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Abstract. Information on the microbiology of the 
deep subsurface is necessary in order to understand 
the factors controlling the rate and extent of the mi
crobially catalyzed redox reactions that influence the 
geophysical properties of these environments. Fur
thermore, there is an increasing threat that deep aqui
fers, an important drinking water resource, may be 
contaminated by man's activities, and there is a need 
to predict the extent to which microbial activity may 
remediate such contamination. Metabolically active 
microorganisms can be recovered from a diversity of 
deep subsurface environments. The available evidence 
suggests that these microorganisms are responsible for 
catalyzing the oxidation of organic matter coupled to a 
variety of electron acceptors just as microorganisms 
do in surface sediments, but at much slower rates. The 
technical difficulties in aseptically sampling deep sub
surface sediments and the fact that microbial pro
cesses in laboratory incubations of deep subsurface 
material often do not mimic in situ processes fre-

INTRODUCTION 

Microorganisms are capable of catalyzing reactions 
that greatly influence the physical properties of sedi
ments and waters. As will be detailed below, microbial 
metabolism can result in both the dissolution and pre
cipitation of inorganic compounds, and it is the pri
mary mechanism for the oxidation of organic matter to 
carbon dioxide in low-temperature sedimentary envi
ronments. In addition to acting upon substances nat
urally present in sedimentary environments, microbial 
activity can also greatly influence the fate and mobility 
of toxic compounds introduced through human activ
ities. 

It has long been suspected that microorganisms 
living in the deep terrestrial subsurface are responsible 
far a nl:lmeer af impeFtant geochemical phenomena 
(for historical perspectives see Chapelle [1993], 
Ghiorse and Wilson [1988] and Hirsch [1992]). How
ever, only within the last decade has there been irre
futable documentation that there are diverse commu
nities of microorganisms living in deep subsurface 

_ _ _enyironme_nts_that ha.Ye not been introduced from the 
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quently necessitate that microbial activity in the deep 
subsurface be inferred through nonmicrobiological 
analyses of ground water. These approaches include 
measurements of dissolved H2, which can predict the 
predominant microbially catalyzed redox reactions in 
aquifers, as well as geochemical and groundwater flow 
modeling, which can be used to estimate the rates of 
microbial processes. Microorganisms recovered from 
the deep subsurface have the potential to affect the 
fate of toxic organics and inorganic contaminants in 
groundwater. Microbial activity also greatly influences 
the chemistry of many pristine ground waters and con
tributes to such phenomena as porosity development 
in carbonate aquifers, accumulation of undesirably 
high concentrations of dissolved iron, and production 
of methane and hydrogen sulfide. Although the last 
decade has seen a dramatic increase in interest in deep 
subsurface microbiology, in comparison with the 
study of other habitats, the study of deep subsurface 
microbiology is still in its infancy. 

Earth's surface through drilling. At the same time, 
new discoveries about the metabolic potential of mi
croorganisms have increased the known ways in which 
microorganisms can influence the geochemistry of sed
imentary· environments. In tandem, these two lines of 
investigation have emphasized that the ongoing activ
ity of microorganisms living in the deep subsurface can 
play a major role in controlling the organic and inor
ganic geochemistry of subsurface environments. 

In some aspects, detailed investigation of the mi· 
crobiology of deep subsurface environments may 
seem superfluous. Geochemical analyses of subsur
face environments typically treat microorganisms 
merely as black boxes that may help facilitate certain 
reactions that are thermodynamically favorable. From 
this perspective it is unnecessary to have a detailed 
ttft~eFstB<nEiiHg af the functioning of the mieroergan 
isms because the reactions that the microorganisms 
catalyze can be predicted on the basis of purely non
biologicaJ models such as equilibrium thermodynam
ics. 

However, it is becoming increasingly apparent that 
even in ancient,_relati:v.ely_nondynamic subsurface en-
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i vironments, simplified nonbiological models do not 
accurately describe or predict important geochemical 

-----=p=-=r""'ocooesses. For example, attempts to descnbe the dts
tribution of redox reactions in groundwater with equi-

. -librium- thermodynamic -models-are-g<merally-unsuc
cessful [Fish, 1993; Hostettler, 1984; Lindberg and 
Runnells, 1984; Lovley et al., 1994, and references 
therein]. This is because most of these redox reactions 
do not take place spontaneously but require microor
ganisms to catalyze them. Microorganisms catalyze 
the redox reactions in order to gain energy for main-
tenance and growth. This requirement to conserve 
energy places biochemical constraints on the path
ways by which these redox reactions are carried out 
and limits the rate and extent of the microbially cata
lyzed processes. This is why typical subsurface envi
ronments often approach steady state conditions but 
are generally far removed from redox equilibrium. 
Therefore in order to understand the factors control
ling microbially catalyzed reactions in the deep sub
surface, it is necessary to understand the biochemical 
mechanisms of microbial metabolism and the ecologi
cal interactions between various groups of microor
ganisms. 

The purpose of this review is to illustrate the cur
rent understanding of microbially catalyzed processes 
in sedimentary environments and to review the evi· 
dence that the microorganisms catalyzing these pro
cesses are living in the terrestrial deep subsurface. 
Examples of recent studies that demonstrate how 
these microbially catalyzed processes have influenced 
important geochemical phenomena in the deep subsur
face wiU be discussed. 

WHAT IS THE "DEEP SUBSURFACE"? 

Routine use of the term "deep subsurface" in ref
erence to microbial studies is relatively recent [Sar
gent and Fliermans, 1989], and this term has generally 
been only vaguely defined. Ghiorse and Wobber [1989, 
p. l] defined deep aquifer systems as "those that are 
hundreds to thousands of meters below land surface." 
Many investigators, however, have applied the term to 
sediments buried to depths greater than about 10 m 
[Fredrickson et al., 1989]. The use of arbitrary depths 
to separate "deep" from "shallow" sediments is prob
ably inappropriate because "deep" has different 
meanings in different disciplines. In soil science, for 
example, "deep" might refer to anything deeper than 
2 or 3 m. In petroleum geology, on the other hand, 
"deep" is seldom used to describe sediments that are 
shallower than 3000 m below land surface. 

Although the microbiology -of de-ePJy buried unsat
urated soils in arid regions is beginning to receive 
some attention [Brockman eta/., 1992; Cob-ve/1, 1989; 
Kieft et al., 1993], microbial activity in such environ
ments is very limited, and most studies on the micro-

biology of the deep subsurface have focused on pro
cesses in water-saturated environments. For the latter 
type of sysfem ifis useful to define ''deep'' m terms of 
the hydrologic environment. For example, a depth of 
200- m in the T-ucson basin is -a-water-table aquifer, -- - -
whereas the same depth in the Illinois basin might be 
an oil-producing petroleum reservoir. Clearly, these 
environments have little in common hydrologically, 
even though they are at the same depth. For these 
reasons, a hydrologic definition of deep subsurface 
environments is more meaningful than trying to estab-
!ish an arbitrary depth as the cutoff between "shal
low" and "deep" [Chapelle, 1993]. 

Groundwater flow systems (Figure l) can be classi
fied as local, intermediate, or regional [Toth, 1963]. 
Local How systems recharge at a topographic high and 
discharge in an adjacent topographic low. There is a 
high degree of connectedness with the surface. Local 
flow systems typically have high rates of recharge 
(1-30 crnlyr) and high rates of groundwater flow (1-100 
mlyr). Rates of recharge and water levels respond 
rapidly to individual precipitation events in local flow 
systems because they are so intimately connected with 
the surface. Intermediate flow systems recharge and 
discharge in areas that are separated by one or more 
topographic highs. Because of this, intermediate flow 
systems are much less connected with the surface, and 
rates of recharge (0.01-1 cm/yr) and groundwater flow 
(0.1-1 mlyr) are proportionally lower. In intermediate 
How systems, water levels and rates ofrecharge do not 
respond to individual precipitation events. Regional 
How systems recharge only at the groundwater divide, 
and they discharge only at the bottom of the basin. 
Recharge rates in regional flow systems are very low, 
and flow is often sluggish. There is little connection 
between surface environments and. regional flow sys
tems. 

The depth to which local, intermediate, and re· 
gional flow systems penetrate the subsurface is 
largely a function of topography [Toth, 1963]. Thus 
aquifers in areas of high relief (such as the basin
and-range topography of Tucson, Arizona) have lo· 
cal flow systems that penetrate several hundred 
meters into the subsurface, whereas flatter-lying ar
eas (such as the Illinois basin) have regional flow 
systems that are within a few hundred meters of land 
surface. 

We suggest that the use of the term "deep sub
surface" in microbiological studies should be re
stricted to intermediate and regional flow systems. 
This definition is independent of total depth and 
instead depends entirely on the hydrologic frame· 
work of the system under study_ According to this 
definition, some environments that have previously 
been discussed as belonging to the '"deep subsur
face" [Ghiorse and Wobber. 1989] would be classi
fied as local flow systems. 
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Figure 1. Characterization of local, intermediate, and regional flow systems. 

TYPES OF MICROBIAL METABOLISM IN 
SEDIMENTARY ENVIRONMENTS 

organic matter and other reduced compounds (Mn(II), 
Fe(ll), ammonia, sulfide) that can be oxidized with the 
release of energy. Microorganisms have evolved var-

Microorganisms are the only life forms that can ious strategies for conserving energy to support 
inhabit most deep subsurface environments because growth from these oxidations. The primary ways in 
the typical pore spaces are too small for other types of which microorganisms gain energy from the oxidation 
life [Ghiorse and Wilson, 1988]. The types of microbial of organic matter are depicted in Figure 2. Each of 
metabolism that are found in the deep subsurface are these types of metabolism involves a complex series of 
likely to be similar to those found in surface sedimen- electron transfer reactions within the microorganisms. 
tary environments [Pedersen, 1993]. Thus studies on The environmentally significant electron transfer is the 
the microbiology of aquatic sediments and soils pro- final electron transfer to an electron acceptor from the 
vide a model for the types of microorganisms and environment. This is referred to as the terminal elec
microbial activities that might be expected in deep tron accepting process (TEAP). The most common 
sabsUI face enviwmneuts. This section ptovides a btief terminal electron acceptors fur mganic mattet oxida-
overview of some of the important types of microbial tion are expected to be 0 2, nitrate, Mn(IV), Fe(III), 
metabolism that can be found in sedimentary environ- sulfate, and carbon dioxide. Thus the predominant 
ments that are most relevant to the deep subsurface. TEAPs in sedimentary environments are 0 2 reduction 

I For more comprehensive coverage, the reader is re· (aerobic respiration), nitrate reduction (denitrification 
J ferred to two excellent books on this topic [Ehrlich, and dissimilatory nitrate reduction), Mn(IV) reduc-
J l9~Q~ Zehender, 1988], __ . _ . _tion, F~.{III) red!}ction..__sulfate_r~!l~tion, and carbon 
I- - Light is not available in the deep subsurface, so dioxide reduction (methane production). 

f

! photosynthesis is not possible. Therefore microbial For simplicity, the reactions exemplifying each of 
- -rife is dependent upon energy sources tnat liav·ebeen~hese TEAPs 1s Illustrated m Ftgure 2 withacetate as 

buried in the sediment or enter as dissolved compo- the model organic compound. This is done in part 
nents in the recharge water. These energy sources are because acetate is one of the simplest organic com-
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Figure 2. Properties of the predominant terminal electron-accepting processes (TEAPs) found in sedimen
tary environments. 

pounds metabolized by microorganisms catalyzing 
each TEAP. More importantly, acetate is a central 
intermediate in the metabolism of organic matter in 
many sedimentary environments. However, the or
ganic matter that is buried in sediments is a complex 
mixture of polymeric organic molecules, and microor
ganisms must use hydrolytic enzymes (often extracel
lular) to break down the complex organic matter to 
monomeric components such as sugars, amino acids, 
fatty acids, and monoaromatics prior to metabolism 
(Figure 3). As outlined below, the types of organic 
compounds that can be oxidized to carbon dioxide are 
different for different terminal electron acceptors. 

The form of microbial metabolism that yields the 
most energy to support microbial growth is oxidation 
of organic matter and other reduced compounds cou
pled to the reduction of02 (Figure 2). This metabolism 
is known as aerobic metabolism, or aerobic respira
tion. Aerobic microorganisms completely oxidize a 
wide variety of organic compounds to carbon dioxide 
(Figure 3). Organics that can be oxidized in this man
ner include most naturally produced organic matter as 
well as many man-made organics [Gibson, 1984). 
Some aerobic microorganisms can also catalyze the 
oxidation of inorganic compounds such as ammonium, 
Fe(II), Mn(ll), and so [Ehrlich, 1990]. 

Because of the lack of photosynthesis, the only 
source of 0 2 ·in the deep -subsurface is-02 that enters 
dissolved in the recharge water. If organic matter or 
other reduced compounds are present, aerobic metab
olism generally consumes this 0 2 within a relatively 
short travel distance. Therefore intermediate and re-

gional flow systems are generally depleted of 0 2 (an
oxic) owing to their isolation from surface recharge. 
0 2 is expected to be found in deep aquifers only when 
there is little or no microbial activity, such as is seen in 
some sedimentary basins of the American Southwest 
where the lack of organic carbon has allowed oxygen 
to persist in groundwater that is more than I 0,000 
years old [Winograd and Robertson, 1982]. 

Metabolism under anoxic, or oxygen-depleted, con
ditions is known as anaerobic. In anaerobic respiration 
components other than 0 2 serve as· the oxidant for 
organic matter and other reduced compounds. The 
anaerobic metabolism that is most similar to aerobic 
respiration is the reduction of nitrate to N 2 , which is 
known as denitrification (see Tiedje [1988] for a review 
of this metabolism). Most known denitrifying micro
organisms will use 0 2 preferentially if it is available 
and then grow by denitrification when 0 2 is depleted 
[Tiedje, 1988]. In some instances, 0 2 and nitrate may 
be reduced simultaneously [Tiedje, 1988]. Denitrifica
tion is much like aerobic respiration in that nitrate can 
replace oxygen in most of the reactions with organic 
and inorganic electron donors. However, some impor
tant reactions that clearly take place with 0 2 as the 
electron acceptor have not been documented under 
denitrifying conditions. For example, the current lit
erature indicates that benzene, a prevalent groundwa
ter contaminant, can nof be-oxidized with nitrate as 
the electron acceptor. whereas microorganisms 
readily oxidize it to carbon dioxide when 0 2 is avail
able [Anid eta/., 1993; Barbaro eta/., 1992; Flyvbjerg 
et al., 1993; Hutchins et a/., 1991). Dissimilatory ni-
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Figure 3. Pathways of organic matter decomposition by various microbial processes in sedimentary 
environments. 

trate reducers that can oxidize organic compounds 
with the reduction of nitrate to ammonia may compete 
with denitrifiers for nitrate under some instances 
[Tiedje, 1988]. Like aerobic respiration, nitrate reduc
tion is expected to be a minor process for organic 
matter oxidation in most deep subsurface environ
ments because nitrate inputs from groundwater are 
low and there are no significant mineral sources of 
nitrate. 

The pathways for organic matter oxidation by most 
anaerobic microbial processes are much difi"erent than 
those for aerobic respiration and denitrification. 
Whereas single organisms can, by themselves, com
pletely oxidize a wide variety of organic compounds to 
carbon dioxide during aerobic respiration and denitri-

catiOn, m most types o anaero IC respiratiOn e 

organics. In some instances, H2 and carbon dioxide 
are also produced. For example, in aquatic sediments 
a common sugar such as glucose may be fermented 
primarily to acetate, carbon dioxide, and H2 (Lovley 
and Phillips, 1989): 

I glucose + 2 waters ---+ 2 acetates + 4 H 2 

+ 2 carbon dioxides + 2 protons 

or benzoate, a model for the degradation of many 
monoaromatic compounds, may be fermented as fol
lows [Ferry and Wolfe, 1976): 

1 benzoate + 6 waters ---+ 3 acetates + 3 H2 

microorganisms are very limited in the types of or- In sedimentary environments the predominant fermen-
ganic compounds they can completely oxidize. For tation products are acetate and H2 , but other simple 
example, microorganisms that use Fe(III) as an elec- fatty acids such as propionate and butyrate are also 
tron acceptor can only oxidize simple organic acids, produced [Lovley and Klug, 1986; Lovley and Phillips, 
long chain fatty acids, and monoaromatic compounds 1989; Sprensen et al., 1981]. Because fermentative 
to carbon dioxide{Lovl~l.:..l994J~Thus in nitrate- microorganisms do not-completel¥-oxidize organic 
depleted, anoxic environments a significant amount of matter to carbon dioxide, other types of microorgan-

- ~ ____ t~_ organi~matter released from hydrolysis of com- isms_ operate in conjunction with the fermentative m~ __ _ 
1 plex organic matter is first metabolized by fermenta- croorganisms in order to bring about a complete oxi-
1 tive microorganisms (Figure 3). Fermentative micro- dation of organic matter in anoxic, nitrate-depleted 

1 

organisms convert large organic compounds to smaller sediments (Figure 3). 
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ff.(DI)-Rf.DUCING 

Figure 4. Typical distribution of major terminal electron-accepting processes (TEAPs) in deep aquifers. 

When Fe(III) is available in the sediments, micro· 
organisms that can couple the oxidation simple organic 
acids and H 2 to the reduction of Fe(III) to Fe(II) 
(Figures 2 and 3) are active and Fe(III) reduction is the 
TEAP [Lovley, 1991]. Fe(lll)~reducing microorgan~ 
isms can also directly oxidize monoaromatic com~ 
pounds and long-chain fatty acids that are released 
from complex organic matter (Figure 3). When man· 
ganese oxides are available, these microorganisms can 
carry out similar reactions, substituting the reduction 
of Mn(IV) to Mn(II) for Fe(III) reduction. In addition 
to Fe(lll) and Mn(IV), some bacteria may use other 
metals or metalloids as electron acceptors in their 
metabolism [Lovley, 1993]. The reduction of metals 
other than Fe(III) and Mn(IV) is generally not signifi~ 
cant in terms of organic matter oxidation because of 
the relatively low concentrations of these electron 
acceptors. However, the reduction of these metals has 
the potential to greatly influence metal geochemistry. 
Metal and metalloid reductions carried out by micro· 
organisms include U(Vl) to U(IV); Se(VI) to Se0

, 

Cr(VI) to Cr(III), Mo(VI) to Mo(V), and Au(Ill) to 
Au(O). 

Sulfate may also be used as an electron acceptor for 
the oxidation of organic compounds in sedimentary 
environments (see Widdel [ 1988] for a detailed review 
of this metabolism). The reactions carried out by sui· 
fate reducers (Figures 2 and 3) are similar to those for 
Fe(lll) reduction, with the exception that sulfate re
ducers substitute sulfate for Fe(IU). The sulfate is 
reduced to sulfide:· 

Microorganisms may also convert organic matter to 
a mixture of carbon dioxide and methane. However, 
the methane~producing microorganisms are strictly 
limited in the types of compounds that they can me· 

tabolize [Oremland, 1988). The principal types of 
methane production are the dismutation of acetate to 
methane and carbon dioxide and the reduction of car· 
bon dioxide to methane with H2 serving as the electron 
donor. Methane-producing microorganisms cannot 
use fatty acids with more than two carbons and cannot 
metabolize aromatic compounds. Therefore under 
methanogenic conditions, another group of organisms, 
the proton-reducing acetogenic bacteria, are also re~ 
quired (Figure 3). They convert the organic acids and 
aromatic compounds to acetate and H2 , which can 
then be consumed by the methane~producing microor
ganisms. 

SEGREGATION OF MICROBIAL PROCESSES INTO 
DISTINCT ZONES 

The various TEAPs are generally segregated into 
distinct zones in aquatic sediments {Ponnamperuma, 
1972; Reeburgh, 1983]. and a similar succession of 
TEAPs (Figure 4) is expected along the flow path of 
many aquifers [Champ et al., 1979; Jackson and 
Patterson, 1982; Lovley and Goodwin, 1988]. This 
segregation of TEAPs is important because the pre~ 
dominant form of many elements is different for dif· 
ferent processes (Figure 2), and this in turn affects the 
properties of both the groundwater and the sediments. 

The succession of TEAPs along the groundwater 
How path in deep aquifers follows the potential ther· 
modynamiC yi-ekffrom the various processes (Figure 
2). Aerobic respiration, which yields the most energy 
of the various metabolic processes. is the predominant 
TEAP when 0 2 is available. After 0 2 is depleted from 
the groundwater, aerobic respiration is followed by 

I 
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nitrate reduction, which is the next most energetically 
favorable TEAP, etc. Thus the segregation of pro
cesses is often simply explained with the thermody
namic rationale that the redox reaction that provides 
the most potential energy -predominates [Stumm and 
Morgan, 1981]. However, this is an inadequate expla
nation. On a purely thermodynamic basis, reactions 
yielding less energy should also take place as long as 
they are energetically favorable [McCarty, 1972]. The 
segregation of TEAPs can be more accurately ex
plained on the basis of physiological controls on mi
crobial metabolism and the competition between dif
ferent types of microorganisms for electron donors. 

The lack of anaerobic respiration in the presence of 
0 2 is due to the fact that microorganisms that can 
respire both aerobically and anaerobically typically 
regulate their metabolism to use only 0 2 when it is 
available [Tiedje, 1988). Anaerobic organisms that 
cannot use 0 2 as an electron acceptor are generally 
inhibited in the presence of 0 2• 

A key factor in the segregation of Fe(III) reduction, 
sulfate reduction, and methane production into dis
tinct zones is the competition between Fe(III) reduc
ers, sulfate reducers, and methane producers for ace
tate and Hz, which are, as was discussed above, the 
central intermediates in much of the organic matter 
metabolism in anaerobic sedimentary environments. 
Comparison of H2 concentrations in sediments in 
which Fe(III) reduction, sulfate reduction, or methane 
production is the TEAP (Figure 2) have demonstrated 
that H2 concentrations are lowest in sediments in 
which Fe(lll) reduction is the TEAP, intermediate in 
sulfate-reducing sediments, and highest in sediments 
in which methane production is the TEAP (Lovley et 
al., 1994; Lovley and Goodwin, 1988]. Acetate con
centrations follow a similar pattern [Chapelle and Lov
ley, 1992; Lovley and Phillips, 1987]. This pattern of 
H2 and acetate concentrations can be ascribed to the 
physiological capabilities of the microorganisms in
volved in H2 and acetate consumption. Organisms that 
use Fe(III) for acetate and H2 oxidation can metabo
lize H2 and acetate to concentrations lower than those 
that can be utilized by sulfate reducers, and sulfate 
reducers can metabolize H2 and acetate to concentra
tions below what can be used by methane-producing 
microorganisms [Caccavo et al., 1992; Chapelle and 
Lovley, 1992; Cord-Ruwlsch el at., 1988, Lovley, 1985, 
Lovley et al., 1982, 1989; Lovley and Goodwin, 1988; 
Lovley and Phillips, 1987]. Thus when the availability 
of Fe(IIl) does not limit the rates of microbial Fe(III) 
reduction, sulfate reduction and methane production 
from H2 and acetate are inhibited because Fe(III) 
red.ucers maintain the concentrations_Q_{_f:lz.Jlnd Jlce-

' tate too low for sulfate reducers or methane producers 
i to metabolize [Caccavo et al., 1992; Chapelle and 

-~t- --Lovley; I992;rovley and Phillips, 198 I; Lovley et al., 
1989]. In a similar manner, when sulfate is not limiting, 
sulfate reducers can prevent methane production from 

H2 and acetate [Lovl ey, 1985; Lovley et al., 1982; 
Lovley and Goodwin, 1988). Another mechanism for 
inhibition of sulfate reduction in the presence of 
Fe(III) is that some sulfate reducers can also use 
Fe( III) as an electron acceptor and may- preferentially 
reduce Fe(III) [Coleman et al., 1993; Lovley et al., 
1993]. 

The lack of methane production, sulfate reduction, 
and Fe(Ill) reduction in the presence of nitrate and 
Mn(IV) may be explained in part by the finding that Hz 
[Lovley and Goodwin, 1988] and presumably acetate 
concentrations are even lower in nitrate- and Mn(IV)
reducing sedimentary environments than they are in 
Fe(III)-reducing environments. Many Fe(III) reducers 
and some sulfate reducers are capable of nitrate reduc
tion and may preferentially reduce nitrate when it is 
available. Although Fe(Ill) reducers can simulta
neously reduce Fe(lll) and Mn(IV), Mn(IV) chemi
cally reoxidizes Fe(ll) produced during Fe(III) reduc
tion back to Fe(III) [Lovley, 1991] so that there can be 
no net Fe(III) reduction until Mn(IV) is depleted. 

Thus regulation of metabolism within some micro
organisms and the competition for electron donors 
between various communities of microorganisms are 
the major factors responsible for the segregation of the 
TEAPs into distinct zones. It is important to recognize 
that the segregation of TEAPs is not absolute. For 
example, when perturbations to the environment re
sult in a major shift from steady state conditions, two 
or more TEAPs may coexist and compete until condi
tions that permit one microbial community to domi
nate over another are established [Lovley and Good
win, 1988]. Furthermore, when the supply of an 
electron acceptor limits the metabolism of one com
munity (for example, low Fe(III) availability permit
ting only slow rates of Fe(III) reduction), this can 
permit the coexistence of another community (sulfate 
reducers in this example) that would otherwise be 
excluded. 

DIVERSITY AND DISTRIBUTION OF 
MICROORGANISMS IN THE DEEP SUBSURFACE 

Within the last decade it has become apparent that 
most, if not all, of the physiological types of microor
ganisms that are thought w be impmtant in sedimen-
tary environments as was discussed above can be 
recovered from the deep subsurface (Table 1). These 
studies have relied on the ability of the investigators to 
culture the organisms. However, in some instances, 
standard cultural techniques do not yield any micro
organisms in sampleun whicbJhe_microorganistp~ can 
be observed microscopically [Ekendahl et al., 1994]. 
In such instances the identity of the microorganisms 
may oe reverue(foy analyzmg the gene sequences m 
DNA extracted from the water or sediments [Ekendahl 
et al., 1994]. 
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TABLE l. Recent Examples of Recovery of Microorganisms From the Deep Subsurface 

------------lR~e~fe~te.nce--· · - ---· ----- ~~~ 

Aerobic Microorganisms 
--f>cep-aquifersin -Atlantic coastal plain - -nmKWilr(T989r.BalKW111 ei al. [1989], Chapelle et a/. [1987, - ·; 

1988], Fredrickson eta/. [1989, 1991a], Sinclair and 
Ghiorse [1989] 

Buried-valley aquifer system, northeastern Kansas Sinclair et al. [1990) 
Groundwaters from granite bedrock, Sweden Pedersen and Ekendahl [1990] 
Ashfall tuff at Rainer Mesa, Nevada Test Site Amy eta/. [1992] Haldeman et al. [1993] 

Fe( III) and Mn(IV) Reducers 
:Coep aquifers ia .\tlantie eeastal plain Lovley ti at. [1!}!'6) Chapeiie ana' Lovley [I'!J!}2) 
Alkaline, basaltic aquifers, Washington Stevens et at. (1993] 

Sulfate Reducers 
Groundwaters from Madison Formation (dolomitic 

limestone) 
Deep aquifers in Atlantic coastal plain 
Groundwaters from granite bedrock, Sweden 
Alkaline, basaltic aquifers, Washington 

Olson eta/. (1981] 

Jones et at. [1989) Chapelle and Lovley [1992] 
Pedersen and Ekendahl [1990] 
Stevens et at. [1993] 

Methane Producers 
Groundwater from deep aquifer in Florida 
Alkaline, basaltic aquifers, Washington 
Formation waters of oil fields thermophilic 

Until recently there were serious questions whether 
the microorganisms that had been previously recov
ered from the deep subsurface might be contaminants 
that had been introduced from the surface either dur
ing drilling or from the subsequent exposure of deep 
aquifers to the surface. Now, rigorous sampling tech
niques have been developed to prevent contamination 
of the deep ~ubsurface during drilling operations. Cur
rent techniques for minimizing contamination of deep 
subsurface samples include (I) the use of various trac
ers (microspheres, bromide, rhodamine dye, and per
fluorocarbons) in drilling ftuids to monitor drilling fluid 
contamination of cores, (2) steam cleaning of bore 
equipment and the use of chlorinated water in drilling 
muds, and (3) paring away of the external surfaces of 
the sediment core prior to sampling [Chapelle, 1993; 
Russell el al., 1992]. With the use of these techniques 
there is a high level of confidence that the microorgan
isms recovered from deep subsurface cores represent 
indigenous populations. Further indication of the lack 
of surface contamination is the finding that the micro
organisms recovered from the deep subsurface are 
generally different strains from those that inhabit the 
surface [Balkwill et al., 1989; Olson et al., 1981; Bee
man and Sujlita, 1989; Jones eta!., 1989]. 

Of the various types of microorganisms, aerobic 
ones have been studied most intensively (Table 1) 
because of the ease in culturing these organisms. Stud
ies of deep aquifers in the Atlantic coastal plain have 

indicated that '"'there is a wide diversity of aerobic 
microorganisms, mostly living attached to the sedi
ment surface [Balkwill et al., 1989; Fredrickson et at., 
1991a; Hazen et al., 1991]. However, other physiolog
ical types of microorganisms such as Fe(III) reducers, 

Godsy [1980] 
Stevens et al. [1993] 
Belyaev eta/. [1983], Dayydova-Charakhch'yan et al. [1992] 

sulfate reducers, and methane producers have also 
been isolated (Table I). 

Microorganisms have been recovered from the 
sandy sediments comprising deep aquifers and from 
clayey aquitards [Balkwi/1, 1989; Chapelle et al., 1987, 
1988; Fredrickson et al., 1989; Sinclair and Ghiorse, 
1989] as weU as within deeply buried rock [Amy eta/., 
1992; Haldeman eta[., 1993; Pedersen and Ekendahl, 
1990]. Microbial numbers and activity are generally 
lower in the clayey layers than in the sandy sediments 
[Balkwill, 1989; Chapelle and Lovley, 1990; Fredrick
son et al., 1989; Hicks and Fredrickson, 1989; Phelps 
et al., 1989; Sinclair and Ghiorse, 1989]. This might be 
the result of lower pH [Sinclair and Ghiorse, 1989], 
hydraulic conductivity [Fredrickson et a/., 1989], or 
water potential [Fredrickson et al., 1989] in the clayey 
sediments. Alternatively, it has been proposed that the 
very small pore throat diameters in the clays restrict 
the mobility of microorganisms and that the low inter
connectedness of the pores in the clays limits the 
movement of nutrients relative to the sandy aquifer 
sediments [Chapelle and Lovley, 1990]. Recent exper
imental evidence suggests that smaU pore throats do in 
fact restrict microbial activity [Sharma and Mciner
ney, 1994]. 

The source of microorganisms living in the deep 
subsutface is a current area of intense investigation. 
Indirect evidence for microorganisms living on re
duced gases emanating from the Earth· s core raises 
theposstoility that life may have actually evolved in 
deep subsmiace environments [Gold. 1992). The 
aquati<: sediments that were buried to form many deep 
aquifers undoubtedly contained high numbers of a 
wide diversity of microorganisms. The aquifer envi-
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ronment is much different from the original aquatic 
sediments, especially with regard to the availability of 
easily degraded organic matter. Thus present-day deep 
subsurface microorganisms may be a relic community 
consisting of the microorganisms thafnad~tfie-appfo~ 
priate characteristics to metabolize and grow, or at 
least survive, for long periods of time during continued 
sediment burial and aquifer formation. Some microor· 
ganisms may also be introduced into deep aquifers 
along with recharge water. However, because of the 
slow flow of water through deep aquifers beyond the 
recharge area, such introduced microorganisms must 
be well adapted to the aquifer environment or they will 
not survive to reach the interior portions of the aqui
fer. Thus regardless of the original source of the mi· 
croorganisms, the current microbial community is the 
result of a host of environmental pressures that over 
long periods of time have selected for the present-day 
composition. Therefore the source of the organisms is 
likely to be less significant than the present environ
mental conditions as a factor controlling the types of 
microbial activity 'in deep aquifers. 

As long as appropriate energy sources are available, 
the primary factors limiting the distribution of micro
bial life in the deep subsurface are likely to be temper- . 
ature and water activity [Pedersen, 1993]. The gener
ally accepted upper temperature limit for microbial life 
is approximately l JOoC [Stetter et at., 1990], but some 
microbiologists speculate that the actual upper limit 
may be closer to l5ooc [Deming and Baross, 1993]. A 
variety of thermophilic microorganisms have been re
covered from the deep subsurface (Table 1). The re· 
covery of ultrafine-grained magnetite, presumably due 
to the activity of Fe(Ill)-reducing microorganisms, has 
been suggested as evidence of life as deep as 6. 7 km 
[Gold, 1992]. 

MONITORING THE ACTIVITY OF 
MICROORGANISMS IN THE DEEP 
SUBSURFACE 

demonstrated that microorganisms with the potential 
to reduce nitrate to Nz [Francis and Dodge, 1989; 
Morris eta/., 1988} and Fe(III) to Fe(II) (Lovley et al., 
1990] are present in the deep subsurface. 

The limitation of such laboratory incubations is that -
they may not reflect the in situ activity of deep sub
surface microorganisms. The rates of microbial activ
ity in such laboratory incubations can be orders of 
magnitude faster than what actually takes place in 
deep aquifers [Chapelle and Lovley, 1990]. Thus lab
oratory incubations demonstrate the pott!ntial for mi
crobial activity in such environments but do not give 
quantitative information on the processes actually tak
ing place. 

The potential limitations of laboratory incubations 
and the technical difficulties and expense in sampling 
deep subsurface sediments have led to approaches in 
which microbial activity in aquifers is inferred through 
the analysis of groundwater chemistry. The newest of 
these techniques is the measurement of dissolved H2 . 

[Lovley et al., 1994]. This technique was developed 
because it is not often possible to determine the TEAP 
in a given groundwater through standard analysis of 
groundwater chemistry [Fish, 1993; Hostettler, 1984; 
Lindberg and Runnells, 1984} The Hz technique is 
based on the concept that as was outlined above, H2 is 
constantly produced and consumed in anoxic sedimen
tary environments. It has been demonstrated both 
theoretically and experimentally that under the steady 
state conditions typical of such environments, the H 2 

concentration is dependent solely upon the physiolog
ical properties of the microorganisms consuming the 
H2 and is independent of other factors such as the rate 
of organic matter decomposition (e.g., rate of H2 pro
duction) [Lovley et al., 1994; Lovley and Goodwin, 
1988). Thus there are specific Hz concentrations that 
are characteristic for each type of anaerobic microbial 
process (Figure 2), and measurement of H2 concentra
tions in groundwater can be used to identify which 
TEAPs are taking place in a particular anoxic zone of 
an aquifer. 

Several studies have indicated that not only are The usefulness of the H2 technique was evidenced 
microorganisms present in the deep subsurface, but in a study of the microbial metabolism of the Black 
they have the potential to be active under the environ- Creek aquifer in South Carolina [Chapelle and McMa
mental conditions in the deep subsurface. Incubations hon, 1991; McMahon and Chapelle, 199la]. It could 
of deep subsuiface sedtment matenal have resulted In be demonstrated that organic mallet was being oxi-
the production of carbon dioxide or methane over time dized to carbon dioxide in the aquifer from the accu
[Chapel/e et al., 1988; Jones et al., 1989; Kieft and mutation of dissolved inorganic carbon along the 
Rosacker, 1991; McMahon et al., 1990; Morris et al., groundwater flow path. However, there was not suffi-
1988], suggesting that microorganisms have the poten- cient loss of potential electron acceptors or accumu
tial to metabolize the organic matter present in these lation of reduced products to account for the carbon 
samples. FurthermoreJow concentrations._ill_1~C:Ia-_dioxide production. H2 mea~surementtin9i~~~d th~L~ 
beled organic compounds added to deep subsurface the organic matter was being oxidized to carbon diox
samples are often rapidly metabolized [Chapelle and ide with the reduction of sulfate. This conclusion was 

--1---..Lo-vlr-e-y-, -.1Cjl}();Hic1CSli1iil""Fredr~ckson, 1989; Madsen later corrooorateoby- anaJysas· of sedtment cores, 
and Bollag, 1989; McMahon and Chapelle, 199tb; which indicated that sulfide was being produced but 
Phelps eta/., 1989). Laboratory incubations have also was precipitating as iron sulfide. The reason that sul-
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Figure 5. Rates for oxidation of organic matter to carbon dioxide in deep seawater, deep ocean sediments, 
and deep aquifer systems. 

fate was not being depleted from the groundwater was 
that sulfate was diffusing in from the confining beds. 

The H2 technique is limited in that it can only 
specify which TEAP predominates in a given section 
of an aquifer and cannot be used to estimate the rates 
of microbial processes. However, through geochemi
cal modeling it is often pos.sible to estimate the rate of 
microbial processes in aquifers solely on the basis of 

in modem surface sedimentary environments and are 
comparable to the rates of organic matter oxidation in 
highly oligotrophic deep ocean waters (Figure 5). 

.• 

SOURCES OF ORGANIC MATTER FOR 
MICROBIAL METABOLISM 

changes in water chemistry along groundwater ftow The organic matter that supports microbial metab
paths. For example, the rates of organic matter oxida- olism in deep subsurface environments probably orig
tion in several deep aquifers in the Atlantic coastal inates within the deep subsurface. Recharge to local 
plain were estimated from the accumulation of dis- ftow systems is generally low in dissolved organic 
solved inorganic cartJon in the groundwater along carbon [Thurman, 1985]. Furthermore, studies on 
groundwater ftow paths of the aquifers [Chapelle and deep aquifers in the Atlantic coastal plain demon
Lovley, 1990]. Data on other mineral constitutents and strated that there was no net decrease in dissolved 
basic geochemical principles were used to estimate organic carbon as water moved through the aquifers 
how much of the increase in dissolved inorganic car- [Lee, 1984]. 
bon was the result of the dissolution of carbonate The amount of particulate organic matter in deep 
minerals, and the estimates of the amount of dissolved subsurface environments can be extremely variable. 
-inorganic carbon resulting from organic matter oxida- Sandy aquifer sediments contain relatively little me
tion were corrected accordingly. The rates of organic tabolizable organic carbon ( -0.1 %) compared with the 
carbon oxidation estimated from geochemical model- clayey confining beds (1-50%) [Johnson and Wood, 

· · ~----ing--were -consistent with the known age of the sedi- -1993; McMiihim et al., 1990]. Yet as was discussed 
rnents and the probable availability of organic matter above, rates of microbial oxidation of organic com
in the aquifers. These studies demonstrated that the pounds to carbon dioxide and the numbers and diver
rates of microbial metabolism in the deep aquifers sity of microorganisms are generally highest in the 
examined are at least 103-105 times slower than those sandy aquifer sediments. These observations raise 
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Figure 6. Model for organic matter metabolism in some deep aquifers in the Atlantic coastal plain in which 
organic matter is fermented within the clayey confining beds and the fermentation acids diffuse into the 
sandy aquifer sediments, where they are consumed by respiratory processes such as Fe(III) reduction and 
sulfate reduction. 

fundamental questions as to sources of organic carbon 
.supporting microbial activity in the sandy aquifer s~_d.:; . 
iments. 

A potential explanation for the apparent higher 
rates of organic matter oxidation in the sandy aquifer 
material despite lower supplies of organic carbon is 
that the processes of fermentation and respiration are 
segregated into distinct zones [McMahon and 
Chapelle, 199Ib]. This hypothesis is based, in part, on 
the finding that production and consumption of fer~ 
mentation products are not necessarily coupled in lab-
oratory incubations of deep subsurface sediments 
[Johnson and Wood, 1992; Jones et al., 1989; McMa~ 
hon and Chapelle, 199tb]. In this model (Figure 6), 
organic acids produced in the confining becJs diffuse 
into the sandy aquifer sediments, where they are con
sumed by respiratory microorganisms which oxidize 
the organic acids to carbon dioxide. Gradients of or
ganic acids between confining beds and aquifer sedi
ments sufficient to support · microbial metabolism 
through diffusive ftux of organic acids from confining 

reduction of protons to H2 with reduced minerals in 
the basalt may provide Hz as an electron don<._>r to 
support microbial activity [Stevens and McKinley, 
1994). 

GEOCHEMICAL EFFECTS OF MICROBIAL ACTIVITY 
IN THE DEEP SUBSURFACE 

There have been only a few microbiological studies 
that have directly examined the geochemical effects of 
microbial activity in the deep subsurface. As is de
tailed below, much of the information on geomicrobial 
processes in the deep subsurface must be inferred 
from the geochemistry of groundwater. Most microbi
ologically oriented studies have focused on the poten~ 
tial metabolic capabilities of microorganisms recov~ 
ered from the deep subsurface with little investigation 
into whether that metabolic potential could be ex~ 
pressed in situ. 

beds to aquifer sediments have been documented [Me~ Contaminant Mobility 
Mahon anti Chapelle, 19916}. In thts way, large pools Much of the recent mterest m the nucrobtology of 
of organic carbon in the confining beds may support the deep subsurface has been stimulated by a concern 
microbial activity in the sandy aquifers. However, it about potential contamination of these important 

j has yet to be explained why respiration is inhibited in drinking water resources. Microbial degradation or 

I 
the confining beds but fermentation is not. immobilization of contaminants may naturally mitigate 

Another potential source of electron donors in the the effect of some groundwater pollution, and it might 
-- --.deep..subsurface. is reduced compounds produced..abh___b.e.possible. to stimulate the activity of microorganisms __ 

i ologically within the deep subsurface. For example, it capable of removing contaminants from groundwater. 
i has been speculated that reduced gases such as Hz and Several studies have demonstrated that aerobic micro~ 

methane emanating from greatdepth in the Earth may organisms capable of degrading contammants such as 
support microbial activity in the deep subsurface phenol [Hicks and Fredrickson, 1989]. indole [Madsen 
[Gold, 1992]. In deep basalt aquifers the abiological and Bollag, 1989], quinoline [Brockman et a/., 1989], 
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and aromatic hydrocarbons [Fredrickson eta/., 199lb] carbonate as the result of organic matter oxidation can 
can be recovered from the deep subsurface. However, also drive the above equation from right to left with a :~ 

~~~----~----~ the rate a11dextent towliieh llfese contanunants would net prec1pitation of ca-rbOnate material [Dimitrakopou- rf 
be degraded in situ cannot readily be predicted from a los and Muehlenbachs, 1987; McMahon and Chapelle, 

___ mere-demonstration of the presence--of-sooh-organ--199-la};-ln- many -deep subsurface -environiTTeJrts--the----
isms. 

At present it is difficult to envision how reliable 
predictions of the rates of contaminant degradation in 
the deep subsurface wiU be made. As was noted 
above, attempts to measure the rates of degradation of 
naturally occurring organic matter in the deep subsur
face wath laboratory ancubations of deep subsurface 
material have been found to grossly overestimate the 
rates of in situ degradation. The concern is that similar 
types of incubations examining the degradation of or
ganic contaminants will yield equally spurious results 
and predict faster rates of contaminant degradation 
than are likely to take place in situ. 

The potential for introduction of radioactive waste 
into deep subsurface environments through accidental 
spills or the potential deep subsurface disposal of ra
dioactive material has also been a major motivating 
factor in the study of deep subsurface microbiology 
[Pedersen, 1993]. Microorganisms attached to parti
cles in the deep subsurface may adsorb radioactive · 
contaminants from groundwater. Deep subsurface mi
crool'ganisms capable of Fe(III) reduction may also· be 
capable of l'educing U(VI) to U(IV) (unpublished 
data), and this can precipitate uranium in anoxic envi
ronments [Lovley and Phillips, 1992; Lovley et al., 
1991a). Microorganisms may also enhance the mobil
ity of radioactive contaminants through transport of 
contaminants adsorbed onto unattached bacteria, cor
rosion of waste disposal containers, or production of 
chelating agents which might solubilize contaminants 
[Pedersen and Ekendahl, 1990]. 

Porosity Development · ' 
Although much of the recent Work on microbial 

processes in the deep ·subsurface has focused on the 
effect of microorganisms on contaminant mobility, 
other phenomena are more common and of more gen
eral importance, since most deep subsurface environ
ments are relatively contaminant-free. For example, 
the progressive accumulation of dissolved inorganic 
carbon along the groundwater flow path is one of the 
most universally observed features of intermediate 
and regional flow systems [Back, 1966; Chapelle and 
Lovley, 1990; Murphy et al., 1992; Plummer et al., 
1990; Thorstenson et al., 1979]. C02 is a w~~ aci~ and 
can dissolve carbonates in sediments: 

Carbonate dissolution can result in the development of 
secondary porosity and permeability in deep subsur
face environments [McMahon eta/., 1992; Moore and 
Druckman, 1981]. However, the accumulation of bi-

history of porosity enhancement via carbon dioxide 
production and porosity destruction via carbonate pre
cipitation is very complex. In most ancient carbonates 
these processes have led to the complete cementation 
of the original material and the production of fully 
lithified limestones and dolomites. H9wever, the pres
ervation of small zones characterized by porosity en
hancement are extremely important because this avail
able porosity can store petroleum and natural gas 
{Moore and Druckman, 1981]. The production of sec
ondary porosity in deep subsurface environments is 
one of the most important processes leading to the 
accumulation of economic hydrocarbon deposits. 

Organic acids produced by fermentation of organic 
matter in anoxic deep subsurface environments may 
also have an important influence on the diagenesis of 
deep sediments. However, the role of these fermenta
tion products has only recently been investigated [Mc
Mahon and Chapelle, 199lb] and reflects the difficulty 
of accounting for observed secondary porosity based 
solely on abiological processes [Lundergard et al., 
1984]. Studies with shallow subsurface sediments con
taminated with petroleum hydrocarbons [Hiebert and 
Bennett, 1992] indicate that organic acid production 
can significantly enhance the porosity of silicate aqui
fer materials. It is possible that similar processes may 
be important in deep subsurface environments as well, 
particularly in organic-rich or hydrocarbon-bearing 
horizons. 

Microbial Processes Associated With Fossil Fuels 
Microbial processes in the deep· subsurface may 

contribute to the formation or alteration of fossil fuels. 
Although some investigators have suggested that pe
troleum can form by purely microbial processes 
[Levorsen, 1967], it is more generally accepted that the 
microbial contribution to petroleum and coal forma
tion is the selective removal of labile organic com
pounds from the organic matter that is subsequently 
transformed into fossil fuels by abiotic processes 
[Hatcher er al., 1983; Pettijohn, 1975). Thus the initial 
formation of petroleum and coal deposits is actually 
the result of a lack of microbial degradation of the bulk 
of the organic matter. 

Microbiological processes in the deep subsurface 
can directly generate methane. Isotopic and microbi
ological evidence suggests that microbial methane pro
duction is an important mechanism for methane_ for_-~_ 

. mation in some hydrocarbon-bearing deposits 
[Belyaev and Ivanov, 1983; Belyaev eta/., 1983; Davy
dova-Charakhch'yan et al., 1992). Biogenic methane 
can be distinguished from thermogenic methane by its 
characteristically light carbon isotopic signature and 
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its lack of associated c! and c3 hydrocarbons 
[Schoell, 1983]. Biogenic methane is often encoun
tered in shallow ( <2000 m), immature reservoirs 
[Schoell, 1983]. Microbial methane production has 

. aisobeen reported in intermediate and regional aquifer 
systems, where it can significantly affect the major ion 
and carbon isotopic composition of the groundwater 
[Grossman and Coffman, 1989; Thorstenson et al., 
1979]. Active methane production in the deep subsur
face has been reported only in the absence of alterna
tive electron acceptors such as sulfate or Fe(III} 
[Thorstenson et al., 1979]. Deep aquifer systems that 
have extensive mineral sources of sulfate were found 
to lack significant methane production [Plummer et 
a/., 1990]. These observations are in accordance with 
the ability of Fe(lll) reducers and sulfate reducers to. 
outcompete methane producers, as discussed above. 

Fe(lll) Reduction 
Microbial Fe(III} reduction is one of the dominant 

microbially cata,lyzed redox processes in many subsur
face environments [Chapelle, 1993]. Although Fe(lll) 
reduction in sedimentary environments is frequently 
regarded as an nonenzymatic process, recent studies 

, · have demonstrated that most of the organic matter 
oxidation coupled to Fe(IIl) reduction is enzymatically 
catalyzed (Lovley, 1991; Lovley et al., 199lb}. 

Fe(lll) reduction in the deep subsurface is of inter
est because in addition to serving as an important 
mechanism for organic matter oxidation, it can cause 
serious water qua1ity problems. This is because the 
Fe(lll) reduction converts highly insoluble Fe(III) ox
ides to Fe(Il), which is much more soluble. Undesir
ably high concentrations of soluble Fe(II) cause prob
lems because when the groundwater is pumped to the 
surface and contacts 0 2 , the Fe(II) is oxidized back to 
Fe(III) oxides, which will either clog wells or, if they 
make it through the plumbing system, discolor the 
water and cause staining problems. 

In zones of Atlantic coastal plain aquifers with high 
concentrations of dissolved Fe(II), geochemical evi
dence indicated that organic matter was being oxidized 
to carbon dioxide and the concentrations of dissolved 
H2 were characteristic of sediments in which organic 
matter was being oxidized with the reduction of Fe(lll) 
[Chapel/e and Lovley, 1992). Fe(lll) reducers could be 
recovered orily from porttons of the aquifers Wltil 
undesirably high Fe(II) [Lovley et al., 1990]. Further-

ganisms was responsible for the accumulation of Fe(ll) 
in the groundwater. 

Sulfate Reduction 
-- ""Sulfatereauction has been one of the most intensely -
studied deep subsurface microbial processes [Bastin, 
1926; Davis, 1967; Dockins et al., 1980; Jones et al., 
1989; Olson et al., 1981; Rosnes et al., 1991; Rozanova 
and Khudyakova, 1974; Rozanova and Nazina, 1979]. 
In fact, one of the classic debates in deep subsurface 
microbiology was whether or not there was microbial 
sulfate reduction in clastic aquifers lacking mineral 
sources of sulfate (such as gypsum). Cedarstrom 
[1946] proposed that sulfate reduction was the princi
pal bicarbonate-producing mechanism in the clastic 
aquifers of the Atlantic and Gulf coastal plains. How
ever, no direct evidence for sulfate reduction in these 
sediments was provided. Foster [1950] argued that 
sulfate reduction could not be important because in
creases in bicarbonate concentrations along aquifer 
flow paths were not balanced by decreases in sulfate 
concentrations. She suggested that the accumulation 
of bicarbonate in the groundwater was. the result of 
abiological decarboxylation reactions. Evidence for 
the potential importance of microbial sulfate reduction 
in these aquifers was provided by the recovery of 
sulfate reducers from these sediments [Chapelle et al., 
1987). Furthermore, the lack of sulfate depletion noted 
by Foster has been reconciled by the finding that there 
are high concentrations of sulfate in the confining beds 
and that diffusive flux from the confining beds to the 
aquifers can support the sulfate reduction [Chapelle 
and McMahon, 1991]. 

One of the best examples of sulfate reduction in a 
sulfate mineral-bearing carbonate aquifer was given in 
a study of the Madison aquifer system [Plummer et al., 
1990]. The Madison aquifer was one of the first re
gional aquifer systems shown to harbor active sulfate
reducing bacteria [Olson et al., 1981]. Sulfate concen
trations continually increase along flow paths because 
the progressive dissolution of gypsum and anhydrite 
exceeds the rate of sulfate reduction. However, sulfate 
reduction is indicated by the accumulation of bicar
bonate associated with the generation of dissolved 
sulfides and by the relatively light isotopic composi
tion of the dissolved sulfides. 

more, a Fe(III) reducer isolated from these sediments CONCLUSIONS 
;e could couple the oxidation of organic matter to the 
,j_ reduction of the Fe(Ill) oxides in the aquifer sediments Studies to date have demonstrated that a wide di-
o- I {Lovley et al., 1990]. There was no Fe(III) reduction in versity of microorganisms can be recovered from the 
•r· -- -- l- . --incubated-sediments in the absence .of. the Ee(Ill)::_ .deeJL.s.ubsurface... .and that their activity_can greatly __ _ 
ts ! reducing microorganism. These findings, and the fact influence the geochemistry of deep subsurface envi-
y- that there is no known mechanism other than micro- ronments. However, in comparison to the study of 
te bial Fe(III) reduCtion thai caiiSlgruficantly couple the surl'ace aquatic habitats, the stuoyo1baogeochem·-!cas=-t::-:ry~--
ts oxidation of organic matter to the reduction of Fe(III), of the deep subsurface is still in its infancy. 
1d indicated that the activity of Fe(lll)-reducing microor- More detailed investigations into the physiology 
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and ecology of deep subsurface microorganisms are surface sampling procedures using serendipitous micro-
likely to give further insight into the factors controlling bial contaminants as tracer organisms, Geomicrobiol. J., 
1 amt ~· 1 1 fi --7~2-J3, -19119".--

~ le rate· ext'"'m ul Important ~eo og~.ca p enomena Belyaev, S. S., and M. V. Ivanov, Bacterial methanogenesis 
m the deep subsurface. A relatively small number of in underground waters in Environmental Biogeochemis
studies have recovered microor-ganisms-from-tbe-Eieep-- trytliiil- Ecology Bull;tin, edifeaby-R:-JralTberg, pp. --
subsurface, and those studies have focused dispropor- 273-280, Ecological BuUetins Publishings House, Stock-
tionately on aerobic microorganisms. More study on holm, 1983. . . 
anaerobic microorganisms is necessary, given that Belyaev, S. ~-· R. Wolkm, W. ~-Kenealy, M. J. ~N1ro, ~-

. . . . W. Epstem, and J. G. Ze1kus, Methanogemc bactena 
most btol?gJ.cally acttve deep subsurface envtronments from the Bondyuzhshoe oil field: Genei-al characteriza-
are anoxtc. The deep subsurface represents an ex- tion and analysis of stable-carbon isotopic fractionation, 
tremely nutrient-poor environment in which most mi- A 1. E viron · · 
crobtally ca yze reactions procee at rates t at are Brockman, F. J., B. A. Denovan, R. J. Hicks, and J. K. 
orders of magnitude slower than those observed in Fredrickson, Isolation and characterization of quinoline-
surface environments. Little is known about the me- degrading bacteria from subsurface sediments, Appl. En-
t b 1' f · · d h 1· · · viron. Microbial., 55, 1029-1032, 1989. 
~ _o 1srn o m1croorg~msms un er sue 1m~ttng con- Brockman, F. J., T. L. Kieft, J. K. Fredrickson, B. N. 

dttlons. The suggestton that subsurface bwspheres Bjornstad, s. w. Li, w. Spangenburg, and P. E. Long, 
similar to those on Earth may be found in other planets Microbiology of vadose zone paleosols in south-central 
[Gold, 1992] lends impetus to the study of deep sub- Washington State, Microb. Ecol., 23,279-301, 1992. 
surface microbiology. Although much of the previous Caccavo, F., J~. '. ~- P. Blakemore, a~d D. ~· Lovley! A 
justification for studying the deep terrestrial biosphere hydrogen-oxJdtzmg, Fe(lll)-reducmg ~acroorgamsm 

· . . . . . from the Great Bay estuary, New Hampshrre, Appl. En-
hH;s been to further understand mtcrob1al m1ttgatton of viron. Microbiol. 58 3211-3216 1992. 
contamination, more study of deep pristine habitats is Cedarstrom, D. J., Gen'esis of gro~ndwaters in the coastal 
warranted based on the basic contribution such studies plain of Virginia, Econ. Geol., 41, 218-245, 1946. 
are likely to make to the fields of microbiology, geol- Champ, J?· R., J. Gule~s, and R. E. Jackson, Oxidation-
ogy and hydrology reductton sequences m ground water flow systems, Can. 

· ' ' J. Earth Sci., 16, 12-23, 1979. 
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