17-191. In shallow and deep samples of subsurface 
materials, direct counts of bacteria are fairly uniform with depth and range 
from about lo6 to lo7 cells/g dry weight [ 7,11,12,17,20]. Direct counts in this 
range are lower than those of bacteria in samples of surface soil, around 10’ to 
10” cells/g dry soil [ 211, and may be explained by the oligotrophic nature of 
most uncontaminated subsurface environments [5]. Viable counts are usually 
less than direct counts and range from nondetectable to as high as the direct 
count [ 7,11,12,15,17,20,22]. However, within the different strata of a subsur- 
face profile, the bacterial populations may vary, with higher numbers and ac- 
tivity detected in sandy aquifer sediments rather than those high in clay 
[ 15,17,19,20,23,24]. 
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The microbial ecology of aquifers contaminated with organic pollutants is 
strikingly different from that found in uncontaminated aquifers. Provided that 
the nature or concentrations of pollutants are not toxic and there are sufficient 
nutrients to support growth, the addition of organic contaminants to the un- 
contaminated subsurface may stimulate microbial growth and activity. A com- 
parison of microbial numbers and potential activity in samples of uncontarn- 
inated and contaminated materials from the same site has been conducted by 
several investigators (Table 1). In general, environmental spills of organic 
compounds may increase microbial numbers and activity. 

Biodegradation in the subsurface 

The microflora from uncontaminated and contaminated shallow and deep 
subsurface materials has been reported to metabolize a variety of naturally- 
occurring organic compounds including carbohydrates, amino acids, organic 
acids, methane, cellulose, and lignin-type compounds [ 30-32 1. In addition, 
compounds from several classes of industrial chemicals that have been shown 
to biodegrade in shallow subsurface material include petroleum-derived hydro- 
carbons [ 17,26,27,30,33-351, chlorinated aliphatic solvents [ 31,361, phenols 
[ 37-391, and polar solvents [ 39-421, Studies of the biodegradation of indus- 
trial chemicals in the deep subsurface have been limited; however, phenol [43 1, 

naphthalene, toluene, the xylene isomers, dibenzothiophene,p-cresol [44], ni- 
trogen-containing aromatic compounds [ 45 1, and trichloroethylene [ 19 1, have 
been biodegraded by microorganisms from the deep subsurface. 

Factors which may affect biodegradation in the subsurface 

The same variables which affect biodegradation in terrestrial and aquatic 
environments also apply to the subsurface. Conditions which favor biodegra- 
dation include the presence of acclimated microorganisms, adequate substrate 
concentration and availablity, the presence of essential nutrients, the absence 
of toxicants and inhibitors, and appropriate values for pH, temperature, sal- 
inity and osmotic pressure [ 461. 

Acclimation is defined as the amount of time between exposure of microor- 
ganisms to a substrate and detection of substrate biodegradation. Acclimation 
may occur as a result of an increase in the number of contaminant-degrading 
organisms, genetic changes which confer degradation capabilties, enzyme in- 
duction, and depletion of a substrate which is preferentially metabolized [47]. 
Detection of pollutant biodegradation within a relatively short incubation pe- 
riod (days to weeks) also has been reported for samples of uncontaminated 
subsurface material [ 7,38,48], suggesting that a lengthy prior exposure to the 
contaminants before biodegradation can ensue is not required. However, mi- 
croorganisms in uncontaminated environments may incorporate more of a 



J,M. Thomas and C.H. Ward/J. Hazardous Mater. 32 11992) 179-194 183 

contaminant into biomass rather than mineralize it [ 30 1. As a result of lengthy 
exposure to contamination, it has been reported that subsurface microorga- 
nisms may shift their metabolism from less cellular incorporation to more mi- 
neralization of the contaminants [ 48 1. Investigations which compare contam- 
inant biodegradation in samples of uncontaminated and contaminated material 
from the same site can be used to indicate the presence of acclimated micro- 
organisms and the potential for biodegradation of subsurface pollutants (Ta- 
ble 2). 

The absence of biodegradation in the subsurface may be a result of the pres- 
ence of toxins or inhibitors. The lack of biological activity in samples collected 
from deep subsurface material contaminated with trichloroethylene was 
thought to result from the high concentrations of contamination ( > 200 mg/ 
kg sediment and > 300 mg/L pore water) present [ 19]_ In another study, mi- 

TABLE 2 

Biodegradation of organic compounds in samples of uncontaminated and contaminated subsur- 
face material from the same site 

Compound Biodegradation” 

Uncontaminated Contaminated 

Reference 

Naphthalene 

P-Methylnaphthalene 
Dihenzofuran 
Fluorene 
Acenaphthene 

I-Methylnaphthalene 
Phenanthrene 

Benzene 

Toluene 

Ethylbenzene 
m-Xylene 

o-Xylene 

no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 
no 

yes 
yes 
yes 
no 

yes 
no 
no 

yes 
yes, nob 

yea, no 

yes 
yes 
yes 
yes 
yes 
yes, no 
yea, no 

yes 
yes 
yes 
yes 
yes’ 

yes 
yes 
yes 
yes 
no 

[331 
[261 
[I41 
I331 
[331 
[331 
1331 
c331 
[=I 
[I41 
[491 
1271 
c491 
[271 
[431 
i271 
1491 
[271 
r491 
1271 

a Disappearance of parent compound or mineralization. 
b Samples from several zones and locations in the subsurface were analyzed. 
c More was biodegraded in the contaminated than uncontaminated samples. 
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neralization of naphthalene, phenanthrene, and glucose was detected in sam- 
ples from the saturated but not the unsaturated zone of subsurface material 
heavily contaminated with creosote; the lack of activity was thought to result 
from toxic concentrations of creosote present in the unsaturated zone [ 26 ] . 

Nutrient availabilty also may limit biodegradation in the subsurface. Unlike 
surface environments, the subsurface microflora rely on the transport of nu- 
trients and electron acceptors from ground water recharge from rivers and 
streams or percolation from the surface, which are most often slow processes. 
As a result, biodegradation in the subsurface may be limited by the transport 
of essential nutrients and electron acceptors to the microorganisms [ 331, which 
is ultimately dependant on the permeability of the formation. Several inves- 
tigators have reported that the addition of inorganic nutrients to samples of 
subsurface material enhanced or had no effect on contaminant biodegradation 
[26,27,38]. Most likely, the effect of nutrient amendments depends on the 
native fertility of the subsurface material. 

Biodegradation potential in saturated sediments appears to be related to 
subsurface characteristics rather than to depth or dissolved organic carbon 
content [43]. As with numbers, types, and distribution of microorganisms, 
microbial activity and biodegradation potential are higher in sandy transmis- 
sive sediments than in those with high clay content [ 19,431. Investigations of 
microbial activity in the subsurface have indicated that biodegradation poten- 
tial of acetate and phenol is positively correlated to viable cell counts and pH 
and negatively related to clay content [ 431. However, these correlations were 
not observed for more recalcitrant compounds such as aniline, quinoline, and 
pyridine, for which other factors may be involved in their biodegradation [ 45 1. 

Similarly, biodegradation potential of methanol and phenol in samples of sur- 
face soil and subsurface material was positively correlated with viable cell 
counts, whereas a negative correlation was observed for the more recalcitrant 
compound, t-butyl alcohol [ 391. 

Although many organic pollutants have been shown to biodegrade under 
aerobic as well as anaerobic environments, biodegradation, when it occurs, is 
usually faster when oxygen (0,) is used as the terminal electron acceptor. In 
addition, initiation of the major biodegradative pathways for many organic 
pollutants, especially aromatic hydrocarbons, requires 0,. Even readily meta- 
bolizable compounds such as carbohydrates have resisted biodegradation in 
environments devoid of 0, [ 501. The results of several laboratory and field 
experiments have shown that the presence or addition of 0, enhances biode- 
gradation of many of the pollutants found in the subsurface. Biodegradation 
of several polycyclic aromatic hydrocarbons was enhanced by the addition of 
O2 to the subsurface and samples of ground water collected from a site contam- 
inated with creosote [ 51,52 1. At this same site, transport of O2 to contaminant- 
degrading microroganisms in aquifer material contaminated with creosote was 
thought to control the size and shape of the resulting plume [ 33,531. In a field 
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experiment conducted in a shallow, unconfined sand aquifer, biodegradation 
of benzene, toluene, and the xylene isomers was controlled by the availabilty 
of dissolved oxygen, and the compounds persisted in layers which were oxygen- 
poor [54]. 

Contrary to past research that indicated that O2 is required in the biodegra- 
dation of aromatic hydrocarbons [ 55 1, more recent studies have shown that 
these compounds can be metabolized under anaerobic conditions. Several 
monoaromatic compounds have been reported to biodegrade under methano- 
genie [ 56,571, denitrifying [ 58,591, sulfate-reducing [ 60 ] , and ferric iron-re- 
ducing conditions [ 611. A better understanding of the fate of these compounds 
under anaerobic conditions is warranted because unsaturated and saturated 
subsurface materials frequently are driven anaerobic as a result of a contami- 
nation event. In addition, use of electron acceptors other than 0, may be ad- 
vantageous because of the limited solubility of 0, in water. 

Application of microbial ecology to subsurface bioremediation 

Many contamination events may go unnoticed because of natural bioreme- 
diation [62], When the rate of natural bioremediation is not fast enough to 
prevent the spread of contamination, resulting in health and environmental 
risks, intervention by one of many remedial techniques will be required. Bio- 
remediation is one of those techniques and usually is used in conjunction with 
several other remedial options. Subsurface microorganisms were stimulated to 
bioremediate ground water contaminated with hydrocarbons by R.L. Ray- 
mond and coworkers as early as 1974 [ 63 ] ; however, it was not until the early 
1980s that the U.S. Environmental Proctection Agency launched a major pro- 
gram to investigate the potential role of microorganisms in the fate of subsur- 
face contaminants [64]. Until then, the potential of subsurface bioremediation 
as a remedial option was not considered by federal agencies or industry. Most 
of the bioremediation technologies that since have been developed are varia- 
tions of those used by Raymond and his coworkers. In addition, most of these 
refined processes have been used mainly to bioremediate hydrocarbons. 

Application of bioremediation to the subsurface involves designing a system 
that will provide limiting nutrients and an electron acceptor to the microor- 
ganisms in the zone of contamination [65]. The system can be designed to 
treat the unsaturated or saturated zones or both zones simultaneously. Treat- 
ment of the unsaturated zone may be accomplished using several methods: by 
1) percolating a nutrient solution from the surface down into the unsaturated 
zone using an infiltration gallery, 2 ) raising the water table so that a nutrient 
solution can be perfused through the affected area, and 3 ) bioventing, a process 
which combines soil venting with biodegradation and is used for compounds 
which can be volatilized relatively easily 1661. Figure 1 was designed as a com- 
posite to illustrate the three methods that can be used for remediating the 
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nira Vacuuma 
I 

- 

ction 

Fig. 1. Composite diagram of different treatment schemes for contamination of the unsaturated 
zone: (a) vacuum extraction for bioventing, (b ) water injection to raise water table, and (c) 
infiltration gallery to supply nutrients and electron acceptor. 

Nutrients, C-- 

Fig. 2. Schematic diagram of unsaturated and saturated zone treatment in a closed-loop system. 

unsaturated zone; this figure should not be used as a basis for process design. 
The saturated zone may be treated by perfusing the contaminated area with a 
nutrient solution using injection wells or injection and recovery wells in a closed 
loop system. Treatment of both the unsaturated and saturated zones simulta- 
neously (Fig. 2 ) can involve the use of infiltration galleries and recovery wells 
[651. 

All of the above methods, except for bioventing, involve dissolving the elec- 
tron acceptor, usually oxygen, in water before addition to the subsurface. Using 
the treatment of monoaromatic hydrocarbons in the bioremediation scenario, 
large amounts of water will be required to degrade the contaminants because 
of: ( 1) the low solubilty of oxygen in water, about 8 mg/L when air is used and 
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about 40 mg/L when pure oxygen is used (depending on temperature), and 
(2 ) the 2:l ratio of oxygen to hydrocarbon that will be required 1621. As a 
result, hydrogen peroxide, which is infinitely soluble in water, has been used 
as a source of oxygen in subsurface bioremediation [ 671. Hydrogen peroxide 
decomposes to yield $0, and Hz0 so that concentrations as low as 100 mg/L 
can provide more 0, per unit volume than using either air or pure OZ. However, 
peroxide concentrations as low as 100 mg/L can be toxic to microorganisms 
[ 681. To avoid toxicity, peroxide is added in a step-wise manner from about 50 
to as high as 1000 mg/L, to allow the subsurface microflora to adapt to the 
oxidant. Other problems associated with the use of peroxide include rapid de- 
composition and off gassing of 0, to the surface and/or plugging of the region 
undergoing treatment [ 691. Bioventing is another approach to increasing the 
supply of 0, to the subsurface because more 0, can be transported in air than 
water [ 66 1. 

Also promising is the use of nitrate as an electron acceptor during bioreme- 
diation of the subsurface. The use of nitrate alone or in combination with ox- 
ygen is attractive because nitrate is more soluble than 0, in water. Although 
denitrification was once thought to occur under strict anaerobic conditions, 
combinations of O2 and nitrate to enhance biodegradation may be possible 
[ 59,70,71]. In the presence of both, O2 could be used to initiate biodegradation 
while nitrate could serve as the terminal electron acceptor. Subsurface biore- 
mediation using nitrate as a terminal electron acceptor in the field has been 
attempted [ 72-741. 

Innovative approaches to subsurface bioremediation 

By studying the niche of microorganisms, several innovative approaches to 
subsurface bioremediation have been developed or proposed. These include the 
cometabolism of chlorinated aliphatic solvents, transport of microorganisms 
through the subsurface to aid in contaminant removal, and the production of 
bioemulsifiers and biosurfactants by subsurface microorganisms. 

The process of cometabolism, during which microbial growth results from 
metabolism of a primary substrate and a secondary substrate is fortuitously 
metabolized, has been exploited in attempts to remediate materials contami- 
nated with the chlorinated aliphatic solvents. Cometabolism of the chlorinated 
compounds is effected by broad-specificity mono- and dioxygenases in bacteria 
which grow on certain hydrocarbons [ 75-79 J . The ammonia monooxygenase 
of the autotroph Nitrosomonus europea is thought to oxidize many chlorinated 
compounds as well [80 ] _ Trichloroethylene (TCE) also is cometabolized aer- 
obically by heterotrophic enrichment cultures from subsurface material con- 
taminated with the solvent; TCE biodegradation occurs after growth has ceased 
in cultures amended with methanol, methane, propane, and tryptone-yeast 
extract as energy sources [ 811. Cometabolism of the chlorinated aliphatic sol- 
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vents in the field has been attempted by stimulating the growth of indigenous 
methanotrophs with methane and oxygen [ 311. The methanotrophs contain a 
broad-specificity enzyme, methane monooxygenase, which oxidizes the chlor- 
inated compounds [ 75,761. 

The addition of microorganisms to the subsurface during bioremedial pro- 
cesses would be advantageous in situations where contaminant-degrading or- 
ganisms are absent. Although microorganisms have been added during sub- 
surface bioremediation operations, their contribution to contaminant removal 
has not been differentiated from that of the indigenous microflora [ 821. For 
added microorganisms to be effective in degradation, they must be transported 
through the subsurface to the zone of contamination, colonize and grow in the 
subsurface matrix, compete with the indigenous microflora for nutrients, and 
maintain their ability to degrade the contaminants. Properties of the subsur- 
face matrix and the organism will affect its transport. Matrix properties which 
favor transport include large grain size and related high values of hydraulic 
conductivity and the presence of cracks or fissures which allow channeling 
[83-871. Organismal properties which may affect transport include the size, 
shape, motility, condition, and stickiness of the cells [84,87-891. In addition, 
microbial transport may be enhanced when the cells are injected in a low ionic 
strength solution to reduce adsorption [87,90 ] . It has been demonstrated in 
the field that microorganisms can be transported through aquifers [91,92], 
however, not for the purpose of contaminant degradation. 

Another innovative approach to subsurface bioremediation is the exploita- 
tion of bioemulsifier and biosurfactant production to enhance removal of con- 
taminants sorbed and/or entrained in the subsurface matrix. Although the 
dissolved phase of the contaminants is the most easily treated, the sorbed and 
entrained phases often represent the majority of the contamination and are 
extremely difficult to remediate. Biosurfactants and emulsifiers could be ex- 
ogenously supplied or produced in situ or organisms producing these com- 
pounds could be transported to the zone of contamination to enhance contam- 
inant extractability and bioavailablity. The presence of these types of organisms 
in the subsurface has been reported. A survey of samples of biostimulated (nu- 
trient and oxygen addition), contaminated and uncontaminated subsurface 
material from a site contaminated with aviation fuel indicated that bioemul- 
sifiers were present in all samples; however, the biostimulated zone contained 
the best emulsifiers, the contaminated zone contained the greatest diversity of 
emulsifiers, while the uncontaminated zone contained the poorest emulsifiers 
L931. 

Summary 

Research investigating the microbial ecology of the subsurface has indicated 
that microorganisms exist unequivocally at depths of 500 to 600 m below the 
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surface. Although bacteria are the predominant forms of microorganisms pres- 
ent, protozoa, algae, and fungi also have been detected. The subsurface micro- 
flora is able to metabolize a variety of naturally-occurring and industrial chem- 
icals; however, biodegradation of many organic compounds may be site and 
even microsite specific. The availability of dissolved oxygen has been found to 
be the major factor limiting biodegradation in the subsurface. Subsurface bior- 
emediation usually involves transporting oxygen and nutrients to the indige- 
nous microflora in the zone of contamination. Most subsurface bioremediation 
operations have involved the treatment of hydrocarbons. Innovative ap- 
proaches to subsurface bioremediation include the use of alternate electron 
acceptors, cometabolism to aerobically degrade the chlorinated aliphatic sol- 
vents, transport of contaminant-degrading organisms in the subsurface and 
stimulation of biosurfactant production by the subsurface microflora. A better 
understanding of the microbial ecology of the subsurface may provide better 
answers and solutions to ground water contamination problems. 

Disclaimer 

Although the research described in this article has been supported by the 
United States Environmental Protection Agency through Assistance Agree- 
ment No. CR-812808 to Rice University to support the National Center for 
Ground Water Research, it has not been subjected to Agency review and there- 
fore does not necessarily reflect the views of the Agency and no official en- 
dorsement should be inferred. 

Acknowledgements 

We thank J.L. Sinclair, J.K. Fredrickson, T.J. Phelps, D.L. Balkwill, and 
V.R. Gordy for their assistance and helpful discussions while preparing this 
manuscript. Financial support from the Brown Family Fund, Houston, Texas, 
is gratefully acknowledged. 

References 

1 S.A. Waksman, Bacterial numbers in soils, at different depths, and in different seasons of the 
year, Soil Sci., 1 (1916) 363. 

2 J.F. McNabb and W.J. Dunlap, Subsurface biological activity in relation to ground water 
pollution, Ground Water, 13 (1975) 33. 

3 W.J. Dunlap and J.F. McNabb, Subsurface biological activity in relation to ground water 
pollution, EPA-660-2-73-014, U.S. Environmental Protection Agency, R.S. Kerr Environ- 
mental Research Laboratory, Ada, OK, 1973,60 pp. 



190 J.M. Thomas and C.H. Ward/J. Hazardous Mater. 32 (1992) 179-194 

4 

5 

6 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
22 

23 

F.J. Wobber, Subsurface microbiological research at the United States Department of En- 
ergy, In: C.B. Fliermans and T.C. Hazen (Eds.), Proc. of the 1st Int. Symp. on Microbiology 
of the Deep Subsurface, January 15-19, 1990, Orlando, FL, WSRC Information Services, 
Aiken, SC, 1990, p. 1-4. 
W.C. Ghiorse and J.T. Wilson, Microbial ecology of the subsurface, Adv. Appl. Microbial., 
33 (1988) 107. 
W.J. Dunlap, J.F. McNabb, M.R. Scalf and R.L. Cosby, Sampling for organic chemicals and 
microorganisms in the subsurface, EPA-600/2-77-176, U.S. Environmental Protection Agency, 
R.S. Kerr Environmental Research Laboratory, Ada, OK, 1977,27 pp. 
J.T. Wilson, J.F. McNabb, D.L. Balkwill and W.C. Ghiorse, Enumeration and characteri- 
zation of bacteria indigenous to a shallow water-table aquifer, Ground Water, 21 (1983) 134. 
J.M. Thomas, M.D. Lee and C.H. Ward, Use of ground water in assessment of biodegradation 
potential in the subsurface, Environ. Toxicol. Chem., 6 (1987) 607. 
T.J. Phelps, C.B. Fliermans, T.R. Garland, S.M. Pfiffner and D.C. White, Methods for re- 
covery for deep terrestrial subsurface sediments for microbiological studies, J. Microbial. 
Methods, 9 (1989 ) 267. 
F. Russell, T.J. Phelps, W.T. Griffin and K-A. Sargent, Procedures for sampling deep sub- 
surface microbial communities in unconsolidated sediments, Ground Water Monit. Rev., 12 
(1992) 96. 
W.C. Ghiorse and D.L. Balkwill, Enumeration and morphological characterization of bac- 
teria indigenous to subsurface environments, Dev. Indus. Microbial., 24 (1983) 213. 
D.L. Balkwill and W.C. Ghiorse, Characterization of subsurface bacteria associated with two 
shallow aquifers in Oklahoma, Appl. Environ. Microbial., 50 (1985) 580. 
G.A. Smith, J.S. Nickels, B.D. Kerger, J.D. Davis, S-P. Collins, J.T. Wilson, J.F. McNabb 
and D.C. White, Quantitative characterization of microbial biomass and community struc- 
ture in subsurface material: a prokaryotic consortium responsive to organic contamination, 
Can. J. Microbial., 32 (1986) 104. 
E.L. Madsen, J.L. Sinclair and W.C. Ghiorse, In situ biodegradation: microbiological pat- 
terns in a contaminated aquifer, Science, 252 (1991) 830. 
R.M. Belion, J.L. Sinclair and W.C. Ghiorse, Distribution and activity of microorganisms in 
subsurface sediments of a pristine study site in Oklahoma, Microbial. Ecol., 16 (1988) 85. 
J.L. Sinclair and W.C. Ghiorse, Distribution of protozoa in subsurface sediments of a pristine 
groundwater study site in Oklahoma, Appl. Environ. Microbial., 53 (1987) 1157. 
J.L. Sinclair and W.C. Ghiorse, Distribution of aerobic bacteria, protozoa, algae, and fungi 
in deep subsurface sediments, Geomicrobiol. J., 7 (1989) 15. 
J.L. Sinclair, Eucaryotic microorganisms in subsurface environments, In: C.B. Fliermans and 
T.C. Hazen (Eds.), Proc. of the 1st Int. Symp. on Microbiology of the Deep Subsurface, 
January 15-19,1990, Orlando, FL, WSRC Information Services, Aiken, SC, 1990, pp. 3-39. 
T.J. Phelps, D. Ringelberg, D. Hedrick, J. Davis, C.B. Fliermans, and D.C. White, Microbial 
biomass and activities associated with subsurface environments contaminated with chlori- 
nated hydrocarbons, Geomicrobiol. J., 6 (1988) 157. 
J.L. Sinclair and W.C. Ghiorse, Survey of microbial populations in buried-valley aquifer sed- 
iments from northeastern Kansas, Ground Water, 28 (1990) 369. 
M. Alexander, Introduction to Soil Microbiology, 2nd edn., Wiley, New York, 1977. 
J. Kolbel-Boelke, E. Anders and A. Nehrkorn, Microbial communities in the saturated 
groundwater environment II: diversity of bacterial communities in a Pleistocene sand aquifer 
and their in vitro activities, Microbial. Ecol., 16 (1988) 31. 
D.L. Balkwill, Numbers, diversity, and morphological characteristics of aerobic, chemohet- 
erotrophic bacteria in deep subsurface sediments from a site in South Carolina., Geomicro- 
biol. J., 7 (1989) 33. 



J.M. Thomas and C.H. Ward/J. Hazardous Mater. 32 (1992) 179-194 191 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

J.K. Fredrickson, T.R. Garland, R.J. Hicks, J.M. Thomas, SW. Li and K.M. McFadden, 
Lithotrophic and heterotrophic bacteria in deep subsurface sediments and their relation to 
sediment properties, Geomicrobiol. J., 7 (1989) 53. 
J.J. Webster, G.J. Hampton, J.T. Wilson, W.C. Ghiorse and F.R. Leach, Determination of 
microbial cell numbers in subsurface samples, Ground Water, 23 (1985) 17. 
J.M. Thomas, M.D. Lee, M.J. Scott and C.H. Ward, Microbial ecology of the subsurface at 
an abandoned creosote waste site, J. Ind. Microbial., 4 (1989) 109. 
J.M. Thomas, V.R. Gordy, S. Fiorenza and C.H. Ward, Biodegradation of BTEX in subsur- 
face materials contaminated with gasoline: Granger, Indiana, Water Sci. Technol., 22 (1990) 
53. 
G.G. Ehrlich, R.A. Schroeder and P. Martin, Microbial Populations in a Jet-Fuel-Contami- 
nated Shallow Aquifer at Tustin, California, U.S. Geological Survey 85-335, U.S. Geological 
Survey, Sacramento, CA, 1985,14 pp. 
J. Fuksa, Microorganisms in oil polluted groundwater environment, Verh. Int. Verein. Lim- 
nol., 21 (1981) 1376. 
C.M. Swindoll, C.M. Aelion, D.C. Dobbins, 0. Jiang, S.C., Long and F.K. Pfaender, Aerobic 
biodegradation of natural and xenobiotic compounds by subsurface microbial communities, 
Environ. Toxicol. Chem., 7 (1988) 291. 
L. Semprini, P.V. Roberts, G.D. Hopkins and P.L. McCarty, A field evaluation of in situ 
biodegradation of chlorinated ethenes: Part 2, results of biostimulation and biotransforma- 
tion experiments, Ground Water, 28 (1990) 715. 
J.K. Fredrickson, D.L. Balkwill, J.M. Zachara, SW. Li, F.J. Brockman and M.A. Simmons, 
Physiological diversity and distributions of heterotrophic bacteria in deep cretaceous sedi- 
ments of the Atlantic coastal plain, Appl. Environ. Microbial., 57 (1991) 402. 
J.T. Wilson, J.F. McNabb, J.W. Cochran, T.H. Wang, M.B. Tomson and P.B. Bedient, In- 
fluence of microbial adaptation on the fate of organic pollutants in ground water, Environ, 
Toxicol. Chem., 4 (1985) 721. 
D.J. Berwanger and J.F. Barker, Aerobic biodegradation of aromatic and chlorinated hydro- 
carbons commonly detected in landfill leachates, Water Pollut. Res. J. Can., 23 (1988) 460. 
J.M. Sulflita, L. Liang and A. Saxena, The anaerobic biodegradation of o-, m- and p-cresol 
by sulfate-reducing bacterial enrichment cultures obtained from a shallow anoxic aquifer, J. 
Ind. Microbial., 4 (1989) 255. 
G-A. Barrio-Lage, F.Z. Parsons, R.S. Nassar and P.A. Lorenzo, Biotransformation of trich- 
loroethene in a variety of subsurface materials, Environ. Toxicol. Chem., 6 (1987) 571. 
J.M. Sulflita and G.D. Miller, Microbial metabolism of chlorophenolic compounds in ground 
water aquifers, Environ. Toxicol. Chem., 4 (1985) 751. 
C.M. Swindoll, C.M. Aelion and F.K. Pfaender, Influence of inorganic and organic nutrients 
on aerobic biodegradation and on the adaptation response of subsurface microbial commu- 
nities, Appl. Environ. Microbial., 54 (1988) 212. 
G.T. Hickman and J.T. Novak, Relationship between subsurface biodegradation rates and 
microbial density, Environ. Sci. Technol., 23 (1989) 525. 
P.E. Flathman and G.D. Githens, In situ biological treatment of isopropanol, acetone, and 
tetrahydrofuran in the soil/ground water environment, In: E.K. Nyer (Ed.), Groundwater 
Treatment Technology, Van Nostrand Reinhold, New York, 1985. 
J.T. Novak, C.D. Goldsmith, R.E. Benoit and J.H. O’Brien, Biodegradation of methanol and 
tertiary butyl alcohol in subsurface systems, Water Sci. Technol., 17 (1985) 71. 
V. Jhaveri and A.J. Mazzacca, Bioreclamation of ground and groundwater by in situ biode- 
gradation: case history, In: Proc. 6th Natl. Conf. on Management of Uncontrolled Hazardous 
Waste Sites, Washington, DC, Nov. 4-6,1985, p. 239. 
R.J. Hicks and J.K. Fredrickson, Aerobic metabolic potential of microbial populations in- 
digenous to deep subsurface environments, Geomicrobiol. J., 7 (1989) 67. 



192 J.M. Thomas and C.H. Ward/J. Hazardous Mater. 32 (1992) 179-194 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

J.K. Fredrickson, F.J. Brockman, D.J. Workman, SW. Li and T.O. Stevens, Isolation and 
characterization of a subsurface bacterium capable of growth on toluene, naphthalene, and 
other aromatic compounds, Appl. Environ. Microbial., 57 (1991) 796. 
J.K. Fredrickson, F.J. Brockman, R.J. Hicks and B.A. Denovan, Biodegradation of nitrogen- 
containing aromatic compounds in deep subsurface sediments, In: C.B. Fliermans and T.C. 
Hazen (Eds.), Proc. of the 1st Int. Symp. on Microbiology of the Deep Subsurface, January 
15-19,1990, Orlando, FL, WSRC Information Services, Aiken, SC, 1990. pp. 6-27. 
M. Alexander, Environmental and microbiological problems arising from recalcitrant mole- 
cules, Microbial. Ecol., 2 (1975) 17. 
B.A. Wiggins, S.H. Jones and M. Alexander, Explanations for the acclimation period preced- 
ing the mineralization of organic chemicals in aquatic environments, Appl. Environ. Micro- 
biol., 53 (1987) 791. 
C.M. Aelion, D.C. Dobbins and F.K. Pfaender, Adaptation of aquifer microbial communities 
to the biodegradation of xenobiotic compounds: influence of substrate concentration and 
preexposure, Environ, Toxicol. Chem., 8 (1989) 75. 
J.T. Wilson, G.D. Miller, W.C. Ghiorse and F.R. Leach, Relationship between the ATP con- 
tent of subsurface material and the rate of biodegradation of alkylbenzenes and chloroben- 
zene, J. Contam. Hydrol., 1 (1986) 163. 
M. Alexander, Biodegradation of chemicals of environmental concern, Science, 211 (1980) 
132. 
M.D. Lee and C.H. Ward, Microbial ecology of a hazardous waste disposal site: Enhancement 
of biodegradation, In: N.N. Durham and A.E. Redelfs (Eds.), Proc. of the 2nd Int. Conf. on 
Ground Water Quality Research, Tulsa, OK, OSU Printing Services, Stillwater, OK, 1985, 
p. 25. 
R.C. Borden, M.D. Lee, J.M. Thomas, P.B. Bedient and C.H. Ward, In situ measurement 
and numerical simulation of oxygen limited biotransformation, Ground Water Monit. Rev., 
9 (1989) 83. 
R.C. Borden, P.B. Bedient, M.D. Lee, C.H. Ward and J.T. Wilson, Transport of dissolved 
hydrocarbons influenced by reaeration and oxygen limited biodegradation: 2. field applica- 
tion, Water Resour. Res., 22 (1986) 1983. 
J.F. Barker, G.C. Patrick and D. Major, Natural attenuation of aromatic hydrocarbons in a 
shallow sand aquifer, Ground Water Monit. Rev., 7 (1987) 64. 
D.T. Gibson, Initial reactions in the degradation of aromatic hydrocarbons, In: Proc. Deg- 
radation of Synthetic Organic Molecules in the Biosphere, Natural, Pesticidal, and Various 
Other Man-Made Compounds, National Academy of Sciences, San Francisco, CA, June 12- 
13,1972. 
B.H. Wilson, G.B. Smith and J.F. Rees, Biotransformations of selected alkylbenzenes and 
halogenated aliphatic hydrocarbons in methanogenic aquifer material: a microcosm study, 
Environ. Sci. Technol., 20 (1986) 997. 
D. Grbic-Galic and T.M. Vogel, Transformation of toluene and benzene by mixed methano- 
genie cultures, Appl. Environ. Microbial., 53 (1987) 254. 
J. Zeyer, E.P. Kuhn and R.P. Schwarzenbach, Rapid microbial mineralization of toluene and 
1,3_dimethylbenzene in the absence of molecular oxygen, Appl. Environ. Microbial., 52 (1986) 
944. 
S.R. Hutchins, Biodegradation of monoaromatic hydrocarbons by aquifer microorganisms 
using oxygen, nitrate, or nitrous oxide as the terminal electron acceptor, Appl. Environ. Mi- 
crobiol., 57 (1991) 2403. 
F. Haag, M. Reinhard and P.L. McCarty, Degradation of toluene and p-xylene in anaerobic 
microcosms: Evidence for sulfate as a terminal electron acceptor, Environ. Toxicol. Chem., 
10 (1991) 1379. 



J.M. Thomas and C.H. Ward/J. Hazardous Mater. 32 (1992) 179-194 193 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

D.R. Lovely, M.J. Baedecker, D.J. Lonergan, 1-M. Cozzarelli, E.J.P. Phillips and D.I. Siegel, 
Oxidation of aromatic contaminants coupled to microbial iron reduction, Nature, 339 (1989 ) 
297. 
J.T. Wilson, L.E. Leach, M. Hensen and J.N. Jones, In situ biorestoration as a ground water 
remediation technique, Ground Water Monit. Rev., 6 ( 1986) 56. 
R.L. Raymond, Reclamation of hydrocarbon contaminated ground waters, U.S. Patent 
3,846,290,1974. 
J.M. Thomas, R.L. Raymond, J.T. Wilson, R-C. Loehr and C.H. Ward, Bioremediation, In: 
J. Lederberg (Ed.), Encyclopedia of Microbiology, Academic Press, San Diego, CA, 1992, in 
press. 
J.M. Thomas and C.H. Ward, In situ biorestoration of organic contaminants in the subsur- 
face, Environ. Sci. Technol., 23 (1989) 760. 
R.E. Hoeppel, R-E. Hinchee and M.F. Arthur, Bioventing soils contaminated with petroleum 
hydrocarbons, J. Ind. Microbial., 8 (1991) 141. 
R.E. Hinchee and D.C. Downey, The role of hydrogen peroxide in enhanced bioreclamation, 
In: Proc. of Petroleum Hydrocarbons and Organic Chemicals in Ground Water: Prevention, 
Detection and Restoration, NWWA/API, Water Well Journal Publishing, Dublin, OH, 1988, 
p. 715. 
Texas Research Institute, Enhancing the microbial degradation of underground gasoline by 
increasing available oxygen, API Publication No. 4428, American Petroleum Institute, Wash- 
ington, DC, 1982,25 pp. 
J.C. Spain, J.D. Milligan, D.C, Downey and J.K. Slaughter, Excessive bacterial decomposi- 
tion of H,O, during enhanced biodegradation, Ground Water, 27 (1989 ) 163. 
D.W. Major, C.I. Mayfield and J.F. Barker, Biotransformation of benzene by denitrification 
in aquifer sand, Ground Water, 26 (1988) 8. 
L.E. Britton, Aerobic denitrification as an innovative method for in situ biological remedia- 
tion of contaminated subsurface sites, Report ESL-TR-88-40, Air Force Engineering Serv- 
ices Center, Tyndall Air Force Base, FL, 1989. 
G. Batterman, Decontamination of polluted aquifers by biodegradation, In: J.W. Assink and 
W.J. van den Brink (Eds.), 1985 Int. TN0 Conf. on Contaminated Soil, Martinus Nijhoff, 
Dordrecht, The Netherlands, 1986, p. 711. 
K. Berry-Spark and J.F. Barker, Nitrate remediation of gasoline contaminated ground waters: 
results of a controlled field experiment, In: Proc. of the Petroleum Hydrocarbons and Organic 
Chemicals in Ground Water - Prevention, Detection and Restoration, National Water Well 
Association/American Petroleum Institute, Dublin, OH, 1987, p. 127. 
S.R. Hutchins, W.C. Downs, G.B. Smith, J.T. Wilson, D.J. Hendrix, D.D. Fine, D.A. Kovacs, 
R.H. Douglas and F.A. Blaha, Nitrate for biorestoration of an aquifer contaminated with jet 
fuel. EPA/600/S2-91/009, U.S. Environmental Protection Agency, R.S. Kerr Environmen- 
tal Research Laboratory, Ada, OK, 1991. 
J.T. Wilson and B.H. Wilson, Biotransformation of trichloroethylene in soil, Appl. Environ. 
Microbial., 49 (1985 ) 242. 
C.D. Little, A.V. Palumbo, S.E. Herbes, M.E. Lidstrom, R.L. Tyndall and P.J. Gilmer, Trich- 
loroethylene biodegradation by a methane-oxidizing bacterium, Appl. Environ. Microbial., 
54 (1988) 951. 
M.J.K. Nelson, S.O. Montgomery and P.H. Pritchard, Trichloroethylene metabolism by mi- 
croorganisms that degrade aromatic compounds, Appl. Environ. Microbial., 54 (1988) 604. 
L.P. Wackett, G-A. Brusseau, S.R. Householder and R.S. Hanson, Survey of microbial oxy- 
genases: trichloroethylene degradation by propane-oxidizing bacteria, Appl. Environ. Micro- 
biol., 55 (1989) 2960. 
A-R. Harker and Y. Kim, Trichloroethylene degradation by two independent aromatic de- 
grading pathways in Alcaligenes eutrophus JMP134, Appl. Environ. Microbial., 56 (1990) 
1179. 



194 J.M. Thomas and C.H. Ward/J. Hazardous Mater. 32 (1992) 179-194 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

T. Vannelli, M. Logan, D.M. Arciero and A.B. Hooper, Degradation of halogenated aliphatic 
compounds by the ammonia-oxidizing bacterium Nitrosomonas europaea, Appl. Environ. 
Microbial., 56 (1990) 1169. 
C.B. Fliermans, T.J. Phelps, D. Ringelberg, A.T. Mike11 and D.C. White, Mineralization of 
trichloroethylene by heterotrophic enrichment cultures, Appl. Environ. Microbial., 54 (1988) 
1709. 
M.D. Lee, J.M. Thomas, R.C. Borden, P.B. Bedient, J.T. Wilson and C.H. Ward, Bioresto- 
ration of aquifers contaminated with organic compounds, CRC Crit. Rev. Environ. Cont., 18 
(1988) 29. 
R.L. Raymond, J.O. Hudson and V.W. Jamison, Bacterial growth and penetration of con- 
solidated and unconsolidated sands containing gasoline. API Publication No. 4426, American 
Petroleum Institute, Washington, DC, 1977,20 pp. 
G.E. Jenneman, M.J. McInerney and R.M. Knapp, Microbial penetration through nutrient- 
saturated Berea sandstone. Appl. Environ. Microbial., 50 (1985) 383. 
M.S. Smith, G.W. Thomas, R.E. White and D. Ritonga. Transport of Escherichia coli through 
intact and disturbed columns, J. Environ. Qual., 14 (1985) 87. 
H.J. Marlow, K-L. Duston, M.R. Wiesner, M.B. Tomson, J.T. Wilson and C.H. Ward, Mi- 
crobial transport through porous media: the effects of hydraulic conductivity and injection 
velocity, J. Hazardous Mater., 28 (1991) 65. 
D.E. For&es, A.L. Mills, G.M. Hornberger and J.S. Herman, Physical and chemical factors 
influencing transport of microorganisms through porous media, Appl. Environ. Microbial., 
57 (1991) 2473. 
F.A. Ma&sod, H.M. Lappin-Scott and J.W. Costerton, Plugging of a model rock system by 
using starved bacteria, Appl. Environ. Microbial., 54 (1988) 1365. 
J.T. Gannon, V.B. Manila1 and M. Alexander, Relationship between cell surface properties 
and transport of bacteria through soil, Appl. Environ. Microbial., 57 (1991) 190. 
J. Gannon, Y. Tan, P. Baveye and M. Alexander, Effect of sodium chloride on transport of 
bacteria in a saturated aquifer material, Appl. Environ. Microbioi., 57 (1991) 2497. 
C. Hagedorn, D.T. Hansen and G.H. Simonson, Survival and movement of fecal indicator 
bacteria in soil under conditions of saturated flow, J. Environ. Qual., 7 (1978) 55. 
R.W. Harvey, L.H. George, R.L. Smith and D.R. LeBlanc, Transport of microspheres and 
indigenous bacteria through a sandy aquifer: results of natural- and forced-gradient tracer 
experiments, Environ. Sci. Technol., 23 (1989) 51. 
D.L. Francy, J.M. Thomas, R.L. Raymond and C.H. Ward, Emulsification of hydrocarbons 
by subsurface bacteria, J. Indus. Microbial., 8 (1991) 237. 


