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Abstract

The feasibility of aerobic in situ bioremediation is being investigated for use in a strategy to control subsurface
coal tar contamination at the site of a former manufactured gas plant. As part of this investigation, anoxic aquifer
sands collected between 11 and 25 m below ground surface were assayed in batch microcosms to measure the
singular and combined effects of O,, NOs~, and PO43~ on *C-naphthalene mineralization. The influence of
these additives varied considerably between sediments. A high initial concentration of O, (21 mg/L) promoted
the greatest extent of mineralization in the majority of active sediments. NO3~ (85 mg/L) was observed to
enhance, inhibit, or have no effect on the rate of naphthalene mineralization, although significant denitrification
was observed in nearly all the active sediments. Data suggest that PO,3~ complexation and/or precipitation with
sediment cations limited P bioavailability. The sediments that were incapable of mineralizing naphthalene were
characterized by low pH (< 4.1), high SO42~ (> 500 mg/L ), and moderate to high dissolved Fe(l1) (30-265 mg/L)
when equilibrated aerobically with water. Fe(11) likely exerted a significant O, demand that reduced the O, available
as an electron acceptor for biodegradation. These experiments demonstrate that while aeration/oxygenation can
be an effective strategy for enhancing subsurface bioremediation of aromatic hydrocarbons, the biodegradation

response to aeration/oxygenation and nutrient addition may vary considerably within an aquifer.

Introduction

Aerobicin situ bioremediation is being considered for
treatment of aromatic hydrocarbon contamination at
the site of a former manufactured gas plant (MGP).
Previousresearch hasdetermined that bacteriain many
of the sediments at the MGP site possess enzymes
necessary to aerobically mineralize naphthalene and
phenanthrene (Durant et a. 1995). Ongoing studies
are aimed at developing a strategy for enhancing the
in situ biodegradation of aromatic hydrocarbonsat the
site.

Intrinsic bioremediation rates for aromatic hydro-
carbons are often controlled by the availability of O,
(Wilson et al. 1985; Barker et a. 1987; Chiang et
al. 1989), and aeration techniques such as in situ
air-sparging, hydrogen peroxide injection, and mem-
brane oxygen diffusion are commonly used in attempts
to enhance the subsurface biodegradation of aromatic

hydrocarbons at contaminated sites (Lee et al. 1988;
Johnson et a. 1993; Wilson et al. 1994; Gantzer &
Coggriff 1995). Nutrients such as nitrogen (N) and
phosphorus (P) are also typically included as in situ
bioremediation additivesto promote biological growth
(Jamison et al. 1975; Lee et al. 1988; Kampfer et al.
1993; Leethem et al. 1995).

Despite the apparent consensus on the necessi-
ty of including N and P as in situ bioremediation
additives, their effects on biodegradation in soils and
aquifer material are not well understood. One reason
for thisis that when considered collectively, literature
studies examining the combined effects of N and P
amendments on biodegradation of aromatic hydrocar-
bons have yielded mixed results. For example, while
the combined addition of NO3—, NH4t, and PO,3~
has been observed to enhance the aerobic biodegrada-
tion of gasolinein ground water (Jamison et al. 1975),
the combined addition of these species had no effect
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or inhibited phenanthrene biodegradation in soil and
petroleum-contaminated sand (Morgan & Watkinson
1992; Efroymson & Alexander 1994). When added in
the absence of N, PO,3~ amendments (added as K+
and Na* salts) typically stimulate aromatic hydrocar-
bon biodegradationin soil and water systems (Lewiset
al. 1986; Armstrong et al. 1991; Manilal & Alexander
1991). The effects of N in the absence of P amend-
ments are more variable. While Allen-King et al.
(1994) found that NH4™ and NOs~ each stimulated
aerobic toluene biodegradation in soil, other studies
have observed NO3~ toinhibit phenanthrenebiodegra-
dation, and NH4T (added as (NH4)2S0,) to inhibit
toluene degradationin soil and aquifer material (Swin-
doll et al. 1988; Manilal & Alexander 1991).

Given the variability in the existing literature, this
study was initiated to explore the relative importance
of O,, NO;~, and PO43~ on the biodegradation of
aromatic hydrocarbons, and to utilize the resultsin the
formulation of bioremediation additives to be applied
at the MGP site. Experimentsreported herefocused on
determining whether O,, NO3—, and PO, can indi-
vidually, or in combination, stimulate the biodegrada-
tion of unsubstituted aromatic hydrocarbonsin aquifer
sediments, and to investigate the extent to which the
effects of these additives varied among aquifer sed-
iments. NO; was selected as the N-source for this
work because unlike NH4T, NO3~ doesn’'t have the
tendency to sorb to soil and sediments, and it can also
act as an electron acceptor in biodegradation. NO3 ™~
has been used effectively to enhance biodegradati on of
aromatic hydrocarbonsin several laboratory and field
studies (Kuhn et al. 1985; Hutchins et al. 1991; Rein-
hard et al. 1997), and interest is growing in the use
of NO3 to complement O, in aerobic bioremediation
schemes (Hutchins et al. 1992; Anid et al. 1993; Wil-
son & Bouwer 1997).

Methods

Aquifer sediments were obtained from 3 boreholes
at the site of a former manufactured gas plant (Fig-
ure 1) using techniques described previously (Durant
et a. 1995). The samples were collected from loca
tions exhibiting low to moderate levels of agueous
phase groundwater contamination (naphthalene 100—
1000 ug/L), except for the upper aquifer samples
of Borehole A, which had been shown to contain
active naphthalene degrading populations despite an
absence of detectable aromatic hydrocarbon contami-

nation (Durant et al. 1995). The sedimentswere stored
at 4 °C for several months prior to use in these experi-
ments.

Ten sediments (medium- to coarse-grained sands)
were analyzed to measure the singular and combined
effectsof Oy, NO3~, PO43~, and porewater chemistry
on biodegradation of naphthalene. Each sediment was
mixed thoroughly prior to use in the microcosm assay
in order to promote uniform chemistry and biomass
densities within sediments. Naphthal ene was selected
asthemodel aromatic compound for these experiments
because of its widespread occurrence in petroleum-
contaminated aquifers, and because the sediments at
the MGP site contain bacteria that can readily degrade
naphthalene under aerobic conditions (Durant et al.
1995). Sediment-water microcosms were aseptical-
ly prepared in 25-mL serum vias, and consisted of
7 g moist sediment, 4 mL filter-sterilized groundwa-
ter, 6.7 x 10~2 pCi *C-naphthalene, 4 mg/L unla-
beled naphthalene, and approximately 17 mL of air-
filled headspace. The*C-naphthal enewasadded using
methanol as a carrier solvent (254 mg/L, final concen-
tration). Thegroundwater wasobtained fromarel ative-
ly pristine location at the site, and contained < 1 mg/L
NO;3, 10mg/L SO; ™, and no detectable organic conta-
minants. To ensure oxygen availability, the groundwa-
ter was equilibrated with the atmosphere before use in
the microcosms, attaining 8.5 mg/L dissolved O,. Two
killed-control microcosmswere prepared for each sed-
iment under each initial condition by autoclaving the
microcosms twice, and by adding NaN3 (250 mg/L,
final concentration).

A sterile 2-mL glass vial containing 0.5 mL 1 N
KOH was placed in each microcosm to trap *CO,
generated from mineralization of the 1*C-naphthal ene.
Microcosms were capped with Teflon™-lined butyl
rubber stoppers and aluminum crimp seadls. *CO,
evolved in each microcosm was determined periodical -
ly by sampling and replacing the KOH with a syringe
inserted through the stopper. Radioactivity was count-
ed by liquid scintillation with a Beckman LS 3801
liquid scintillation counter. Biodegradation was deter-
mined as the percent *C-naphthalene mineralized to
14C0,, less the percent of radioactivity detected in the
KOH in the control microcosms.

The ability of each of the ten sedimentsto mineral-
ize 14C-naphthalene was measured in triplicate under
five separate initial conditions. a) no nutrient amend-
ments, b) 85 mg/L NOs—; ¢) 90 mg/L PO,3~; d)
25 mg/L NOs~ and 90 mg/L PO43~; and €) 21 mg/L
O, and no nutrient amendments. These relatively high
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Figure 1. Borehole locations A, B, and C, ground water flow directions, and naphthalene plume configuration (ug/L) in (1a) the upper aquifer

(approx. 11-16 m) and (1b) the lower aquifer (approx. 17-27 m).

concentrationsof PO,3~ and NO;~ were selected with
the goal of providing excess PO~ and NOs~ avail-
ability for naphthal ene biodegradation while recogniz-
ing that various other organic and inorganic processes
might also compete for these two species. Differences
in the *C-naphthal ene mineralization response to the
various treatments were evaluated with at-test. A sig-
nificant difference was attributed to tests producing a
P < 0.05.

All microcosms except those assayed under the
high O, conditions (21 mg/L) had an initial O, con-
centration of approximately 8.5 mg/L. High O, condi-
tions were created by purging a portion of the ground-
water with pure O, before adding it to the micro-
cosms. PO,3~ was added from a sterile stock con-
taining KH2PO,4 (25.7 mg/L), KoHPO4(66.0 mg/L),
and Na,HPO,4-7H,0 (101.2 mg/L). NO; was added
as NaNOs. All microcosmswere incubated at 10 °C to
simulate aquifer temperatures.

Portions of the ten sediments were analyzed for
background N, P, and organic carbon (foc) con-
tent. NH,T extracted into 2 M KCl was reacted with
indophenol in the presence of hypochloriteand quanti-
fied on a Shimadzu UV-160 spectrophotometer at Agss
(Keeney & Nelson 1982). Soluble reactive phosphate
in filtered NaHCO3 extracts was measured at Aggy
using the molybdenum blue assay with ascorbic acid
(Olsen & Sommers 1982). Filtered aqueous extracts
were analyzed for NOs;~ by ion chromatography. The
organic carbon content was determined using a UIC
Coulometric Model 5120 Total Carbon Analyzer.

At the end of the 6-week mineralization assay, the
pore water and sediment in each microcosm were ana-

lyzed to measure the fate of supplements (PO4°~ and
NO3;™), and to investigate whether other parameters
(i.e. pH, SO4%~, and iron content) correlated with
observed trendsin naphthal ene bi odegradation. Anions
in the pore water were separated on a Dionex |onPac
ASAA-SC 4 mm column and measured on a Dionex
2010i conductivity detector. Fe?t in the filtered pore
water and in sediment extracts was reacted with fer-
rozine and measured at Ass; (Stookey 1970). Stan-
dardswere prepared from anaerobic stock solutions of
ferrous ethylenediammonium sulfate tetrahydrate dis-
solved in 0.5 HCI. Fe** in the moist sediments was
extracted in 1 N HCI for 7 days, and total iron (Fe?+
and Fe*t) was extracted for the same duration in a
solution of 0.5N HCI and 0.5 N NH,OH-HCI (hydrox-
ylamine reduces Fe3t to Fe?* under acidic conditions
(Lovley & Phillips1987)). Whileextractionin 1N HCI
does not provide an absolute measure of iron content,
it has been demonstrated to yield a reasonabl e approx-
imation of amorphous Fe** and reduced species such
as FeS(s) and FeCO3(s) (Heron et al. 1994).

The approach used in these experimentsprovidesa
model for how nutrient and O, addition affect biodegra-
dation of aqueous-phase (bi oavail able) naphthal ene by
sediment-bound bacteria. It does not attempt to inves-
tigate how nutrient and O, addition might affect the
desorption and biodegradation of sorbed naphthalene
in contaminant-aged sediments. It should be recog-
nized that the observed bi odegradation responses were
likely more pronounced than they would have been
had these experiments examined the biodegradati on of
sorbed 1#C-naphthalenein aged sediments.
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Figure 2. Mineralization of 14C-naphthalene in aerobic sediment-water microcosms incubated at 10 °C. Except for the killed control curves,
each curve represents the average of triplicate microcosms sampled over time. Thekilled control curves represent the average of 10 microcosms.

Results

Six of the ten sediments analyzed exhibited significant
mineralization of 1*C-naphthalene (< 52%) relative to
killed controls over 6 weeks of incubation (Figure 2).
Inthefour most active sediments (Borehole A 17.4 and
25.3 m, and Borehole B 11.9 and 13.7 m), substantial

(20 to 30%) naphthalene mineralization occurred in
the absence of nutrient amendments. Nutrient amend-
ments were not a prerequisite for microbial activity,
as background concentrations of N and P were detect-
ed in al the sediments. NO3~-N ranged from 0.3 to
0.7 mg/kg, while NH; -N (4.4-7.1 mg/kg) was only
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Figure 3. C-Naphthalene mineralization, nitrate consumed, and nitrite produced in microcosms initially amended with 85 mg/L nitrate. The

vertical axis indicates the Borehole (A, B, or C) and sample depth.
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Figure 4. 14C-Naphthalene mineralization, nitrate consumed, phosphate consumed, and total iron concentrations in microcosms initially
amended with 25 mg/L nitrate and 90 mg/L phosphate. The vertical axis indicates the Borehole (A, B, or C) and sample depth.

detected in the Borehole B and C sediments. Phospho-
rus concentrations ranged from 0.3 to 2.1 mg/kg.

A high initial O, concentration (21 mg/L) max-
imized the extent of “C-naphthalene mineralization
in the active sediments (Figure 2). O, conditions also
typically stimulated mineralization rates, but for three
of the sediments, initial mineralization rates were sig-
nificantly (P< 0.05) faster in microcosms amended
with 85 mg/L NOsz~ than in microcosms amended
with high O, (Borehole A: 11.6, 13.1, and 25.3 m).
In the Borehole A 13.1 m sediment, O, addition
failed to stimulate mineralization relative to unamend-
ed conditions, and naphthal ene mineralization favored
nitrate-amended conditions. Denitrification (indicated

by NOs;~ consumption and NO,~ production) was
detected in all sediments exhibiting microbial activ-
ity, with the most denitrification occurring in samples
from Borehole A (Figures3and 4). NOs~ did not con-
sistently stimulate mineralization among all the active
sediments. In the Borehole A 17.4 m and Borehole
B 11.9 m samples, naphthalene mineralization under
NO3z;~-amended conditions was not significantly dif-
ferent from unamended conditions, and mineralization
in the Borehole B 13.7 m sediments was inhibited by
NOs;~ amendments.

The effect of PO, amendments on naphthalene
mineralization also varied between sediments (Figure
2). In three of the six active sediments (Borehole A
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11.6, 17.4, and 25.3 m), PO,3~ did not significant-
ly effect mineralization relative to unamended micro-
cosms. PO43~ was also observed, however, to signifi-
cantly enhance (Borehole B 13.7 m) and inhibit (Bore-
hole A 13.1 m and Borehole B 11.9 m) mineralization.
Analysis of the microcosm pore water indicates that,
with the exception of one sample (Borehole A 25.3 m),
greater than 90% of the added PO, was removed
from solution by the end of the 6 week incubation
period (Figure 4), presumably by abiotic reactions.

In the majority of cases, the mineraization
responsein microcosmsreceiving 25 mg/L NOs;~ and
90 mg/L PO,*~ appeared dlightly greater than the
response in microcosms receiving PO,3~ alone, but
the difference between these two treatments was not
significant. For the Borehole A 13.1 m and 25.3 m
samples, however, the combined addition of NO3~
and PO43~ significantly stimulated mineralization rel-
ative to microcosms receiving only PO43~, reflecting
the same positive effect NOz~ alone had on these two
sediments.

Four of the ten sediments (Borehole B 18.6, 21.6,
and 22.2 m, and Borehole C 13.7 m) were not able
to mineralize naphthalene during the six week incuba-
tion, nor were they able to consume NO3z~. The aque-
ous chemistry in the microcosms for these sediments
possessed some common characteristics, including a
presence of detectable dissolved Fe#+ (30-265 mg/L),
low pH (< 4.1), and high SO4?~ concentrations rang-
ing from 600 to 1300 mg/L (Figure5).

Discussion
Oxygen limitations

For the mgjority of active sediments, O, amend-
mentssubstantially improved the extent of naphthalene
removal, highlighting the crucia role O,-availability
plays in governing the fate of unsubstituted aromatic
compoundsin contaminated aquifers. Since methanol
was introduced into the microcosms as the carri-
er solvent for naphthalene, it was not possible to
quantify the amount of O, consumed during 4C-
naphthal ene degradation. Stoichiometric relationships
indicate, however, that while the initial dissolved O,
was sufficient to mineralize 4 mg/L naphthalene, the
methanol exerted a large additional oxygen demand
that could only be satisfied by O, mass transfer from
the microcosm headspace (Table 1). Considering these
stoichiometric requirements along with the observed

effect of O, on naphthalene mineralization, it islikely
that the rate and extent of naphthalene mineralization
in these sediments was limited primarily by O, avail-
ability.

Abiotic reactions may have also reduced O, avail-
ability. At near neutral pH, O, is rapidly consumed in
the oxidation of F&** by the reaction: Fe?t + 1/40,
+ 5/2H,0 => Fe(OH)3(s) + 2HT. Since the concen-
trations of HCl-extractable Fe&?* in all the sediments
were substantial (33-697 mg/kg) even at the end of
the 6 week incubation (Figure 5), it is likely that Fe?+
exerted a significant abiotic O, demand in some cas-
es. Moreover, dissolved Fe?t (30265 mg/L) wasonly
detected in microcosms for those sediments in which
no naphthalene mineralization was observed (Figure
5). In these sediments the presence of dissolved Fe?+
provided an immediate abiotic O, demand that may
have reduced the concentration of O, available for
biodegradation.

These datado not provethat Fe*t inhibited aerobic
naphthalene mineralization, but they are useful to the
extent that they underscoretheimportance of recogniz-
ing abiotic oxygen demands in the design of aerobic
bioremediation strategies and the prediction of aero-
bic bioremediation rates. In addition, the oxidation of
ferrous iron Fe* is undesirable because the resulting
formation of Fe(OH)3(s) can lead to plugging of aera-
tionwells, and the pH drop caused by thisreaction may
inhibit microbia proliferation (Applin & Zhao 1989;
Bajpal et a. 1994). To minimize the adverse effects
of dissolved Fe?t oxidation, aerobic bioremediation
strategies in reduced aquifers should employ ground
water extraction and reinjection systems that include
Fe-removal (as Fe(OH)3(s)) and pH neutralization as
components in the surface pretreatment train, prior to
reinjection. In cases where significant concentrations
of FeS(s) and FeCOz3(s) are present in the target for-
mation, it may be appropriate to spike the injectate
with a carbonate buffer to neutralize the pH and/or
an iron-sequestering agent to inhibit crystal nucleation
of Fe(OH)3(s) (Bajpai et a. 1994; Bowlen & Kossen
1995).

Effect of NO3~

Although the effect of NO3;~ varied considerably, den-
itrification was evident in al six of the active sedi-
ments (Figures 3 and 4). These dataindirectly support
the conclusion that oxygen concentrations were low
in the sediment-water microcosms because denitrifi-
cation does not typically occur at O, concentrations
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Figure5. C-Naphthalene mineralization, pH, and sulfate and Fe(l1) concentrations measured in high-oxygen (21 mg/L at start of experiment)
microcosms after 6 weeks of incubation. The vertical axis indicates the Borehole (A, B, or C) and sample depth.

Table 1. Stoichiometry of naphthalene (C1oHg) and methanol (CH30OH) biodegradation
under aerobic and denitrifying conditions (after McCarty, 1975)

CyoHg + 5.830;, + 0.88NO3~ + 0.88H* = 0.88C5H;0O,N + 5.6CO; + 1.34H,0
CyoHg + 5.66NO3~ + 5.66HT = 0.86C5H702N + 5.71CO, + 3.81H,0 + 2.40N,
CH3O0H + 0.490; + 0.14NO3~ + 0.14H* = 0.14C5H70O2N + 0.29CO, + 1.57H,0
CH30H + 0.62NO3~ + 0.62H* = 0.12C5H;0,N + 0.38CO, + 1.87H,0 + 0.25N5

above 2 mg/L (Wilson & Bouwer 1997). In the Bore-
hole A 11.6, 13.1, and 25.3 m sediments, the ini-
tia rate of naphthalene mineralization was fastest in
microcosms amended with 85 mg/L NO3z~ (Figure 2),
and this mineralization was accompanied by substan-
tial denitrification (Figure 3). Stoichiometric relation-
ships (Table 1) indicate that for those active sediments
in which naphthal ene mineralization was either stimu-
lated or unaffected by the addition of 85 mg/L NO3—,
the amount of NO3;~ consumed exceeded the amount
necessary for mineralizing the 4 mg/L naphthalene.
Since the fraction of natural organic carbon in the sed-
iment is relatively low (foc < 0.001), it islikely that
methanol served as an electron donor in denitrifica-
tion (Metcalf and Eddy 1991). Naphthalene oxidation
coupledto denitrification has been reported previously
(Mihelcic & Luthy 1988), but this possibility could not
be evaluated in this work since the microcosms were
prepared and incubated under aerobic conditions.
Relative to unamended microcosms, NOs~ amend-
ments inhibited naphthalene mineralization in the
Borehole B 13.7 m sample. This same phenomenahas
been observed by others, but the mechanism of inhi-
bition is not understood (Manilal & Alexander 1991).

Morgan and Watkinson (1992) proposed that inhibi-
tion by NO3 ™~ can be caused by the oligotrophic nature
of aquifer bacteria and/or shifts in the predominating
populations and metabolic pathways of the consortia.

Effect of PO,3~

For microcosms amended with PO43—, the most con-
sistent observation among al the sediments was the
removal of PO,3~ from solution after 6 weeks of
incubation (Figure 4). In six of the ten sediments,
the phosphate was removed to non-detectable levels,
and in three out of the four remaining sediments >
90% of the phosphate was removed from the pore-
water. Assuming an average cellular composition of
C5H702N1P0,0833(Metcalf and Eddy 1991), only a
fraction of the added 90 mg/L PO43~ could have been
consumed for biomass growth during the degradation
of naphthalene and methanol. Since dissolved and sol-
id iron phases were abundant in the microcosms (Fig-
ures 4 and 5), the bioavailability of PO,3~ was prob-
ably limited by sorption onto ferric-(hydr)oxide sur-
faces (McLaughlin et al. 1981) and/or by precipita-
tion of iron phosphates such as strengite (Fe(l11)PO4-
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2H,0(9)) and vivianite (Fe(I1)3(PO4)2-8H,0(s)). The
sorption hypothesisis supported in that the only sample
inwhich significant concentrationsof PO43~ remained
in solution (Borehole A 25.3 m) aso had the low-
est concentrations of HCl-extractable iron (Figure 4).
Calculations also indicate that the phosphate-amended
microcosmsfor thefour sedimentswith dissolved Fe?+
were highly oversaturated with respect to vivianite
(assumes Kgo = 10~% at 25 °C (Niragu 1972)). It
should berecognized that phosphateavailability isalso
significantly controlled by Ca2t, a parameter which
was hot measured in this study.

Inthefour active sediments(BoreholeA 11.6, 13.1,
17.4, and 25.3 m) in which detectable amounts of
PO,3~ remained in solution at the end of six weeks,
PO,3~ was not observed to stimul ate naphthal ene min-
eralization relative to unamended microcosms. This
result suggests that the background supply of P was
sufficient to support biodegradation in these four sed-
iments. In the Borehole B 13.7 m sample, however,
PO,3~ clearly enhanced mineralization, indicating P-
limited biodegradation.

Giventhework of Swindoll etal. (1988), thefinding
that PO,3~ inhibited mineralizationin some sediments
was not unexpected, but the causes of such inhibition
remain unclear. Steffensen & Alexander (1995) pro-
posed that in systems containing a bacterial consor-
tia and multiple substrates, bacterial competition for
added inorganic nutrients may promote the biodegra-
dation of certain substrates over others. The addition of
PO,3~ may have stimulated the growth of methanol-
degrading bacteria, out-competing the naphthalene-
degrading bacteria for electron acceptors and other
growth factors.

Because PO,43~ only stimulated degradation in one
of the sediments studied, and substantial concentra-
tionsof PO, appeared to sorb and/or precipitate con-
sistently, it will no longer be considered as a bioreme-
diation additive at the MGP site. Solid and dissolved
phase iron concentrations at the site are too high to
permit effective use of PO~ for in situ bioremedi-
ation. Future efforts will investigate the biodegrada-
tion response to using aternative P-sources such as
metaphosphates. These P-sources are attractive for in
situ bioremediation becausethey hydrolyzed owly, and
are thusless reactive than introducing pure orthophos-
phate (Aggarwal et al. 1991; Stieof & Dott 1995).

Soatial heterogeneity in biodegradation response to
stimuli

Investigations on subsurface microbiology typically
observe significant heterogeneity in microbial distri-
bution and biodegradation activity within and between
aquifers (Hickman & Novak 1989). In most studies,
these two parameters correlate positively with sedi-
ment texture and formation permeability (Fredrickson
et al. 1989; Sinclair et a. 1990). A variety of other
factors may also contribute to heterogeneity in micro-
bial activity between aquifer sediments, including the
type and concentration of available electron acceptors,
pH, the adaptation to the presence of organic contami-
nants, and the fo . Sedimentswith ahigh fo tend to
reduce the bioavailability of hydrophobic substrates,
thus reducing biodegradation and microbial growth
rates.

The present study attempted to control the variable
impacts of texture, adaptation, and bioavailability by
working with samplesthat were 1) of relatively uniform
texture (medium-to-coarsegrained sands), 2) collected
from areas that had been exposed to low to moderate
levels of naphthalene contamination for decades pri-
or to this study, and 3) of low organic carbon content
(foc< 0.001). From the results it is apparent that the
distribution of aerobic naphthal ene-degrading bacteria
is non-uniform within the contaminated, sandy lay-
ers of the aquifer. Among the active sediments, O,
stimulated naphthalene mineralization in most cases,
but the effects of NOs;—, and PO,3~ varied consid-
erably. These data likely reflect some combination of
heterogeneity in the bioavailability of nutrients, in the
distribution of abiotic species likely to compete with
bacteria for PO,3—, and in the occurrence of bacte-
ria capable of using NO3;~ as an electron acceptor in
the degradation of naphthal eneand/or naphthal enebio-
transformation intermediates. In MGP aguifers where
NOs;~ and PO43~ (or other N and P forms) are used to
augment aerobic in situ bioremediation, practitioners
should expect that N and P amendmentswill have the
potential to enhance bioremediation in certain zones
of the target formation and have a negligible effect
on bioremediation in other zones. In addition, these
nutrients may stimulate the biodegradation of certain
pollutants while failing to effect the biodegradation of
others.
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Contaminant-acclimated sediments from a MGP
aquifer have the capacity to aerobically mineralize
significant amounts of naphthalene without the addi-
tion of N and P. In certain portions of the aquifer,
the rate at which aqueous phase aromatic hydrocar-
bons biodegrade appears to be controlled primarily
by oxygen availability, and the addition of O, can
accelerate this biodegradation substantially. O, addi-
tion failed to stimulate mineralization in samples from
other portionsof the aquifer, indicating that an efficient
aerobic bioremediation strategy will require a site-
specific design within the MGP aquifer. It is encour-
aging that NO3~ was observed to stimulate the initial
rate of naphthalene mineralization in some sediments,
but conclusive evidence of naphthalene mineraliza-
tion under denitrifying conditions was not obtained.
Nonetheless, use of NO3;~ as an electron acceptor for
bioremediation of naphthal ene-contaminated aquifers
offers promise because it can promote biodegradation
of co-occurring alkylated and hydroxylated aromatic
compounds, as well as naphthalene biotransformation
intermediates.

Geochemistry plays afundamental rolein govern-
ing the spatial trends observed in studies examining
the biodegradation potential of aquifer sediments, both
in the presence and absence of nutrient amendments.
Some of the aquifer sediments examined in this work
exhibited a strong tendency to sorb and/or precipitate
PO,3~, and some were characterized by inhibitory
pH values (< 4.1). In addition, the presence of dis-
solved and solid phase Fe? in some sediments creat-
ed a significant abiotic O, demand that likely affected
the availability of O, for biodegradation. According-
ly, studies investigating biodegradation potential and
the influence of various parameters on biodegradation
in aquifer sediments need to adopt routine analyses of
the inorganic chemistry in the sediment and sediment
pore water. In addition, if engineers continue to use
PO,43~ for insitu bioremediation applications, research
is needed to investigate the bioavail ability of sorbed or
complexed forms of PO, in aquifer sediments.
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