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INTRODUCTION 
Chlorinated aliphatic hydrocarbons (CAHs) such as trichloroethene (TCE) are among 
the most abundant groundwater contaminants at industrial and military sites. Results 
from laboratory and field studies indicate that indigenous microorganisms at many sites 
have the potential to degrade TCE via aerobic cometabolism1. A variety of substrates 
have been shown to stimulate aerobic cometabolism of CAHs under laboratory and field 
conditions2. Aromatic substrates (e.g. phenol and toluene) have been shown to 
stimulate aerobic cometabolism of TCE, cis-dihcloroethene (c-DCE) and vinyl chloride 
(VC)1,3. For example McCarty4 used a recirculating well system to inject toluene and 
stimulate the aerobic cometabolism of TCE in contaminated groundwater at Edwards 
AFB, CA. Toluene was injected at average concentrations as high at 15 mg/L, and was 
reduced to less than 1 µg/L in the treatment zone4. Essentially complete removal 
(~98%) of TCE was achieved as contaminated groundwater flowed through the 
treatment zone4. Due to the success of using toluene as a cometabolic substrate at 
Edwards AFB, we decided to test the effectiveness of this substrate in stimulating in situ 
aerobic cometabolism of c-DCE and TCE in contaminated groundwater at Fort Lewis, 
WA.   

 
METHODS 
Aerobic cometabolic transformations of toluene, c-DCE and TCE were investigated in 
situ using single-well, push-pull tests. Tests were conducted in a shallow alluvial aquifer 
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in the area of Fort Lewis known as the East Gate Disposal yard (EGDY). The EGDY 
was used as a disposal site for TCE between 1940 and 1970. The depth of groundwater 
at the site is approximately 10 feet and groundwater velocities across EGDY range from 
0.25 to 0.75 feet per day.  LC191 and LC192 were multi-port monitoring wells selected 
for the push-pull tests. A series of tests were performed in Ports 1 and 2 (25 ft and 35 ft 
depths, respectively) in each well. The multi-port monitoring wells were of interest since 
they allow for the use of smaller injection volumes, which simplified test logistics. 
Groundwater samples from these wells had TCE and c-DCE concentrations ranging 
from 100-500 µg/L and 50-400 µg/L, respectively. The aquifer was aerobic with 
dissolved oxygen concentrations of approximately 6 mg/L. 
 
A series of push-pull tests was performed to evaluate transport characteristics, 
biostimulation and transformation activity of the injected solutes. Test solutions were 
prepared with groundwater extracted from each port and well, amended with a suite of 
solutes (see below) and injected into the same location. Bromide was used as a non-
reactive tracer in all tests. Additional solutes injected in specific tests included a growth 
substrate (toluene), dissolved oxygen (DO), non-toxic CAH surrogates (e.g. isobutene) 
and nitrate as a nutrient. The aqueous concentrations of each solute injected into the 
aquifer were 10 mg/L for toluene, 5.6 mg/L for isobutene, 85 mg/L for hydrogen 
peroxide (40 mg/L DO), 100 mg/L for bromide and 40 mg/L for nitrate (9 mg/L as N). 
 
Transport, biostimulation and activity tests were performed under natural drift conditions 
by permitting the injected test solution to reside in the aquifer and be transported away 
from the well. A single transport test was conducted in each port and well prior to 
biostimulation.  For these tests the injected solution was allowed to reside in the aquifer 
for about 20-hrs and was then extracted at a rate of 1 L/min for 3.3 hrs. Biostimulation 
activity tests were performed like transport tests by injecting toluene, hydrogen 
peroxide, nitrate and bromide in order to increase the biomass of toluene-utilizing 
microorganisms. Activity tests were performed by injecting the prepared test solution, 
allowing the test solution to drift downgradient with the regional groundwater flow for 20 
hr (no pumping) and then extracting approximately 200-L at a flow rate of 1 L/min. “Drift 
tests” were performed similar to activity tests except that no extraction pumping was 
performed. Instead, samples were collected periodically from the injection location as 
the test solution drifted downgradient. Samples collected from both types of tests were 
analyzed for injected tracer and potentially reacting solutes, as well as reaction products 
formed in situ. A summary of the injected solute concentrations used in the transport, 
biostimulation and activity tests are listed in Table 1. 
 
Table1. Test injection solution composition for different tests. 

Test Toluene 
(mg/L) 

Isobutene
(mg/L) 

Bromide
(mg/L) 

Nitrate 
(mg/L) 

H2O2 
(mg/L) 

Transport 10 5.6 100 40 85 
Biostimulation 20 0 100 40 85 
Activity 2 3.2 100 40 85 
Natural Drift 2 3.2 100 40 85 
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RESULTS AND DISCUSSION 
Extraction curves for toluene, isobutene and nitrate during transport tests were very 
similar to the breakthrough curve of the bromide tracer, indicating conservative transport 
of all injected solutes prior to biostimulation. Mass balances indicated that about 30-
36% of injected organics and inorganic solute mass were recovered at LC191during the 
extraction phase of the transport test, while 55-60% was recovered at LC192 (Table 2).   
The nearly equal percent recoveries indicated similar transport characteristics of the 
conservative tracer and the reactive solutes at both LC191 and LC192 wells. The lower 
recovery at LC191 indicates relatively higher groundwater velocities compared to the 
LC192 well.   
 
Table 2. Quantities of injected and extracted solutes and percent recovery during 
transport tests. 

 
 
Biostimulation test results showed decreases in injected toluene concentration and the 
production of ο-cresol as an intermediate oxidation product indicated the simulation of 
toluene-utilizing microorganisms containing an ortho-monooxygenase enzyme. A small 
fraction of utilized toluene was observed as o-cresol (max. 0.74 µmol, data not shown).  
This was a small fraction of the injected toluene mass. Mass balance calculations 
indicated a similar bromide mass recovery between transport and biostimulation tests 
conducted in LC191 and LC192 (Tables 2 and 3). Nitrate mass recoveries in the 
biostimulation tests were 21.5 and 43 % for LC191 and LC192, respectively (Table 3), 
which was less than the nitrate mass percent recoveries observed in the transport tests 
(Table 2). Toluene mass recoveries in the biostimulation tests were 26.7 and 38.6% for 
LC191 and LC192, respectively (Table 3), which was less than the toluene mass 
recoveries observed in the transport tests (Table 2). The resulting decrease of toluene 
and nitrate mass recovery provided evidence that the biostimulation tests were 
successful in stimulating activity of toluene-utilizers in the subsurface. 

 

Test Quantities Isobutene Toluene NO3
--N Br- 

Injected mass (mmol) 13.7 13.6 77.1 143.6 
Extracted mass (mmol) 5.0 4.1 24.0 47.1 Transport  

LC191-P1 Mass recovery (%) 36.5 30.1 31.1 32.8 
Injected mass (mmol) 12.4 13.3 79.4 148.7 
Extracted mass (mmol) 7.1 8.2 44.0 98.3 Transport  

LC192-P2 Mass recovery (%) 57.2 61.6 55.4 66.1 
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Table 3. Quantities of injected and extracted solutes and percent recovery 
biostimulation activity tests. 

Test Quantities Toluene NO3
--N Br- 

Injected mass (mmol) 10.5 75.8 125.2 
Extracted mass (mmol) 2.8 16.3 41.5 Biostimulation  

LC191-P1 Mass recovery (%) 26.7 21.5 33.1 
Injected mass (mmol) 11.9 79.5 123.3 
Extracted mass (mmol) 4.6 34.2 82.9 Biostimulation 

LC192-P2 Mass recovery (%) 38.6 43.0 67.2 
 
 
Results of activity tests conducted after biostimulation showed similar bromide and 
nitrate mass recoveries between transport and activity tests (Tables 2 and 4). Toluene 
concentrations were reduced to almost non-detected after 20-hrs. Toluene mass 
recoveries in the activity tests were 2.6 and 5.2% for LC191 and LC192 (Table 4). No o-
cresol was detected during the activity tests, likely because the injected toluene 
concentration was only 2 mg/L. Isobutene mass recoveries were reduced to 21 and 
37.6% for LC191 and LC192, which were less than the 36.5 and 57.2% observed in the 
transport tests (Table 2).  When isobutene was utilized, isobutene oxide was observed 
as an intermediate oxidation product. The ratio of the recovered mass of isobutene 
oxide produced to the isobutene mass injected was about 2.9 and 4.9% at LC191 and 
LC192 (Table 4). This small percentage could be due to the rate of its formation and 
potential transformation of the toluene-utilizers during the course of the experiment.  
Reduction in isobutene concentrations and the production of isobutene oxide as an 
intermediate oxidation product indicated the stimulation of toluene-utilizing 
microorganisms containing an ortho-monooxygenase enzyme. Similar results for 
isobutene oxidation by toluene-utilizing microorganisms were observed in laboratory 
culture studies by Hicks5.   
 
Table 4. Quantities of injected and extracted solutes and percent recovery activity tests. 

Test Quantities Isobutene Isobutene 
oxide Toluene NO3

--N Br- 

Injected mass (mmol) 6.77 0.0 2.5 82.8 158.1 
Extracted mass (mmol) 1.42 0.19 0.06 20.7 48.2 

Activity 
LC191-

P1 Mass recovery (%) 21.0 NA* 2.6 25.0 30.5 
Injected mass (mmol) 6.77 0.0 3.47 80.2 162.0 
Extracted mass (mmol) 2.55 0.33 0.18 34 100.4 

Activity 
 LC192-

P2 Mass recovery (%) 37.62 NA 5.19 42.4 62.0 
NA*: Not Available  
 
 
CONCLUSIONS 
The effectiveness of dissolved substrate addition to stimulate the indigenous toluene-
utilizers was evaluated in standard monitoring wells. Single-well-push-pull transport 
tests demonstrated that the injected solutes can be effectively recovered and recovery 
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mass balances provide evidence of biostimulation. Biostimulation tests indicated the 
simulation of toluene-utilizing microorganisms containing an ortho-monooxygenase 
enzyme. When isobutene was utilized, isobutene oxide was observed as an 
intermediate oxidation product, which provides evidence that microorganisms with an 
ortho-monooxygenase were stimulated. Although TCE removal was minimal for all the 
tests, results supported transformation of c-DCE in biostimulation and activity tests.  
The results at Ft. Lewis site demonstrated that push-pull tests can be used to evaluate 
the potential of in situ cometabolic treatment. 
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