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fABsTtrRACT

A characterization of the Shiprock, NM, uranium mill tailing site focused on the geochemical and
microbiological factors governing in-situ uranium-redox reactions. Groundwater and aqueous
extracts of sediment samples contained a wide concentration range of sulfate, nitrate, and U(VI)
with median values of 21.2 mM, 16.1 uM, and 2.7 uM, respectively. Iron(III) was not detected in
groundwater, but a median value of 0.3 mM in sediment extracts was measured. Bacterial
diversity down gradient from the disposal pile reflected the predominant geochemistry with
relatively high numbers of sulfate- and nitrate-reducing microorganisms, and smaller numbers
of acetogenic, methanogenic, nitrate-dependent Fe(II)-oxidizing, Fe(IlI)-reducing, and sulfide-
oxidizing bacteria. In aquifer slurry incubations, nitrate reduction was always preferred and had
a negative impact on sulfate-, Fe(IlI)-, and U-reduction rates. We also found that sulfate-re-
duction rates decreased sharply in the presence of clay, while Fe(III)-reduction increased with no
clear impact on U reduction. In the absence of clay, iron and sulfate reduction correlated with
concentrations of Fe(III) and sulfate, respectively. Rates of U(VI) loss did not correlate with the
concentration of any electron acceptor. With the exception of Fe(III), electron donor amendment
was largely unsuccessful in stimulating electron acceptor loss over a 2-week incubation period,
suggesting that endogenous forms of organic matter were sufficient to support microbial activity.
Our findings suggest that efforts to accelerate biological U reduction should initially focus on

stimulating nitrate removal.

MICROBIAL
ECOLOGY

Microb Ecol (2003) 46:83-91
DOI: 10.1007/500248-002-1060-x
© 2003 Springer-Verlag New York Inc.

Introduction
Contamination of the subsurface with uranium, heavy
metals, and radionuclides is of concern both to the envi-

ronment and to human health. When soluble uranium
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reaches the subsurface, it migrates with groundwater to
potable water bodies and can biomagnify in food chains
[20, 39]. The reduced form of uranium (U(IV)) is insoluble
and of far less environmental concern [23, 40]. Microor-
ganisms capable of U reduction include fermenters such as
Clostridium sp. [13], Fe(III) reducers such as Shewanella
putrefaciens [14, 26] and Geobacter metallireducens [27],
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the sulfate-reducing bacteria Desulfovibrio (Dsv.) desulfu-
ricans [14, 28] and Desulfotomaculum reducens [37], and a
denitrifying Pseudomonas sp. [4]. Therefore, microbial U
reduction is often considered an important remedial op-
tion in contaminated locales.

However, the potential for uranium bioremediation is a
function of multiple interacting factors. These include the
presence of suitable microorganisms, and the availability
of electron acceptors and donors, as well as sediment
components that may complex with uranium [29]. Sub-
surface microbial communities often exhibit a preference
in electron-accepting processes when several options are
available. For instance, nitrate reduction tends to pre-
dominate when available [32], followed by Fe(III) and then
sulfate reduction [9]. It is unknown how U reduction
might integrate into such generalizing patterns of micro-
bial activity.

The addition of electron donors has been used to dif-
ferentially stimulate particular microbial respiratory
processes. For instance, the use of methanol to stimulate
methanogenesis even in the presence of high levels of
sulfate has been known for many years [21]. The electron
donors that might favor U reduction are largely unknown,
although a recent report showed stimulation of both
Fe(IlI) and U(VI) reduction, but not sulfate reduction,
through the addition of 100 pM acetate [17]. The relevance
of such small amendments relative to the large endog-
enous pool of available electron donors in contaminated
areas is at least debatable. However, such treatments can
sometimes serve to implicate the kinds of microorganisms
that can be stimulated to catalyze U reduction.

In addition to the aforementioned factors, subsurface
strata can affect microbial activity in various ways. Clay
layers harbor lower numbers of culturable bacteria than
sandy sediments and generally exhibit lower electron ac-
ceptor transformation rates [8, 37]. Clay can also limit the
bioavailability of U(VI) [28] via sequestration [12].

Although the above factors may be evaluated individu-
ally, study of their complex interplay at contaminated sites is
far more realistic. A Uranium Mill Tailings Remedial Action
(UMTRA) site in Shiprock, NM, was chosen for this inves-
tigation. This site is known to be U-contaminated and also
serves as a model for other contaminated Department of
Energy lands. The site is a former uranium mill of 230 acres
(1954-1973) where wastes associated with U mining and
processing were consolidated into a mill tailings disposal
pile covered with 2.2 m of compacted clay as a radon barrier
and arocklayer to prevent erosion (http://www.em.doe.gov/
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bemr96/ship.html:
htm). Surface cleanup of the site was completed in 1996, and

http://www.doeal.gov/oepm/factshp.

the site is currently under the care of the Department of
Energy (DOE).

We characterized the subsurface microbial community
and the potential for in situ U reduction relative to other
processes. We also attempted to evaluate the impact of
lithology and exogenous electron donor amendments on U
reduction. The study of a real contaminated site helps
provide practical insights on the steps needed for U
bioremediation.

Materials and Methods
Sample Collection

Alluvial floodplain sediments adjacent to the UMTRA disposal
cell in Shiprock, NM, were collected between October 1998 and
April 2000 (Fig. 1). Samples were obtained from different depths
in largely sand or sand-clay sediments, as well as in a Mancos
shale formation, using augers, backhoes, and rotosonic drilling
equipment [7, 17, 18]. A backhoe was used to collect bulk sedi-
ment samples, while the drilling equipment afforded intact core
recovery from discrete depths. A total of 36 sediment samples
were obtained and analyzed (Fig. 1). Groundwater was collected
as previously described [7] from 28 existing wells using a peri-
staltic pump and placed in sealed sterile 1-L bottles. All samples
were placed under argon and refrigerated at 4°C until they were
used.

Geochemical Characteristics

Initial characterization of the Shiprock site began with a meas-
urement of the geochemical constituents important for sup-
porting microbial activity. Analysis of groundwater involved
centrifugation (27,000 g, 20 min, 10°C) to remove solid particles,
whereas aqueous extracts of sediment samples were obtained by
mixing sediment (1 g) with anaerobic water (10 mL) and cen-
trifuging (27,000 g, 20 min, 10°C). Chloride, nitrate, and sulfate
concentrations for all samples were determined using a Dionex
DX 500 ion chromatograph with an AS4A anion column. Levels
of Fe(II)/Fe(IlI) were determined by the colorimetric method
described previously [24].

Samples were prepared for U(VI) analysis by centrifugation of
sediments (27,000 g, 20 min, 10°C) and filtering (0.45 pm) the
porewater supernatant. This was followed by acidification with
10% (v:v) HNO; and boiling to dryness. The residue was then
resuspended in 1 M HNO; to ensure that there was no seques-
tration or photoreduction of the uranium [5]. The levels of U(VI)
were measured using a kinetic phosphorescence analyzer (Model
KPA-11, Chemchek Instruments, Inc.) as described previously [5,
29].
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Flood Plain

Escarpment

Bacterial Enumerations

In order to assess the types of bacteria within the subsurface
community, a variety of microorganisms were enumerated from
sediment samples using a three-tube most probable number
(MPN) assay [36]. Sediment from locales directly down gradient
of the disposal pile were used to determine which bacterial
groups were dominant in this highly contaminated area. All tubes
were incubated at room temperature (approximately 20°C) in the
dark for 6 weeks before being scored for both growth and loss of
electron acceptor. Sulfate- [36] and nitrate [3]-reducing bacteria
were enumerated using media previously described. The loss of
sulfate and nitrate was determined after 6 weeks by centrifuga-
tion (27,000 g, 20 min, 10°C) of a culture medium aliquot fol-
lowed by ion chromatography as above. Acetogenic bacteria were
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A d

B 2.6.4.0 Sand

[ 4.0, 5.4 Sand/clayey

D 29 Sand

E 2.9 Sand

F 2.9 Sand

G 2.9 Sand

H 29 Sand

1 29 Sand

J 2.9 Sand

K 2.9 Sand Fig. 1. A schematic map of the Shiprock,
hli gg gz: NM, UMTRA disposal site showing sediment
N 2.6,4.1,4.6 Sand collection locations in the alluvial floodplain
0 2.0,3.4,4.6,4.9,5.1 Sand/clayey (letters). The accompanying table indicates
P 1.6,34,44,4.6,53 Sand/clayey the depth and predominant lithology of the
Q 3.0,3.6,4.4 Sand/clayey samples. Samples containing an obvious clay
R 7.7,12.9,17.9 Shale component are noted in bold text.

quantified using media previously described [33] with acetate
production determined by gas chromatography [19]. Fe(III)-re-
ducing bacteria were cultured using the described medium [25]
with the loss of Fe(III) and consequent increase in Fe(II) deter-
mined using the colorimetric assay [24] designed for that pur-
pose. Nitrate-dependent, Fe(II)-oxidizing bacteria were grown
[6] and activity verified by determining the loss of Fe(II) and
increase in Fe(III), as well as the loss of nitrate as above. Aerobic
Fe(II)-oxidizing bacteria were estimated using a previously de-
scribed medium [33] with the loss of Fe(II) and increase in
Fe(III) determined as above. Sulfide oxidizing bacteria were
enumerated [35] and analyzed for sulfide loss by centrifuging an
aliquot of medium followed by quantitation using the colori-
metric assay [10]. The methanogen population was determined
using the coenzyme M assay [11].
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Effect of Nitrate on Electron Accepting Activity

When several potential electron acceptors are available in the
subsurface, nitrate is thermodynamically preferred [32, 34].
Hence, we tested if this was the case in Shiprock sediments, and
what effect the presence of nitrate might have on sulfate, Fe(III),
and U(VI) reduction rates. Slurry incubations contained sedi-
ment (20 g) and filter-sterilized groundwater (50 mL) under a N,/
CO, atmosphere. These included an autoclaved negative control
and a nonsterile sample amended with uranyl carbonate (2 mM)
to ensure that sufficient U(VI) was available. Uranyl carbonate
preparation was modified from a previous report [27] by boiling
2 mM uranyl acetate/30 mM NaHCOj; solution to dryness and
resuspending the precipitate in the same volume of 30 mM
NaHCOs. The resulting acetate concentration in the solution (370
uM) was measured as described above. Electron acceptor con-
centrations were periodically determined over a 156-d incubation
by aseptically removing groundwater (1 mL), centrifuging
(22,700 g, 20 min, 10°C) to remove solid material, and analyzing
as above. In addition, the production of sulfide was quantified
using a passive extraction procedure [37] and colorimetric assay
[10]. All incubations were at room temperature in the dark and in
triplicate. Rates of reduction were determined by using data
points in the apparent zero-order portion of the progress curve
that yielded a straight line, and then normalized for both the
weight of sediment used and the length of incubation.

Effect of Clay on Electron-Accepting Activity

Sediment cores from various depths were obtained in the drilling
operation and used to test the influence of clays on sulfate,
Fe(III), and U(VI) reduction rates. Samples containing large
concentrations of clays are known to inhibit sulfate reduction
[37]. Subsamples from the cores were obtained using sterile
knives where changes in the sediment lithology were visually
obvious. Incubations were as above except that no exogenous
uranium was added. The sediments were sacrificed periodically
for electron acceptor measurements as described above, with the
final samples being analyzed after 24 d.

Effect of Electron Donor Amendments

Slurry incubations were constructed from sediment samples
containing low (5 uM) and high (0.3 mM) nitrate levels, and
amended with various electron donors. This was done in an ef-
fort to stimulate in situ uranium reduction and discern if suffi-
cient endogenous electron donor was available to support
microbial activity. We equated U(IV) precipitation with the re-
duction of U(VI) to U(IV) [14]. Electron acceptor concentrations
were periodically determined as described above. Electron donor
concentrations were monitored using an AS-11A column on the
Dionex 500 ion chromatograph. The incubations consisted of an
autoclaved negative control, sediment amended with 2 mM
uranyl carbonate to quantitate endogenous levels of uraniun
reduction, and amendments of 2 mM uranyl carbonate +20 mM
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Fig. 2. Box and whisker plots for sulfate, nitrate, U(VI) in

groundwater (28 samples), and aqueous sediment extracts (36
samples). Levels of Fe(III) are for the latter samples only. The top
and bottom of each box represent the 75th and 25th percentiles,
respectively. The middle line of the box represents the median
(59th percentile). The whiskers at the top and bottom of the box
represent the 10th and 90th percentiles, respectively. The circles
represent the 10% lowest and highest electron acceptor concen-
trations observed.

sodium acetate, sodium formate, sodium lactate, ethanol, or
methanol. Samples were incubated for 32 d.

Results

Geochemical Characteristics

Electron acceptor concentrations measured in ground-
water and aqueous sediment extracts spanned extremely
large ranges (Fig. 2). Sulfate was quantitatively the domi-
nant electron acceptor with a median concentration of 21.2
mM, while nitrate, Fe(III), and U(VI) concentrations had
median values of 16.1 pM, 0.3 mM, and 2.7 UM, respec-
tively (Fig. 2). Nitrate exhibited a wider concentration
range relative to other potential electron acceptors. That
is, samples ranged from below detection to greater than
134 mM. Not surprisingly given the relatively poor aque-
ous solubility of iron at neutral pH values [21], Fe(III) was
below detection in all groundwater samples and could only
be measured in the aqueous sediment extracts up to a
maximum of 1.9 mM. The U(VI) concentration ranged
from below detection to 42 pM.

Bacterial Enumerations

This basic geochemical profile was largely consistent with
microbial enumeration assays. Interrogation of several
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samples with depth along the groundwater flowpath re-
vealed that sulfate-reducing bacteria vary from 2.0 x 10 to
4.3 x 10* cells g~! sediment with comparable numbers for
nitrate reducers (9.3 x 10" to 2.3 x 10* cells g_l) (data not
shown). Other bacterial types were also found including
acetogens (10> cells g~'), methanogens (10° cells g™'), and
both aerobic (4 cells g_l) and anaerobic (10 cells g_l)
Fe(II)-oxidizing organisms. The Fe(III)-reducing bacteria
in both the groundwater and sediments were either below
the detection limit or at very low values (4 cells g™'). This
degree of microbial diversity is not unusual in sedimen-
tary systems and is consistent with previous findings on
the importance of sulfate-reducing bacteria [7] at the
Shiprock UMTRA site. However, the high degree of vari-
ability associated with electron acceptor availability does
not preclude the possibility of localized areas where the
dominant microbial populations can vary substantially.
This point notwithstanding, it is well recognized that the
presence and abundance of microorganisms does not
necessarily correlate with their in situ activity. Conse-
quently, our efforts were focused on the determination of
the predominant electron-accepting activity in samples
obtained from the site.

Effect of Nitrate on Electron-Accepting Activity

Even though nitrate was not the dominant electron ac-
ceptor, in all cases it was preferentially consumed over
sulfate, Fe(III), and U(VI). The latter electron acceptors
were not rapidly consumed until nitrate was nearly de-
pleted (usually in ~2 d; data not shown). The impact of
nitrate can be seen by a comparison of the sulfate, Fe(III),
and U(VI) reduction rates before and after nitrate con-
sumption in sediment samples (Fig. 3). The sulfate loss rate
ranged from 0 to 2.9 umol g~' d™" with a median value of
0.2 umol g~ d™' when nitrate was greater than 5 uM in the
incubations (Fig. 3). When nitrate fell below detection
limits (5 uM), sulfate-reduction rates increased to a median
of 2.7 pumol g~' d™". A similar but less drastic effect was
seen for the Fe(III) and U reduction rates. These rates in-
creased in the absence of nitrate from a median value of 1.3
to 4.2 nmol g~' d™! for Fe(III), while comparable measures
for U(VI) increased from 0.11 to 0.21 nmol g71 d.

Effect of Clay on Electron-Accepting Activity

Of the 36 sediment samples taken from the Shiprock
UMTRA site, 24 had a substantial amount of nitrate, while
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Fig. 3. Box and whisker plots comparing the rate of sulfate,
Fe(III), and U(VI) reduction before (+NO;) and after (shaded)
the microbial consumption of endogenous levels of nitrate in 36
sediment slurry incubations.

16 had little or no endogenous level of this anion. Hence,
without the overwhelming influence of nitrate, this subset
of 16 samples that were collected together was used to
consider other environmental factors influencing electron
acceptor reduction. Once again, rates of microbial activity
varied considerably for sulfate (0-112 pmol g~ d7'),
Fe(III) (21-226 nmol g~ d™"), and U(VI) (0.02-0.63 nmol
g ' d7') with median values of 7.7 umol g~' d™' and 46.4
and 0.22 nmol g~' d™', respectively.

These rates were compared with the concentration of
the respective electron acceptor in the sample (Fig. 4). We
found a correlation between the sulfate concentration and
the rate of sulfate reduction (Fig. 4A) (¥* = 0.831). How-
ever, this correlation was based only on samples that ex-
hibited a measurable rate of sulfate reduction. Seven of the
16 samples exhibited insignificant levels of sulfate loss,
and each was found to be predominantly clay. This was
reflected in the median reaction rate decreasing from 21.4
umol g~' d”" in sandy sediments to 7.7 pmol g~' d~' when
clay containing sediments were included in the dataset.

A similar trend was noted for Fe(III) reduction
(¥* = 0.839) (Fig. 4B). However, these rates generally in-
creased in clay-containing samples (median, 46.4 nmol g~
d™!) relative to sandy sediments (median, 28.5 nmol
g_l d™!). In contrast to both sulfate and Fe(III) reduction,
the relationship between U reduction and U(VI) concen-
trations in either the presence or absence of clay was not
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obvious (Fig. 4C). The range and median value of U(VI)
loss was similar in clay samples (0.09-0.55 nmol g~* d”',
median 0.21 nmol g~' d™') to those in sandy sediments
(0.02-0.63 nmol g~' d”', median 0.23 nmol g~' d7").

Effect of Electron Donor Amendments

The relationship between electron-accepting processes and
their respective electron acceptor concentrations suggests
that the latter exerts an important influence on the former,
and that the availability of electron donors is not a limiting
factor. To test this hypothesis, we amended sediment
slurries with 20 mM acetate, ethanol, formate, lactate, and
methanol to incubations that contained high (0.3 mM) and
low (5 pM) nitrate concentrations. High-performance
liquid chromatography (HPLC) analysis revealed that
these donors were largely consumed within 16 d. After this
period, 3 mM methanol and 2 mM ethanol could be de-
tected in the low nitrate samples while the other electron
donors were consumed to below detection. Once again,
nitrate was removed preferentially when it was present
(data not shown). There was also a substantial amount of
electron acceptor consumption in the donor-unamended
controls (Table 1). During the course of this experiment,
sulfate was reduced from 9.9 mM to 3.9 mM in the low-
nitrate incubations compared to a decrease from 21.3 mM
to 8.3 mM in the high-nitrate samples. This represents a
39% reduction in each case. A similar loss of Fe(III) was
measured in the donor-unamended controls in both low
(from 0.68 to 0.42 mM) and high (from 0.64 to 0.45 mM)
nitrate sediments. The percentage of U(VI) reduced was
greater in low-rather than high-nitrate samples even

though both had starting concentrations of 160 pM U(VI),
consistent with the inhibitory influence of this mitrate.

In most cases, the exogenous addition of an electron
donor did not significantly stimulate sulfate reduction
over the endogenous controls (Table 1). Notable excep-
tions to this include lactate and ethanol. The amendments
did stimulate Fe(III) reduction to a statistically significant
extent regardless of the initial nitrate concentration in the
incubations. However, since iron is a far less quantitatively
important electron acceptor, this stimulation could only
account for 0.16 to 1.0 mM electron donor consumption.
The same electron donor treatments had relatively little
influence on U reduction with the possible exception of
methanol. Collectively these findings suggest that the en-
dogenous amounts of electron donors are not limiting in
these incubations. Further, the consumption of exogenous
forms of organic matter will likely be coupled with the
preferential metabolism of nitrate before other electron
acceptors are utilized to a substantial degree.

Discussion

Investigation of the geochemical parameters at the Ship-
rock site showed a substantial variability in several po-
tential electron acceptors including sulfate, nitrate, Fe(III),
and U(VI). A comparison of these levels showed that
sulfate was by far quantitatively dominant, followed by the
three latter electron acceptors. While median values for all
but nitrate are above safe drinking water levels as outlined
by the US EPA (http://www.epa.gov/safewater/mcl.html),
several locations on the alluvial floodplain contained
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Table 1. Percent of electron acceptor remaining in sediment slurries after 16 d incubation
High-nitrate slurry Low-nitrate slurry

Electron-donor amendment Sulfate Fe(III) U(VI) Sulfate Fe(III) U(vI)
None 61 71 57 61 62 16
Acetate 57 35% 62 50 19* 20
Ethanol 50° 6° 56 7° 38° 22
Formate 58 0* 64 57 39° 18
Lactate 47° 0* 63 41° 0* 21
Methanol 57 0* 74 78 0* 4°

* A positive statistical difference from unamended control using ANOVA analysis (p < 0.05)

greater than 800 times the standard for the latter anion.
Although these levels make this area unsuitable as a source
of potable water, there is an abundance of electron ac-
ceptor available for microbial respiratory processes.

Bacterial enumerations indicated high numbers of ni-
trate- and sulfate-reducing bacteria that appear to domi-
nate a diverse microbial community. These results are
consistent with previous findings at the Shiprock site [14].
Further, since these and other types of microorganisms
have been implicated in U reduction [1, 4, 26, 28, 30], in
situ microbial U precipitation would appear possible.

Sediment slurries were used to evaluate the reduction
rates associated with each of the electron acceptors. This
methodology effectively reduces small-scale variability by
homogenizing the samples, and in situ reduction rates
may be locally different. However, the respective rates for
each process revealed that nitrate loss was preferred
whenever this anion was available. Subsequently, the loss
of sulfate, Fe(III), and U reduction occurred concomi-
tantly, clearly demonstrating the negative impact of nitrate
on the latter processes. This effect was verified by sub-
stantial increases in electron acceptor reduction activity
after nitrate was exhausted. The favored reduction of ni-
trate has been shown previously [32, 34] and agrees with
thermodynamic considerations, especially in sulfate-re-
ducing bacteria where U(VI) is favored over sulfate [22].
Since ammonium, but no nitric acid was used in the
uranium milling process [2], ammonium oxidation would
seem to be the likely source of high levels of nitrate con-
tamination at the site [18]. We found evidence for both
ammonium-oxidizing and nitrate-reducing populations
corroborating earlier work [18], suggesting an active cy-
cling of nitrogenous compounds. One consequence of this
cycling is that the intermediates of nitrate reduction could
oxidize U(IV) [31], making nitrogenous compound re-
moval critical to ultimate remediation of U contamination
at the site.

In the absence of nitrate, sulfate and Fe(III) reduction
rates were correlated with the concentration of their re-
spective electron acceptors (Fig. 4). No such relationship
could be seen for U. The presence of clay proved to be an
interdicting factor in both of the former relationships by
inhibiting sulfate-reducing bacteria. The inhibition of
Fe(III) and sulfate reduction by clay has been seen pre-
viously [38]. Cessation of sulfate reduction in clay-con-
taining samples may have allowed for the observed
increase in Fe(III)-reduction rates due to a lack of com-
petition for available electron donors.

The availability of endogenous electron donors was likely
sufficient to support microbial activity since the addition of
exogenous electron donors did not generally stimulate
overall respiratory processes. Only lactate and ethanol
stimulated sulfate reduction, while the increase in Fe(III)
loss with all five electron donors would at best only account
for a minor fraction of the available electron donor. Al-
though we attempted to discern whether the amendments
also increased nitrate reduction, the high endogenous rate of
this process precluded this determination. The lack of U
reduction stimulation with excess exogenous, as well as
endogenous, electron donors suggests that longer incuba-
tion periods will likely be necessary before such an amend-
ment approach is feasible. These results contrasts with a
recent report where Fe(III) and U(VI) reduction were dif-
ferentially stimulated relative to the loss of sulfate [37].
However, the latter experiments were performed on samples
from a single locale on the floodplain. This is probably an
example of an area that differs from the more generalizing
site characteristics noted here and such areas are expected
when such large variability in geochemical and microbio-
logical properties are encountered.

Thus it would seem essential to recognize that nitrate-
and sulfate-reducing bacteria are important microorgan-
isms at this site. The dissimilatory sulfite reductase (DSR)
gene of Desulfotomaculum was found at many areas of the
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site with a positive correlation between signal strength and
the U(VI) concentration [7], where U(VI) could be acting
as electron acceptor to stimulate the growth of these or-
ganisms. In addition, several biomarkers consistent with
Desulfovibrio-like signals were found in areas of the
floodplain where we have previously observed active mi-
crobial U reduction, which could account for the relatively
low U(VI) concentrations in those specific locations (Elias
D, Wong D, Senko J, Long PE, McKinley JP, Suflita JM,
Krumbholz LR (2000) EOS, Trans Am Geophys Union Fall
Meet 81: F214).

It would also appear that efforts to stimulate in situ U
bioremediation should first focus on nitrate removal by
either biotic or abiotic mechanisms. As a more favored
thermodynamic process, nitrate reduction should pre-
dominate until it is removed from the contamination area.
Although there is adequate endogenous electron donor to
drive relatively short-term incubations, a longer term ap-
proach with electron donor addition for in situ treatment
would clearly be appropriate.
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