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ABSTRACT

The U.S. Department of Energy's Office of Technalogy Development has been
sponsoring full-scale envirenmental restoration technology demonstrations for the
past 4 years. The Savannah River Site (SRS} Inlegrated Demonstration focuses
on “Clean-up of Soils and Groundwaler Conmaminated with Chicrinated VOC.°
Several laboratories, including SRS, had demonstrated the ability of methan-
otraphic bactera (found in soil and aguifer materal) to completely degrade or
mineralize chlarinated solvents. The test consisted of injecting methane mixed
with air into the contaminated aguiter via a horizontal well and extracting it frem
the vadase zone wia a parallel horizantal well. Ground water was monitored
biweekly frorm 13 wells lor a variety of chemical and microbiclegical parameters,
The water trom wells in affected areas showed increases in methanotrophs of
more than 1 order ol magnilude every 2 weeks lor several weeks afier 1%
methane in air injection slarted. Simultaneous with the increase in methanolrophs
was a decrease in water and soil gas concentrations of rrichloroathylene (TCE)
and tetrachloroethylene (PCE). 1n two wells, the TCE/PCE concentration in the
water declined by more than 80%, to below 2 ppb. All of the wells in the zone of
eftect showed signiticant decreases in contaminants in less than 1 mo. In lour of
five vadose-zone piezometers (cach with three sampling depths) concentrations
declined from as high as 10,000 ppm {volivol) to less than 5 ppm in less than &
wieeks. The filth cluster also declined by more than 95%. A variety of other micra-
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bial parameters increased with methane injeclion. indicating the extent and type
of slimulation that had occurred. History-matching models constructed by Los
Alamos National Laboratories (LANL) have shown that 41% more TCE is
removed by biodegradation than by physical stripping alone. The LANL model
has also shown that in-situ bicremediation can reach a lower concentration than
in-situ air-stripping.or pump-and-treat methods and that the time required lo reach
85% removal is less than half the time required by the physical process.

INTRODUCTION

This project was designed to demonsirate in-situ bioremediation of
ground water and sediment contaminated with chlorinated solvents.
Indigenous microorganisms were stimulated to degrade trichloroethyl-
ene (TCE), tetrachloroethylene (PCE), and their daughter products, in
situ by addition of nutrients to the contaminated aquifer and adjacent
vadose zone. The principal carbon/energy source nutrient used in this
demonstration was methane (natural gas).

In-situ biodegradation is a highly attractive technology for remediation
because contaminants are destroyed, not simply moved to another loca-
tion or immobilized, thus decreasing costs, risks, and time, while
increasing cfficiency, safety, and public and regulatory acceptability.
This report describes the preliminary results of the demonstration and
provides conclusions only for those measures that the Bioremediation
Technical Support Group (Expert Panel) felt were so overwhelmingly
convineing that they do not require further analyses. Though this
report is necessarily superficial, it is intended to provide a basis for fur-
ther evaluating the technology and fo give practitioners a means to
immediately apply some parts of the technology.

Itis lmportant t.o.;:ote t_lmttha criteria for success, the measurements
taken, the nature of each operating campaign during the test, data
analysis and evaluation, the test plan, and the final report and conclu-
sions were & consensus of the Bioremediation Technical Support
Group. This group of experts from the US. Department of Energy, US.
Geological Survey, US. Environmental Protection Agency, industry,
and academia has met on a regular basis for the last 3 yr and has pro-
vided unique and valuable insights for the planning, execution, and
evaluation of this demonstration. This group is responsible for the
striking successes of this demonstration which is, without a doubt, the
largest and most technically comprehensive full-scale, in-situ bioreme-
diation demonstration ever done.
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The demonstration consisted of using two horizontal wells forinjecton
and extraction of nutrients at a site contaminated with chlorinated sol-
vents (TCE/PCE] from a leaking process sewer line. Figure 1 shows the
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relationship between the horizontal wells and the now-abandoned
process sewer line. The lower (injection) well (175 L deep) was installed
below the water table (120 ft), and the upper (extraction) well (B0 ft
deep) was in the vadose zone above the water table. Air was extracted
from the upper well during all operating campaigns at 240 sefm.
Extracted air was treated by a thermal catalytic oxidizer Air was
injecied into the lower well at a constani rate of 200 scfm during all
operating campaigns.

Figure 2 provides a pictorial view of the horizontal wells in relation to
the surface-mounted equipment. Six different operational modes were
tested during the 14-mo demonstration, as shown in Table 1. Air, water,
and sediment samples were taken before, during, and after the demon-
stration as prescribed in the test plan for this demonsiration.

CRITERIA FOR SUCCESS

As decided by the Bioremediation Technical Support Group, the mea-
sures of success for the project were: (1) biostimulation/bicdegradation,
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Figure 2. Relationship of horzontal wells in refation to surface-mounted equipment.
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(2} Moremediation, (3) cost-elfectiveness, and (4} ease of use and aper

ation.

Biostimulation/Biodegradation

The evidence for binstimulation and biodepradation of TCEPCE was
noth overwhelming and uneguivocal, Mo Jess than 26 separate mea-
surements of sediment and ground water, performed by six different

lahoratories. mmdirectly demonsirated biostimulation and biodegrada-
tion in situ by the proccsaca teated. Densitics of mothonotrophs, the

functional group thal the process was trying to stimulate, increased in
the ground water by as much as seven orders of magnitude. This stim-
ulation occurred first in the wells thal were closest to the injection

point and later in more distant wells. Densities of methanotrophs in
Lhe sediment closest to the injection well increased from rarely

deteetable to over a million cells per gram dry weight.

The methanotroph enumerations were performed by three different
laboratories (University of Tennassee [UT], Pacific Northwest Labora-
tory [PNL], Savannah River Technology Center) using Lhree different
methods, and all obtained nearly identical results. Increases in
methanotroph densities were ohserved only after methane injection
started. Phospholipid fatty acid analyses (PL.FA) performed by the Uni
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versity of Tennessee (UT) and Oak Ridge National Laboratory (ORNL)
indicated biostimulation of methanotrophs, and also that methan-
otrophs were being stimulated to become the dominant population in
the total microbial community. Studies by Savannah River Technology
Center (SRT(C), UT. and PNIL, using soil columns and mineralization
assays, demonstrated that PCE was being biodegraded even under bulk
acrobic conditions. The latter observation is partieularly significant
since PCE can only be degraded anaerobically. Their data suggest that
enough anaerobic pockets are created by the increased biomass to allow
a significant amount of anaerobic reductive dechlorination of PCE to
TCE, which can than be oxidized by the methanotrophs.

Nucleic acid probe analyses by Washington State University (WSU),
University of Minnesota (UM), SRTC, UT, and PNL showed very specif-
ically that methanotrophs were being stimulated in the sediment. Bios-
timulation was also indirectly shown by the depletion of nitrate (a lim-
iting nutrient) in the ground water as stimulation continued.
Biostimulation was indirectly indicated by the increase in carbon diox-
ide observed in the extraction air after injection was started and by
50% consumption of injected methane, based on injection of the tracer.
helium and measurements of methane and helium in the injection well
and extraction well. It is important to note that community changes
caused by a biostimulation process were reversible, as demonstrated for
nitrogen-transforming bacteria, measured using fluorescent antibody
probes by SRTC. In general, pulsing and multiple nutrient injection
were found to give the greatest biostimulation. The continuous 4%
methane injection was not as stimulatory as continuous 1% methane
injection or pulsing of 4% methane.

The evidence for biodegradation is convincing even though indirect.
Increased biodegradation was demonstrated by increases seen by three
different labs (ORNL, UT, PNL) that measured TCE and PCE miner-
alization potential and by measurements using nucleic acid probes. The
latter demonstrated that the methanotrophs being stimulated were
those possessing soluble methane monooxygenase (sMMO), the form of
MMO most active in TCE oxidation. Methanotroph isolates from the
water that were positive for sMMO were tested by UT for their ability
to oxidize both TCE and naphthalene. Those isolates from wells most
affected by the injeetion process were shown to have rates of TCE oxi-
dation that were more than three times greater than the rates for
Methylosinus trichosporium OB3b, the type culture for methanotrophs



and reputed best TCR-oxidizer. Studies by the Universaty of North Car
olma (UNC) gsing MICROTOX and MUTATOX assavs demonstrated
that both sediment and water samples were not sipnificantly toxic
hefore, during, or afler Lhe stimulation processes tosted. Detectable
taxicity differences were seen only temporarily m two wells during the
period of greatest biostimulation. Water analyses by SRTC alzo indi-
cated a strong inverse correlation between TCE concentration and
chloride ion concentration, as shown in Table 2, Thus, as TCE concen-
tration declined in the ground water, the chloride concentration
increased. The only mechanism known that could result in this corre-
lation is the biodegradation of TCE to earbon dioxide and chioride.

Bioremediation

Though # mass balance was difficult to determine, several measure-
ments pravide both direct and indirect evidence that very significant
amounts of bioremediation occurred in situ. The evidence for bioremo-
diation is linked by necessity to changes in TCE/PCE inventories in the
soil gas, sediment, and ground water and the evidence for bindegrada-
tion and biostimulation discussed above. TCE/PCE concentrations
declined in all media examined; however, the amount degraded and the
original amount present were difficult to determine. The problem with
inventories at the site was a lack of source control, i.e., more contami
nated material (air and water) was constantly moving from outside the
treatment zone used for inventories to the inside. More-contaminated
water could move into the saturated zone treatment area from below
{due to water flow created by the injection), from the sides, and from
ashove (due to stabilization of TCE in groundwater recharge). More-con-
taminated soil gas was constantly moving into the treatment area due
to the much larger area influenced by the extraction well. Even with
these limilations concentrations of TCE and PCE declined in all well
samples with the onset of injection. Water concentrations of TCE and
PCE decreased by as much as 95%, reaching concentrations below
detectable limits, i.e., <2 ppb in some wells—well below drinking-waler
standards of 5 pph. Those wells closest to the injection well showed the
greatest decline, although, as the test progressed, even wells that
showed no effect during the previous in-situ air-stripping demonstra-
tion showed significant decline. Soil gas TCE and PCE declined by
more than 99%, with the piezometers closest to the mjection well hav-
ing eonsistently undetectable concentrations by the end of the demon-
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strabion. Sediment copcentrations were signiflicantly lower alier only 4
ma ol Vi methane imgection. Total sediment coneentrations of TCE and
PCE dechined from 200 pph 1o nondetestable concentralions in most
areas. Densities of methanotrophs also were inversely correlated with
the concentration of TCE in ground water, ie, as densities of methan-
otrophs increased, the eoncentration of TCE decreased. Soil gas,
ground water, and sediment were constantly monitored for vinyl chlo

ride and dichloroethylene, toxic daughter products of anaerobic
biodegradation. Neither compound was detecled, except transiently at
concentrations below drinking-water concentrations (<5 ppb). Thus,
unlike anaerobic proeesses, Lhe methanolrophic process did not gener-
ate toxic daughter products. This further suggests that the disappear-
ance of VOO in situ was duc primarily 1o aerobic processes.

Studies by Idaho Mational Engineering Laboratory (INEL) using sedi-
ment/groundwater chambers with material from the SRS demonstra-
Lion site showed that high rates of biodegradation of TOR could be
stimulated by the injection strategics used and that the amount of TCE
biodegraded was directly proportional to the amount of ¢hloride being
produced. During the field demonstration, chloride (the end produet of
TCE/PCE biodegradation) was measured directly in the ground water.
Chloride concentration in the water was inversely correlated to TCE
concentration in the same sample. This ohservation provides direct
chemical evidence that bioremediation was oceurring during the
demonstration.

Cost Effectiveness

Los Alamos National Laboratory analyses to date have shown that
in-situ air-stripping is more cost-effective than the baseline technology
of soil vapor extraction and groundwater pump-and-ireat. The in-situ
bioremediation process tested was 10% less expensive then the baseline
technology, even when no TCE/PCE was biodegraded. LANL his
tory-matching models suggest that 43% more TCE/PCE is hiode-
graded/removed compared to in-situ air-stripping alone. The additional
cost of the in-gsitu bloremediation process employed in this demonstra-
Lion included only the natural gas, trace nutrients, and melthane mon-
ioring equipment. As little as 900 Ib of TCE/PCE needs to be biode-
graded to offsel the additional costs to the in-situ air-stripping system.
In addition, the LANL analyses indieate that it would take in-sitn
air-stripping more than 10 yr to achieve 95% removal of the contami-
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nants, while the in-situ bioremediation process would take <4 yr. This
difference alone would result in a $1.5 million cost savings over the con-
ventional system for just this one site. Indeed, the bioremediation
process may be the only one that can reach drinking-water standards
(<5 ppb) in many scenarios. The bioremediation process also destroys
contaminants in situ, thereby reducing the cost of any pump-and-treat
system (gas or liquid) that it is combined with.

Ease of Use and Operation

The system was nearly completely automated and extremely
trouble-free once the initial shake-down period (2 weeks) was complete.
It was so easy to use that one full-time technician, also responsible for
required analytical performance monitoring, could operate at least six .
of these systems simultaneously. The total number of days the system
could have operated was 429; it actually operated 384, or 90% of the
time. Thus the system was down for 1097 hr, 344 hr for power outages,
258 hr for electrical repairs, 120 hr for experiments, 285 hr for main-
tenance, and 90 hr due to inclement weather. Excluding weather, exper-
iments. and scheduled power outages, the system was operational 95%
of the time. The electrical repairs all occurred during the first week of
operation, after a lightning strike disabled a microprocessor board. All
repairs were completed within 72 hr.

This demonstration represents the first time that multiple nutrients
(carbon, nitrogen, phosphorus) have been injected as gases. The hori-
zontal wells that form the basis for the SRS Integrated Demonstration
provided significant advantages over conventional bioremediation
nutrient delivery techniques. The increased surface area allowed better
delivery of nutrients and easier recovery of gas, as well as minimizing
the formation of clogging and plugging phenomena. There was never
any indication of reduced flow or plugging during any of the six opera-
tional conditions employed. Indeed, the zone of effect was far greater
than that ever reported for liquid nutrient injection systems.

SUMMARY

The preliminary technology evaluation of this demonstration has
shown that: (1) bacteria capable of degrading TCE/PCE can be stimu-
lated in situ using relatively simple nutrients; (2) biostimulation and
biodegradation occurred in situ without production of toxic daughter
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products: 13) the process is easy to use and can be automated; (4} the
w5t for adding on the methane injection capability is relatively low and
sastly rocovered: (5] gaseous nutrient injection represents a significant
new delivery technique for in-situ bioremediation: and (6) combined
with in-situ air-stripping, this technology represents a sigmificant
improvement in terms of cost and efficiency over conventional hasehne
technologies used for remediation of chlorinated solvents
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