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Sediments from the sulfate-reduction zone of a petroleum-contaminated aquifer, in which benzene persisted,
were inoculated with a benzene-oxidizing, sulfate-reducing enrichment from aquatic sediments. Benzene was
degraded, with apparent growth of the benzene-degrading population over time. These results suggest that the
lack of benzene degradation in the sulfate-reduction zones of some aquifers may result from the failure of the
appropriate benzene-degrading sulfate reducers to colonize the aquifers rather than from environmental
conditions that are adverse for anaerobic benzene degradation.

Persistence of benzene under sulfate-reducing conditions in
petroleum-contaminated aquifers. There are extensive anoxic
zones in many petroleum-contaminated aquifers (1, 7). Al-
though anaerobic microbial processes can remove alkylated
monoaromatic hydrocarbons from petroleum-contaminated
aquifers, highly toxic benzene often persists under in situ an-
aerobic conditions (7). For example, benzene appears to be
degraded slowly, if at all, under sulfate-reducing conditions in
petroleum-contaminated aquifers (2, 14, 16). This is despite
the fact that the potential for benzene oxidation coupled to
sulfate reduction in marine and estuarine sediments has been
demonstrated (3, 4, 6, 9, 17). Furthermore, benzene degrada-
tion was observed under sulfate-reducing conditions in an en-
richment culture initiated with aquifer sediments (5).

In order to further evaluate the potential for anaerobic ben-
zene degradation coupled to sulfate reduction in petroleum-
contaminated aquifers, aquifer sediments were collected from
the sulfate-reducing zone of an aquifer contaminated with jet
fuel (8, 18) as previously described (13). Strict anaerobic con-
ditions were used in the incubation (12) of sediments (30 ml)
under N,-CO, (93:7) in 50-ml serum bottles sealed with thick
butyl rubber stoppers. Sodium sulfate was added from an an-
aerobic stock solution (300 mM) in order to provide ca. 1 mM
sulfate and ensure that the sediments did not become sulfate
depleted. The sediment bottles were incubated inverted in the
dark at 20°C. Benzene was added to these sediments from
anaerobic aqueous stocks, and the loss of benzene was moni-
tored by measuring benzene concentrations in the headspace
with gas chromatography as previously described (9, 12). There
was no degradation of benzene even after more than 250 days
of incubation (Fig. 1).

Benzene oxidation coupled to sulfate reduction in freshwa-
ter aquatic sediments. Previous studies that have reported
benzene oxidation coupled to sulfate reduction were con-
ducted with marine or estuarine sediments (3, 4, 6,9, 17). In a
study in which benzene oxidation coupled to sulfate reduction
was simultaneously investigated in both marine and freshwater
sediments, benzene degradation was only observed in the ma-
rine sediments (17). Therefore, one possible explanation for
the lack of benzene degradation under sulfate-reducing condi-
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tions in freshwater aquifer sediments was that benzene oxida-
tion coupled to sulfate reduction does not take place under
freshwater conditions.

However, freshwater aquatic sediments from the previously
described (10) Gunston Cove site in the Potomac River were
adapted for benzene oxidation coupled to sulfate reduction
within 120 days (data not shown). When 0.39 p.Ci of ['*C]ben-
zene (58.2 mCi/mmol, diluted in sterile, anoxic water to pro-
vide ca. 2 wCi/ml) was added to these benzene-adapted sedi-
ments and '*CO, and '*CH, were monitored with a gas
proportional counter as previously described (12), there was
a steady production of '*CO, over time that corresponded with
a loss of benzene that was monitored in parallel incubations
without added ['*C]benzene (Fig. 2). When molybdate, a spe-
cific inhibitor of sulfate reduction (15), was added from an
anaerobic, concentrated stock of sodium molybdate (500 mM)
to a final concentration of 10 mM 1 h prior to these incuba-
tions, loss of benzene and production of '*CO, over time were
inhibited (Fig. 2). Studies on the stoichiometry of benzene
degradation and sulfate depletion in these sediments were
conducted as previously described for benzene-adapted marine
sediments (9). The amount of benzene-dependent sulfate re-
duction was 81% = 13% (n = 3) of the sulfate reduction
expected if the benzene metabolized was completely oxidized
to carbon dioxide, with sulfate serving as the sole electron
acceptor, according to the following reaction: 4C.H, +
1580, + 12H,0—24HCO;~ + 15HS™ + 9H™. Similar
percentages of benzene-dependent sulfate reduction have
been observed in studies with benzene-adapted marine and
estuarine sediments (9, 17).

The results with the freshwater aquatic sediments demon-
strate that microorganisms that can oxidize benzene with the
reduction of sulfate can flourish under freshwater conditions.
Thus, a lack of appropriate salinity cannot account for the
persistence of benzene in freshwater petroleum-contaminated
aquifers. Another possibility for the persistence of benzene in
the aquifer sediments was that even though environmental
conditions might be suitable for benzene oxidation coupled to
sulfate reduction, the sediments lack the appropriate benzene-
degrading sulfate-reducing microorganisms. In order to evalu-
ate this, aquifer sediments were inoculated (10% [wt/wt]) with
the benzene-adapted freshwater aquatic sediments (Fig. 1A).
Following inoculation, benzene degradation proceeded with-
out a lag. With the depletion of the benzene initially present in
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FIG. 1. Benzene uptake in inoculated and uninoculated aquifer sediments. Arrowheads along the x axes indicate readditions of benzene. Arrows in the graphs
indicate the times of inoculation. The inoculation procedure required opening the bottles under a stream of N,-CO,, which flushed benzene from the system. Thus,
benzene had to be added back to the sediments, which accounts for the slight increases in benzene concentrations at the times of inoculation. The data are from one

bottle for each treatment.

the sediments, more benzene was added, resulting in continued
degradation (Fig. 1A). After the inoculated aquifer sediments
of Fig. 1A had been refed benzene five times, this sediment was
used to provide a 10% inoculum for another bottle of un-
adapted aquifer sediments, which then also rapidly metabo-
lized benzene (Fig. 1B). This procedure was repeated two
more times, with continued rapid benzene degradation in all
inoculated sediments (Fig. 1C and D). This was the case even
in the final transfer (Fig. 1D) in which the amount of aquatic
sediment from the initial benzene-degrading inoculation con-
stituted less than 1 part per 10,000 of the sediment mass.

The finding that benzene continued to be rapidly degraded
after the aquatic sediment had been effectively diluted out in-
dicates that the addition of the aquatic sediments did not
stimulate benzene degradation by changing the physical-chem-
ical characteristics of the aquifer sediments. The fact that the
capacity for benzene degradation was maintained with succes-
sive transfers of adapted sediments into unadapted aquifer
sediments suggests that the factor responsible for benzene
degradation was capable of replication, i.e., that it was a ben-
zene-degrading microorganism that originated from the fresh-
water aquatic sediments.

Previous studies have demonstrated that benzene also per-
sists in anaerobic sediments from the Fe(III) reduction zone of
this aquifer unless the availability of Fe(III) is artificially en-
hanced with the addition of Fe(III) chelators or humic sub-
stances (12, 13). Sulfate reduction is generally inhibited in the
presence of Fe(III) because Fe(III) reducers outcompete sul-
fate reducers for electron donors (11). However, it seemed
possible that benzene degradation in the Fe(III)-reducing aqui-
fer sediments could also be stimulated with the benzene-oxidiz-
ing, sulfate-reducing inoculum since previous studies (12, 13)
had indicated that there should be no Fe(III) reducers that would
be able to compete with the sulfate reducers for benzene.

In order to evaluate this, aquifer sediments in which Fe(IIT)
reduction was the terminal electron accepting process (TEAP)
were amended with 20 mM ferrous sulfate and then inoculated
with benzene-adapted aquatic sediments as described above.
Inoculation of the Fe(III)-reducing sediments stimulated ben-
zene degradation just as it had in the sediments in which
sulfate reduction was the TEAP. Once the inoculated Fe(III)-
reducing sediments were adapted for rapid benzene degrada-
tion, they could be used as inocula to stimulate benzene deg-
radation in unadapted aquifer sediments. The involvement of
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FIG. 2. Loss of benzene and production of '*CO, from ['*C]benzene over
time in freshwater aquatic sediments adapted for benzene degradation coupled
to sulfate reduction. The data are the means of duplicate incubations for each
treatment.

sulfate reduction in this benzene degradation was evaluated
with molybdate after the third such 10% transfer, when the
volume of the original aquatic sediment inoculum was no more
than 1 part per 1,000 of the sediment mass. Molybdate inhib-
ited both the loss of benzene over time and the production of
14CO, from ['**C]benzene (Fig. 3).

These results demonstrate that the inoculated benzene-de-
grading sulfate reducers were effective in stimulating benzene
oxidation coupled to sulfate reduction in Fe(III)-containing
sediments. This finding is significant because Fe(III) is preva-
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FIG. 3. Effect of molybdate on benzene uptake and production of *CO,
from ['“C]benzene in aquifer sediments from the Fe(III) reduction zone that
were amended with the benzene-oxidizing, sulfate-reducing inoculum. As out-
lined in the text, the original inocula accounted for no more than 0.1% if the
sediment mass. The data are the means of duplicate determinations.
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lent in large sections of many petroleum-contaminated aqui-
fers (1, 7). Thus, if Fe(III) inhibited the activity of the benzene
degraders, the number of sites at which benzene degradation
could be stimulated with a benzene-degrading, sulfate-reduc-
ing inoculum would be limited.

Conclusions. These studies indicate that it is the lack of
benzene-oxidizing sulfate reducers in the aquifer sediments
rather than the inability of benzene-oxidizing sulfate-reducers
to grow and metabolize under freshwater conditions that is
responsible for the persistence of benzene under sulfate-reduc-
ing conditions in this petroleum-contaminated aquifer. Al-
though it is generally regarded that a population of the appro-
priate degradative organisms will develop if the proper
conditions are present in an environment, the studies reported
here demonstrate that this is not always true because an active
benzene-degrading population was not established in the aqui-
fer sediments even though conditions were suitable for ben-
zene oxidation coupled to sulfate reduction. Attempts to iden-
tify the organisms responsible for benzene degradation in the
aquifer sediments upon inoculation are under way.

The finding that supplementing aquifer sediments with ben-
zene-oxidizing sulfate reducers can greatly accelerate anaero-
bic benzene degradation not only provides insight into the
factors limiting the intrinsic anaerobic bioremediation of ben-
zene but also suggests a novel strategy for anaerobic bioreme-
diation of petroleum-contaminated aquifers. This and other
(12, 13) anaerobic approaches may be more economically fea-
sible and less technically difficult than commonly employed
aerobic strategies for enhancing benzene degradation in heav-
ily contaminated anaerobic aquifers (7).
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