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ABSTRACT Perchlorate (ClO;) has been detected in many drinking water
supplies in the United States, including the Las Vegas Wash and Lake Mead,
Nevada. These locations are highly contaminated and contribute perchlorate
to Lake Mead and the Colorado River system. Essential elements for perchlo-

" rate bioremediation at these locations were examined, including the presence

of perchlorate-reducing bacteria (PRB), sufficient electron donors, occurrence
of competing electron acceptors, and ability of PRB to utilize a variety of elec-
tron donors. Enumeration of PRB was performed anoxically using most prob-
able number (MPN). Values ranged from <20 to 230 PRB/100 mi or <20 to
>1.6 x 10° PRB/ g for Lake Mead water samples and Las Vegas Wash sediments,
respectively. 165 rRNA sequences revealed that isolates were y-proteobacteria,
Aeromonas, Dechlorosoma, Rabnella and Shewanella. A screening of potentia.l elec-
tron donors using BIOLOG™ demonstrated that all isolates were capable of

. metabolic versatility. Measurements of total organic carbon (TOC), nitrate and
dissolved oxygen (DO) indicated limited presence of electron donor at all sites,

whereas the electron acceptors varied throughout the Wash and Lake Mead.
The persistence of perchlorate in the sites is attributed to lack of available elec-
tron donor and/or the presence of competing electron acceptors. A location
has been identified where perchlorate biodegradation could be implemented
thereby halting the transport of perchlorate to Lake Mead and the Colorado
River.

KEYWORDS bioremediation, contamination, . electron acceptor, electron donor, Lake
Mead, Las Vegas Wash, microbiology, perchlorate, perchlorate reducing bacteria

INTRODUCTION

Perchlorate contamination in the United States is associated with m:mufactur—
ing for the use of solid oxidants for rocket propulsion, components of fireworks
and explosives, and air bag inflators (Urbansky, 1998). Current concerns about
perchlorate relate to its possible health effects on human physiology resulting
in adverse low production of thyroid hormones {Urbansky et al., 2000; Wolff,
1998). The long-term, large-scale industrial manufacturing of perchlorates and
the improper disposal of perchlorate-containing wastes has led to ground and
surface water contamination, resulting in a national environmental concern
about its presence in drinking water. There is currently no federal drinking
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of perchlorate-reducing bacteria (PRB), sufficient electron donors, occurrence
of competing electron acceptors, and ability of PRB to utilize a variety of elec-
tron donors. Enumeration of PRB was performed anoxically using most prob-

able number (MPN). Values ranged from <20 to 230 PRB/100 ml or <20 to

>1.6 x 10° PRB/g for Lake Mead water samples and Las Vegas Wash sediments,
respectively, 165 rRNA sequences revealed that isolates were y-proteobacteria,
Aeromonas, Dechlorosoma, Rabnella and Shewanella. A screening of potential elec-
tron donors using BIOLOG™ demonstrated that all isolates were capable of

~ metabolic versatility. Measurements of total organic catbon (TOC), nitrate and

dissolved oxygen (DO) indicated limited presence of electron donor at all sites,
whereas the electron acceptors varied throughout the Wash and Lake Mead.
The persistence of perchlorate in the sites is attributed to lack of available elec-
tron donor and/or the presence of competing electron acceptors. A location
has been identified where perchlorate biodegradation could be implemented
thereby halting the transport of perchlorate to Lake Mead and the Colorado
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. INTRODUCTION

Perchlorate contamination in the United States is associated with manufactur-
ing for the use of solid oxidants for rocket propulsion, components of fireworks
and explosives, and air bag inflators (Urbansky, 1998).. Current concerns about
perchlorate relate to its possible health effects on human physiology resulting
in adverse low production of thyroid hormones (Urbansky et al., 2000; Wolff,
1998). The long-term, large-scale industrial manufacturing of perchlorates and
the improper disposal of perchlorate-containing wastes has led to ground and
surface water contamination, resulting in a national environmental concern
about its presence in drinking water. There is currently no federal drinking
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water standard for perchlorate (USEPA, 2005). Recently,

“the National Academy of Sciences (NAS) has reviewed
the toxicological data on perchlorate and their recom-
mendation has resulted in a reference dose (RfD) of
24,5 ug/L for perchlorate in drinking water (USEPA,
2005). Despite NAS recommendations, the California
Department of Health Services adopted a provisional
action level of 6 pg/L for perchlorate in public water
supplies (CDHS, 2004), The Nevada Department of En-
- vironmental Protection has established an action level
of 18 pg/L (USEFPA, 1999). -

Between 1945 and 1997, two perchlorate production
faciliies operated in Henderson, NV, approximately
13 miles southeast of Las Vegas. The- facilities pro-
duced sodium chlorate and potassium, sodium, and am-
monium perchlorate (KMCC, 1980; Kleinfelder Inc.,
1993). These two facilities supplied the entire ammo-
nium perchlorate demand for the USA (Committee on
Science, Space and Technology, 1988). Legal perchlo-
rate releases to the environment occurred at the plants
via direct disposal of perchlorate-containing wastes into
unlined ponds, and leaks from pipes and storage pads
at the industrial facilities. An estimated 290,000 tons
of perchlorate-containing wastes were discharged into
unlined ponds built-on the site (Jacobs Engineering

Group, Inc. 1987). These practices resulted in contami-

nation of the groundwater with perchlorate concentra-
tions greater than 3,700 mg/L detected in several wells
(Urbansky, 1998). The contaminated groundwater then
‘seeped into the Las Vegas Wash (LVW), a stream that
discharges into Lake Mead, an integral part of the Col-
orado River System. Perchlorate concentrations in the
LVW range from 10-800 pg/L (Boralessa, 2001}, The
concentration of perchlorate in Lake Mead varies from
120 pg/L where the LVW meets Lake Mead, to 25 ug/L
at the drinking water intake of the Southern Nevada
Water Authority (Zhang et al., 2001). Furthermore, the
USEPA (1999) reported perchlorate levels of 7-10 ug/L
at the California intake point from the Colorado River.
This large-scale, long-term source of perchlorate con-

tamination makes Henderson, Nevada one of the most

highly contaminated sites in the U.S.

Biological reduction of perchlorate to chloride under
anoxic conditions occurs readily and it has been demon-
strated in laboratory and full-scale reactors (Hatzinger
et al., 2000; Herman and Frankenberger, 1999; Kim and
Logan, 2001; Liu and Batista, 2000; Logan, 2001). Re-

mediation of perchlorate contaminated sites using bi- -

ological reduction is a potential means of cleaning the
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sediments and water from the LVW area and Lake Mead.
The persistence of high levels of perchlorate for many
years suggests that biological removal may be limited
by environmental factors. In this study, the limitations
to perchlorate biodegradation in the contaminated area
are evaluated. The investigation includes: (a) evaluation
of the numbers, diversity, and identification of isolates
using 165 rDNA sequencing of indigenous PRB present
in native sediments and waters collected from the LVW
and Lake Mead; (b) examination of electron donor lim-
itations; and (c) investigation of the presence of com-
peting electron acceptors (e.g., oxygen and nitrate).

MATERIALS AND METHODS
Sample Collection

Soil samples were collected along the LVW and water
samples from Lake Mead (Figure 1). The wash is the
main drainage channel for the Las Vegas Valley and it
carries wastewater effluent, dry and wet weather runoff
and the contaminated seepage from the Basic Man-

" agement Industrial (BMI) complex, all of which enters

into Lake Mead. Soil samples were collected from the
banks along the LVW using a clean metal shovel that
had been rinsed with sterile deionized water. Flame-
sterilizing was contraindicated because of the poten-
tial fire hazards associated with surrounding dry brush
and debris, therefore samples were collected after soil
was turned over three times, A sterile wooden tongue
depressor was used to collect soil samples that were
placed in sterile Whirlpack bags. Water samples were
collected from Lake Mead and the Las Vegas Bay using
a Van Dorn sampler and transferred to sterile high den-
sity polyethylene containers, The water samples. were
collected at the epilimnion and hypolimnion regions
of Lake Mead at several locations. Sediments and wa-
ters were transported back to the laboratory on ice in a
cooler.

Media Composition

All media were prepared using ultra pure water (Tech-
nic Water Systems, Lab 5 Extended) and research-grade
chemicals in the amounts indicated below. To prepare
1 liter of (20X) Phosphate-buffer: KHPO,4 * 3H,0
(2.03 g), NaH;PO, (0.85 g) NH4H,PO, (0.50 g). To
prepare a (100X) mineral salts solution: MgSO, * 7H;0
(100 mg), EBTA (3 mg), ZnSO; * 7H;0 (2.0 mg),
CaCly * 2H,0 (1.0 mg), FeSO4 * 7TH;O (4.0 mg),
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FIGURE 1 Map of Las Vegas Valley Wash and Lake Mead sampling sites.

Na;MoOy4 * 2H,0 (0.4 mg), CuSO4 * 5H;0 (0.2 mg),
CoCl; * 6H;0 (0.4 mg), MnCl * 4H, 0 (1.0 mg), NiCl,
* 6H,0O (0.1 mg), NaSeO;.(0.1 mg), H3BO; (0.6 mg).
To prepare a NaClOy stock solution (1 liter): (12.32 g)
to produce a final concentration of 10,000 mg/L.
To prepare a NaCH3;COOH stock solution (1 liter):
NaCH3;COOH * 3H,0 (23.05 g) to produce a final
concentration of 10,000 mg/L Perchlorate-Acetate (PA)
medium contained each of the. following stock solu-
tions: 50 ml of phosphate-buffer, 10 ml of mineral salts,
10 ml of sodium perchlorate and 50 ml of sodium ac-
etate. Growth medium was solidified with 15 g/L of
agar.

Enumeration of Perchlorate-Reducing
Bacteria :

Most Probable Number (MPN) for Soil

To facilitate removal of bacteria from sediment par-
ticles, sediment (10 g) was placed into 90 m! of 0.1%
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sodium pyrophosphate (Sigma) and incubated on a ro-
tary shaker for 1 hour at 25°C. After incubation, the sed-
iment slurry was used for MPN analysis. A 5-tube MPN
was prepared for each dilution in the series, Dilutions
were prepared from each sediment sample to achieve
10~1-10*. Sediment MPN tubes were incubated for
6 weeks in the anaerobic chamber at 25°C. In order to
accurately determine whether PRB were present in the
samples the initial and final concentration of perchlo-
rate was measured using ion chromatography (Dionex
DX~120) with an AS-11 column and 49 mM NaOH
as the eluent. An MPN tube was scored as positive if

 the initial concentration of perchlorate was reduced by

pne—halﬁ

Most Probable Numbers (MPN) for Lake
Mead Water

Water samples were prepared, incubated and an-
alyzed as for soil described above. However, the

Limitations to Perchlorate Bioremediation




wom of sodium pyrophosphate was not nec-
t=r samples.

Bacterial Isolation
and_ Characterization

Enrichment cultures consisted of soil or water in-
oculum transferred to sterile 180 ml serum bottles that
contained mineral salts medium with acetate and per-
chlorate (PA) or from isolated colonies on plate count
enrichments. After inoculation, the serum bottle was
filled to the neck, fitted with a butyl rubber stopper
and crimped with an aluminum seal. Samples from
enrichments were subcultured onto solid PA medium.

~ All enrichment culture and isolation procedures were
conducted in an anaerobic chamber (Coy Laborato-
ries, type A) at 25°C. Three to four successive trans-
fers were miade to fresh solid PA to achieve purity.

Purity was confirmed by microscopic examination of |

wet mount preparations and observations of colony
characteristics.

Primary enrichments for PRB wete incubated anaer-
obically in mineral salts medium, modified from Van
Ginkel (1995) containing acetate and perchlorate, at a
concentration of 500 mg/L and 100 mg/L, respectively.
All strains grew anaerobically at 25°C in a mineral salts
medium, with acetate as the sole electron donor and
sodium perchlorate as the sole electron acceptor. After
two weeks of incubation at 25°C, samples were trans-
- ferred to solid basal medium. Subsequent subcultures
were transferred at least three times until colony charac-
. teristics remained consistent. Cells grown anaerobically
on perchlorate-acetate agar at 25°C developed colonies
within two weeks. Characterization of each isolate was
based on microscopy, morphology, motility, size and
colony characteristics.

*

165 Ribosomal RNA Sequencing

DNA from each isolate was extracted using heat treat-
ment. Cell suspension, in 1.5 ml PA broth, was trans-
ferred to a sterile, Eppendorf tube. The cell suspension

was heated to 95°C for 5 min, rapidly cooled and then -

stored at ~20°C until further analysis. Samples were
sent to the Nevada Genomics Center in Reno, Nevada
for sequence analysis. Sequencing and fragment anal-

yses were performed on an Applied B1osystems (ABI) ,

Prism 3730 DNA Analyzer,

K. E. Kesterson et al,

Carbon Utilization
Carbon utilization by pure isolates was completed
using a gram-negative BIOLOG™ assay, BIOLOG™
plates were prepared using cells suspended in perchio-
rate broth (100 mg/L). Cell suspension (100 ul) was
transferred to 94 wells and 100 pd sterile medium was
transferred to one well as a control. Wells were cov-

. ered with sterile mineral oil to confer anaerobiosis

(BioMerieux Vitek, Inc.) The BIOLOG™ plates were
incubated at 25°C for two weeks.

RESULTS

Perchlorate-Reducing Bacteria
Enumeration and Characterization

MPN results include data for both the Lake Mead
waters and the LVW sediments, and are shown in

"Tables 1 and 2, respectively, The MPN index for

Lake Mead water samples ranged from less than 20 to
230 PRB/100 ml. For a creek water in Pennsylvania, Wa
et al. (2001) reported 1-17 PRB/100ml of sample. How-
ever, counts ranging from 108-108/100 ml have been re-
ported in the literature for swine waste and raw wastew-
ater (W et al., 2001; Coates et al., 1999a). The MPN

- index for PRB in the LVW sediment samples ranged

from less than 20 to 10° PRB/g soil, on dry weight
basis. Previous studies revealed MPN counts of 103
PRB/g from pristine soil and petroleum-contaminated
soil samples (Coates et al., 1999a). The PRB numbers
found for LVW sediments are, in some locations, up
to two orders of magnitude greater than previously re-
ported PRB for sediments and soils. In other locations,

~ the numbers are comparable. In Lake Mead, PRB num-

bers are much smaller than those determined in the
LVW. An exception was found in the Las Vegas. Bay,
which is the confluence of the LVW and Lake Mead,
where PRB counts as high as 2.3 x 10?/100 ml of wa-
ter were found. Unexpectedly, the lowest PRB numbers
wete found within the contaminated site that contains
the highest perchlorate concentrations. Recent inves-
tigations have revealed that the low microbial counts
in the contaminated site may be ‘due to the presence
of high salinity (Batista et al., 2005), The highest PRB
numbers were found along the Wash before and after
the contaminated site where perchlorate concentrations
are low.

Characterization of each isolate was based on
microscopy, morphology, motility, size and colony
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characteristics. The sizes of isolated colonies from Lake

Mead waters and LVW sediments, on perchlorate- .

acetate agar, ranged from pinpoint to large. Most of
the' colonies were white, shiny, translucent and entire.
Noticeable exceptions included tan or yellow colored
- colonies which were characteristic of isolates W4413C
or $51013A from Lake Mead water (W) or Las Ve-
gas Wash sediments (S), respectively. Isolate purity was
verified using phase-contrast microscopy (Nikon OP-
TIPHOT). All strains were motile; however, strains
W3413A and W4716A exhibited hypermotility. Each
of the isolates was rod-shaped and S51013A grew in
chains. Cel! size ranged from 1.0 pum x 3.0 pm to
1.5 pm x 7.0 pm. All cells were gram negative and
rod shaped. All isolates were catalase and oxidase pos-
itive with the exception of W3330A, which was ox-
idase negative. The results of this study demonstrate

R3l

that most PRB were characteristically similar (e.g., gram
negative, rod-shaped, catalase positive). However, there

~ were exceptions found with cell size, motility and oxi-

dase. The PRB inhabit both LVW sediments and Lake
Mead waters. Previously, Zhang et al. (2001) demon-
strated that bacteria capable of perchlorate reduction
can also be isolated from LVW waters. Together, these
two investigations provide additional support that PRB
are more commonly characteristically similar, ubiqui-
tous, and present in varying numbers in sediments and
waters near Las Vegas.

A phylogenetic analysis was conducted using par-
tial 165 rRNA sequencing of approximately 600 base
pairs. The phylogenetic trees constructed for Lake
Mead water and LVW isolates can be found in Fig-
ures 2 and 3, respectively. 165 rRNA sequencing
of certain perchlorate-reducing strains revealed that
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FIGURE 2 Phylogenetlc tree (based on neighborjoining method analysis of 165 rDNA Sequences) of perchiorate- reduclng bacteria

isolated from Lake Mead Waters and relatad species.
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FIGURE 2 Phylogenetic tree (based on neighbor-jaiﬁing method analysis of 165 rDNA sequences) of perchlorate-reducing bacteria

isolated from Las Vegas Wash sediments and related species.

several of the isolates were closely related to gen-
era that have not previously been shown to be ca-
pable of perchlorate-reduction. Novel genera include,
Aeromonas, Shewanella and Rabnella. Many of the iso-
lates were not closely related to any previously de-
scribed bacteria but were closely related to members
_ of the Proteobacteria. Several perchlorate-reducing iso-

lates have been previously reported to represent new -

genera in the class Proteobacteria (Coates et al., 1999a).
One isolate was closely related to the genus Dechloro-
soma, which was the same genus isolated by Coates
et al. (1999a). Two genera, Dechloromonas and Azospira,
are believed to be the principal PRB in the environ-
ment (Coates and Achenbach, 2004). Conversely, in

" K. E. Kesterson et al.

the LVW and Lake Mead the dominant PRB were
Aeromonas sp.

Ninety four different carbon sources were tested
using perchlorate’ as the electron acceptor and de-
termined that the Las Vegas Wash/Lake Mead water
isolates demonstrated a broad ability to use various
carbon -sources. All PRB isolated in this study were
capable of utilizing the following electron donors: ac-
etate, fumarate, pyruvate, f.—gluta’mate, L-malic acid,
L-alanyl-L-glutamine, B-methyl-D-glucoside, and
the combination of L-valine + L-aspartate. All of the
isolates were able to utilize glycerol as an electron donor
with the exception of strain $51013A. These results dif-
fer from those found by Coates et al. (1999a), because
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none of the perchlorate-reducing isolates tested in their
study was able to utilize glycerol in the presence of
chlorate. A previous study also demonstrated that the
perchlorate-reducing isolates shared the ability to uti-

lize acetate, fumarate, malate and pyruvate when chlo-

rate was the electron acceptor (Coates et al.,, 1999a).
Moreover, Bruce et al. (1999) also demonstrated that
perchlorate-reducing strain, CKB, was able to utilize
acetate, fumarate and malate as electron donors in the
presence of chlorate. However, none of the isolates in
this study were able to utilize L-methionine or ita-
¢onic acid when tested on a broad range or carbon
sources. Percent carbon utilization revealed findings
that all isolates were able to utilize a large percent of
the 94 electron donors in the BIOLOG™ microplate;
37 to 54% or 28 to 78% for soil and water isolates,
respectively.

Electron Donor and Acceptor Limitations

Perchlorate and dissolved oxygen (DO) values for
each water sample are recorded in Table 1, Perchlorate,
total organic carbon (TOC), and nitrate (NO3) values
for each soil sample are recorded in Table 2. Along the
IVW, sediment samples were grouped by site: upstream
(SUS), within contaminated area (SCS), downstream of
the contaminated area (SDSA and SDSB), and tributary

confluence with contaminated area (ST). Notice that

PRB numbers within Lake Mead furthest from the Wash
discharge are very low (Table 1). In general, Lake Mead is
highly oxygenated and perchlorate reduction is unlikely

because oxygen is preferred to perchlorate as an electron.

acceptor. The highest PRB counts in Lake Mead were
found in the Las Vegas Bay. This is expected because
the Las Vegas Bay water consists of treated wastewa-
ter effluent and untreated urban runoff that are rich in
nutrients. In this area, some of the lowest oxygen lev-
els were also found (Table 1). Nitrate levels along the
Las Vegas Wash were highest upstream from the con-

tarninated arid varied from 3.27-80.9 pg/g, within the

range found in agricultural sediments ((Laverman et al.,
2002). Nitrate concentrations within and downstream
of the contaminated site were low. This is due to denitri-
fication that occurs in the sediments along the Wash as

nitrate-containing Las Vegas Wash water is transported

to Lake Mead.

Extensive investigation of historic perchlorate con- -

centrations in the Las Vegas Bay has been performed
(Boralessa, 2001) based on 900 frozen water samples
taken in Lake Mead from 1990 to 2000. As expected, in
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Lake Mead, the highest perchlorate concentrations are
found within the Las Vegas Bay, the discharge point of
the LVW. Perchlorate concentrations are higher in the
hypolimnion than in the epilimnion layers owing to
the higher total dissolved solids (TDS) concentration
of the Wash water compared to Lake Mead’s (Holdren
et al., 1998), which causes the perchlorate plume of the
Wash to sink. In the inner Las Vegas Bay, extending
about 3 km from the discharge of the LVW, perchlorate
concentrations varied from 70-80 pg/L and from 140-
160 pg/L in the epilimnion and hypolimnion, respec-
tively. About 5 km from the discharge point, perchlorate
concentrations dropped to 40 ug/L and 95 g/L in the
epilimnion and hypolimnion, respectively. At Hoover
Dam, 22 km from the discharge point, perchlorate con-
centrations are below 12 ug/L. No perchlorate is found
in several points of the Lake due to dilution or lack
of hydraulic connection to the IVW. The persistence
of perchlorate in Lake Mead and the Colorado River

. may be explained by the competition of oxygen with

perchlorate as an electron acceptor and by the low dis-
solved organic carbon (DOC). The DOClevelsin Lake
Mead average 4.56 mg/L (Wei, 2004). ,

TOC values for the sediments along the Wash wer
very low and varied from 70-250 ug/g of soil (0.007-
0.025%) primarily due to the lack of vegetation in the
arid sediments of the LVW area. Unlike in arid envi-
ronments, TOC of forested and agricultural areas can
vary from 0.05% to 10% (Laverman etal., 2002). In sum-
mary, along the Wash, perchlorate is limited by electron
acceptor and the presence of nitrate. Within the con-
taminated site, despite the high concentrations of per-
chlorate in the sediments, the number of PRB found
is very low. This low concentration of PRB within the
contaminated site has been associated with the high
salinity (i.e conductivity > 300 mS/m) of the sediments
in the area (Batista et al., 2005).

DISCUSSION

‘In this study, the limitations to natural perchlorate
biodegradation in sediments along the Las Vegas Wash
and Lake Mead waters in Henderson, Nevada were in-
vestigated. This site is critical to perchlorate cleanup
efforts in the United States because it is the source
of perchlorate to the Colorado River, the source of
water for 30 million people in Nevada, Atizona, and
California. For natural bioremediation to occur at this
location using perchlorate as an electron acceptor, the
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necessary components are the presence of PRB an elec-
tron donor and anaerobic conditions.
~ The findings that high numbers of PRB reside along
the Las Vegas Wash suggests that bicaugmentation
" is not necessary. This is mainly because PRB were
enumerated in various concentrations and were able
to survive, grow and metabolize in this environment
by utilizing an alternative electron acceptor for
anaerobic respiration. This is supported by Wu et al.
.(2001), who suggested that intrinsic remediation of
perchlorate is possible if there are naturally existing
perchlorate-respiring bacteria that can compete with
other soil microorganisms for organic matter. This
idea is also supported by Baker and Herson (1994),

who concluded that bicaugmentation of perchlorate

contaminated sediments might not be necessary
because the microbial community becomes enriched
with bacteria capablé of reducing this contaminant.
Our findings reveal that the Las Vegas Bay has the
lowest (dissolved oxygen) DO levels throughout the
samples collected at Lake Mead. Samples collected
downstream from the Las Vegas Bay had increasingly
“higher DO levels and decreasing numbers of PRB. En-
vironmental effects of oxygen exposure on perchlorate
respiration have been investigated and early findings
by Attaway and Smith (1993) reported that perchlorate-
reduction was inhibited by the presence of oxygen. The

adverse effects of oxygen on perchlorate-respiring cul-

tures were further supported by Chaudhuri et al. (2002),
revealing that PRB were unable to recover and conduct
perchlorate-respiration after exposure to oxygen. In an
anaerobic bioreactor, the presence of oxygen has been
shown to interfere with perchlorate-reduction (Coates
et al., 1999b; Song and Logan, 2004). However, envi-
ronmentally, the presence of oxygen introduced into
sediments or sediments during perchlorate respiration
- might not be a significant problem because it could be
rapidly utilized by aerobic organisms in the community.
- This idea is supported by Rikken et al. (1996) who pro-
posed that perchlorate-reducing microorganisms can
utilize chloro-oxo acids and oxygen simultaneously.
These findings suggest that high DO levels may be a
limiting factor for remediation of Lake Mead waters.
The contaminated IVW sediments and Lake Mead
are the two sites of concern. The concentration of per-
chlorate in the sediments vary widely with location,
making it nearly impossible to remediate. Moreover,
bioremediation of Lake Mead waters is unfeasible due
to high DO levels and the large volume of water. At the

K. E. Kestarson et al.

discharge point of the LVW into the Bay, a significant

amount of fine sediments has been deposited. In this
area, an anoxic/anaerobic environment has been estab-
lished. This confluence of the LVW with Lake Mead
constitutes a potential site for perchlorate bioremedia-
tion. Nitrate levels in the LVW average 12 mg/L NO;-

- N and in the Las Vegas Bay they vary from 0.5-0.9 mg/L

(Piechota and Batista, 2003). The lower nitrate levels
in the Bay are the result of both dilution and denitri- -
fication in the fine sediments. Oxygen levels are low
in this area and TOC concentrations vary from 3.2 to
7.0 mg/L. For biological reduction of perchlorate to oc-
cur, the nitrate has to be removed first because it is a

- preferred electron acceptor. Sufficient electron donor

has to be added to provide for both nitrate and per-
chlorate reduction. Considering an average perchlorate
concentration in the Las Vegas Bay of 150 ug/L, an av-
erage nitrate-N level of 0.7 mg/L, and acetate as the
electron donor, the stoichiometric amount of acetate
required would be 9.6 mg acetate/L. This estimate con-
siders molar stoichiometric ratios of 2:44:1 and 3.3:1
for acetate/perchlorate and acetate/nitrate, respectively
(Rittmann and- McCarty, 2001). The findings of this
study suggest that low TOC levels found in the Las Ve-
gas Bay are not sufficient to support both perchlorate
and nitrate reduction. According to Tipton et al., (2003)
when compared to natural sediments, biostimulation of

-carbon-limited sediments increased the rate of perchlo-

rate reduction when acetate or glucose was added as a
catbon source. Therefore, biological reduction of per-
chlorate in the Las Vegas Bay is limited by the lack of
sufficient electron donor and the presence of nitrate
and oxygen, both of which are preferably used to per-
chlorate. In the areas of the Las Vegas Bay where oxygen
levels are low, such as within the fine sediments in the
confluence of the LVW and Lake Mead, perchlorate re-
duction could be accomplished if an electron donor is
provided that will sustain both nitrate and perchlorate
reduction.

In summary, the findings reported in this study
demonstrate that metabolically diverse PRB are present
in the contaminated site in various concentrations. In
addition, the results provide strong support that the per-
sistence of perchlorate in the contaminated site and in
the Colorado River is fostered by the presence of other
preferred electron acceptors (i.e oxygen and nitrate} and
the lack of sufficient electron donor to support the re-
duction of both perchlorate and nitrate. Most impor-
tantly, this study identifies the area occupied by fine
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sediments in the Las Ve'g;;s Bay, the confluénce of the
Las Vegas Wash and Lake Mead, as a potential location

where perchlorate biodegradation could take place if

an electron donor were provided. Bioaugmentation in
this location has the potential to halt the transport of
perchlorate to Lake Mead and the Colorado River.
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