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1.0 INTRODUCTION

This report summarizes the cost and performance of a demonstration of enhanced in Situ
anaerobic bioremediation using vegetable oil at the Hangar K Site, located at Cape Canaveral Air
Force Station (CCAFS), Florida. The demonstration was conducted by Parsons Infrastructure &
Technology Group, Inc. (Parsons) as a case study in support of the Air Force Center for
Engineering and the Environment (AFCEE) Enhanced In Stu Bioremediation Initiative. CCAFS
is hosted by the 45™m Space Wing, which facilitated site selection and implementation of this
demonstration. Technology demonstration summary information is listed in Table 1.

Tablel. Summary Information

Site Name, L ocation Hangar K, Cape Canaveral Air Force Station, Florida
Treatment M echanism Anaerobic Reductive Dechlorination
Technolo Enhanced Anaerobic Bioremediation using Vegetable
Y Oil Substrate
Configuration Direct Subsurface Injection
Technology Scale Pilot (Phase I) and Expanded-Scale (Phase II)
Media/Matrix Treated Groundwater
Contaminants Tar geted Chlorinated Ethenes (PCE, TCE, DCE, VC)
Period of Operation Phase I — June 1999 to June 2000
Phase II — June 2000 to April 2006

20 SITE DESCRIPTION

Hangar K is located in the Industrial Area (Area 3A) at CCAFS, Florida. Hangar K was
formerly operated as a missile assembly facility where launch support activities were performed.
A variety of industrial chemicals were used in fabrication, maintenance, repair, painting, and
machine parts cleaning operations conducted at Hangar K. The chlorinated solvents
tetrachloroethene (PCE) and trichloroethene (TCE) were among the chemicals known to have
been used and stored at the site. Accidental release of these compounds to the environment has
resulted in contamination of the shallow unconfined aquifer beneath and downgradient from the
release site (i.e., the source area).

Chlorinated ethenes, consisting predominantly of TCE and its dechlorination products
(dichloroethene [DCE] isomers and vinyl chloride [VC]), have dissolved into and migrated with
groundwater to form a 160-acre groundwater contaminant plume. Two potential source areas
have been identified at Hangar K. One of the source areas, east of Hangar K, was selected as
the location for Phase I and Phase II of this enhanced in Situ anaerobic bioremediation
demonstration.



Chlorinated solvents are dense non-aqueous-phase liquids (DNAPLs) that migrate downward
through unsaturated and saturated soils under the influence of gravity. Because DNAPLs are
heavier than water, in sufficient mass, solvents will “sink” below the water table. In general,
where concentrations of TCE in groundwater are greater than 10 percent of the compound’s
solubility in water it may be inferred that TCE is present in the form of a dense non-aqueous
phase liquid (DNAPL) (e.g., Chapter 7 of Cohen and Mercer, 1993).

TCE has been detected at the Hangar K source area at concentrations approaching 30 percent
of its aqueous solubility, suggesting that TCE is present in the subsurface at the Hangar K site as
a DNAPL. This inference is further supported by the vertical distribution of chlorinated ethenes
in the shallow aquifer at Hangar K, with the highest contaminant concentrations detected in the
lower part of the aquifer.

Groundwater at the demonstration site is encountered at 4 to 6 feet below ground surface
(bgs), and the affected aquifer is approximately 30 to 35 feet thick. The highest dissolved
contaminant concentrations have been detected in groundwater at approximately 20 to 35 feet
bgs. The contaminated horizon is predominately fine- to medium-grained sand, with lenses of
silty sand and silty clay. The hydraulic conductivity of the formation has been calculated to be
100 to 300 feet per day (ft/day), with a hydraulic gradient of 0.0003 to 0.0005 foot per foot
(ft/ft). The direction of groundwater flow in the immediate vicinity of the demonstration site is
towards the north. Assuming an effective porosity of 25 percent, the rate of advective
groundwater flow is estimated to range from 44 to 220 feet per year (ft/yr). Hydrogeologic and
maximum pre-demonstration contaminant concentrations for the Hangar K site are summarized
in Table 2.

Table 2. Hydrogeologic and Contaminant Characteristics

Site Attribute Description
Aquifer Matrix Sand, Silty Sand
Depth to Groundwater 4 to 6 feet below ground surface
Thickness of Aquifer 30 to 35 feet
Hydraulic Conductivity 100 to 300 feet per day (ft/day)
Effective Por osity 25 percent (estimated)
Hydraulic Gradient 0.0003 to 0.0005 foot per foot (ft/ft)
Groundwater Velocity 44 to 220 feet per year (ft/yr)
Maximum Groundwater PCE — 140 micrograms per liter (ug/L)
Contaminant Concentrations @ TCE — 300,000 png/L
cis-1,2-DCE — 120,000 pg/L
VC —550 pg/L
DNAPL Presence Probable - dissolved TCE up to 30 milligrams
per liter (mg/L)
Fraction Organic Carbon Not Available

¥ Pre-Phase II injection concentrations at upgradient well HRGK-VEGI.



30 TECHNOLOGY DESCRIPTION

Chlorinated solvents, also referred to as chlorinated aliphatic hydrocarbons (CAHs), can be
transformed, directly or indirectly, by biological processes. Under anaerobic conditions,
biodegradation of chlorinated solvents may proceed through the process of reductive
dechlorination. During reductive dechlorination, the chlorinated hydrocarbon is used as an
electron acceptor, and a chloride atom is removed and replaced with a hydrogen atom.
Biologically mediated reductive dechlorination generally occurs sequentially.  For the
chlorinated ethenes, dechlorination progresses from PCE to TCE to isomers of DCE to VC to
ethene. Ethene may be further reduced to ethane.

Limited reductive dechlorination has been demonstrated under nitrate- and iron-reducing
conditions, but the most rapid biodegradation rates, affecting the widest range of CAHs, occur
under sulfate-reducing and methanogenic conditions (Bouwer, 1994). Because CAH compounds
are used as electron acceptors, there must be an appropriate source of organic carbon (electron
donor) to fuel microbial growth in order for reductive dechlorination to occur. The distribution
of CAHs in groundwater at the Hangar K Site suggests that the natural biodegradation of PCE
and TCE at the Hangar K Site is not complete, and may be electron-donor limited. Thus, Hangar
K was a suitable demonstration site to determine if the addition of an organic substrate could
enhance rates of anaerobic reductive dechlorination of CAHs. Food-grade soybean oil was used
to remediate the CAH plume at this site by overcoming the inferred substrate limitation.

Vegetable oil is an inexpensive, food-grade carbon source. The separate phase nature and low
solubility of vegetable oil allows for its slow dissolution into groundwater, although it may be
readily consumed by microbial activity (Parsons, 2004). One objective of this demonstration
was to determine whether a single, low-cost injection of neat vegetable oil could provide
sufficient substrate to enhance reductive dechlorination rates in the aquifer for 3 years or more.

Another objective of this demonstration was to evaluate the effects on contaminant mass due
to CAH sequestration into the vegetable oil. Chlorinated ethenes have varying affinities for
partitioning from the aqueous, sorbed, and/or free (DNAPL) phases into vegetable oil (Pfeiffer et
al., 2005). This affinity temporarily sequesters the CAHs in the vegetable oil, reducing the mass
available for dissolution into and transport with groundwater. If separate-phase vegetable oil
remains in place within the treatment zone, the mass flux of CAHs out of the source area will be
reduced. Ultimately, the partitioned contaminant mass is released back into the aqueous phase as
the oil is degraded, into an anaerobic environment optimal for reductive dechlorination to occur.

40 TECHNOLOGY IMPLEMENTATION

Vegetable oil was injected into the subsurface at the Hangar K Site to create the
reduction/oxidation (redox) and electron donor conditions necessary to promote the microbial
reductive dechlorination of CAHs in groundwater. The Phase I pilot test was conducted from
June 1999 to December 1999 within the source area. The pilot study included the installation
one injection well (HGRK-VEG?2), four observation wells downgradient of the injection well
(HRGK-VEG3 through HRGK-VEG6), and one upgradient well (HRGK-VEG1) for use as a
background location (Figure 1). All Phase I wells were screened from 32 to 33 feet bgs, the
targeted contaminant zone.
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Approximately 110 gallons of food-grade soybean oil was injected into the contaminated
aquifer through injection well HGRK-VEG2 in June 1999. The injection took place over
approximately 5 hours, at a flow rate averaging 0.36 gallons per minute (gpm) and with back
pressure at the well head ranging from 20 to 32 pounds per square inch (psi). Immediately
following the injection, groundwater and mobile vegetable oil were extracted (pumped) back out
of the injection well using a pneumatic diaphragm pump until additional oil could not be
extracted. Periodic recovery of free oil continued over the next 3 weeks using a peristaltic pump
until approximately 62 gallons of oil had been recovered and approximately 48 gallons of oil
remained in the aquifer.

This was done to leave the oil in a residual (non-mobile) phase, and to reduce the effect of the
oil to plug the formation and inhibit groundwater flow. The monitoring network was then
sampled monthly for 6 months following the injection (from July through December 1999), and
the groundwater samples were analyzed for chlorinated ethenes (Table 3) and geochemical
indicators of biodegradation (Table 4).

Phase II was initiated in 2000 as an expanded-scale demonstration of in Situ source zone
treatment. In June 2000, 33 injection points (screened from approximately 22 to 32 feet bgs) and
9 groundwater monitoring points were installed in the suspected Hangar K source area, using a
cone-penetrometer technology (CPT) rig (Figure 1). Groundwater samples were collected from
the Phase II monitoring points and one Phase I monitoring point (HGRK-VEG4) in July 2000 to
establish baseline conditions for the Phase Il demonstration.

In August 2000, 55 gallons of pure soybean oil was injected into each injection point,
followed by a 200-gallon native groundwater push (obtained from a nearby monitoring well) to
help distribute the oil into the formation. A total of 1,815 gallons (13,200 pounds) of soybean oil
was injected into the 33 injection points. The maximum flow rate for injection of the oil was 9.2
gpm, and the maximum injection pressure used was 28 psi. The time for injection of the oil and
water push for all 33 points took approximately two weeks.

The first round of post-injection groundwater sampling was conducted in February and March
2001, 6 months after the Phase II injection. Four additional/replacement groundwater
monitoring points (HGRK-MP10 through HGRK-MP13) were installed using a Geoprobe®™ rig in
April 2002; and performance monitoring of the Phase II monitoring network was conducted in
April and October 2002, and April and December 2003. An additional monitoring event was
conducted in April 2006 (68 months after injection) to evaluate depletion of the substrate,
potential rebound in geochemical conditions or contaminant concentrations, as well as the long-
term performance of the demonstration.

5.0 TECHNOLOGY PERFORMANCE
51 Phase | Pilot Test

Results of the Phase I pilot test demonstrated that the addition of vegetable oil stimulated
reductive dechlorination of TCE, and that the injection of vegetable oil appeared to have a strong
physical effect (i.e., sequestration) on the fate and transport of chlorinated ethenes. At the
injection well, dissolved concentrations of TCE and its dechlorination products decreased by up
to three orders of magnitude within the first month following injection of the vegetable oil,
presumably as a result of partitioning of the contaminants into the oil.

-5-



Table3. Groundwater Geochemical Data

Total
Months Dissolved Redox Manganese, Ferrous Organic
from pH Oxygen Potential Total Iron Sulfate Carbon Methane Ethane Ethene Hydrogen
Sample Location  Sample Date  Injection (mg/L)” (millivolts) ~ (mg/l) (mg/L) (mg/L)  (mgL) (mgL)  (ugL)”  (ugl) (nM)”
HGRK-VEGI1 11-Jul-00 0 7.09 <0.1 -143 <0.1 3.32 17 32 0.21 1.1 28 --
28-Feb-01 7 7.04 0.09 -191 <0.1 3.19 2.9 6.2 0.24 0.54 31 --
5-Apr-06 68 6.41 0.2 -132 12.4 18.7 <5.0 4.6) 13.0 0.64 15,000 --
HGRK-VEG3 10-Jul-00 0 6.60 <0.1 -145 <0.1 75.1 2.29 79 -- - - -
3-Dec-03 40 6.30 2.56 -155 1.4 20.4 0.85J 20 9.0 0.12 4,000 3.9
5-Apr-06 68 6.23 0.17 -130 16.6 25.4 <5.0 8.0 18.0 0.74 2,900 --
HGRK-VEG4 11-Jul-00 0 6.88 <0.1 -141 <0.1 3.04 23 54 -- -- - -
25-Apr-02 20 6.31 0.13 -173 10.5 8.1 <1.0 420 3.5 3.9 10,000 8.5
15-Oct-02 26 7.30 0.07 -109 0.94 8.28 <1.0 310 8.0 3.9 14,000 16
23-Apr-03 32 6.36 0.30 -160 12.1 15.12 <1.0 45 18 1.2 6,200 2.2
HGRK-MPO1 17-Jul-00 0 7.14 <0.1 -133 <0.1 1.96 19.21 31 0.290 34.679 113 --
28-Feb-01 7 7.30 0.19 -131 <0.1 1.93 29 2.9 0.380 1.600 36.0 --
24-Apr-02 20 7.13 0.31 -139 0.3 1.44 15 53 0.260 0.410 35.0 0.73
14-Oct-02 26 8.00 0.13 -123 0.01 0.94 15 18 0.380 0.500 31.0 52
22-Apr-03 32 7.13 0.30 -128 <0.1 1.81 15 <5.0 0.350 0.400 34.0 1.9
3-Dec-03 40 6.93 2.95 -153 <0.1 245 14 4.8]) 0.052 0.082 7.2 1.6
6-Apr-06 68 7.12 0.25 -152 <0.1 0.80 19 3.0J 0.360 1.200 44.0 --
HGRK-MP02 18-Jul-00 0 6.05 <0.1 -157 <0.1 2.2 394 11 0.139 13.195 55 --
1-Mar-01 7 6.11 0.16 =219 <0.1 83 <0.1 1,000 8.70 0.390 380 --
24-Apr-02 20 6.42 0.14 -105 8.2 4.02 <1.0 37 13.0 0.830 3,700 3.0
16-Oct-02 26 6.98 0.12 -99 0.72 12.66 3.8 11 14.0 1.300 7,400 4.7
22-Apr-03 32 6.48 0.34 -108 134 17.88 <1.0 16 17.0 1.100 3,300 --
4-Dec-03 40 6.47 2.86 -158 2.9 8.15 1.0J 8.2 9.5 0.330 2,100 33
4-Apr-06 68 6.60 0.18 -117 10.5 20.4 <5.0 2.4] 22.0 0.670 3,000 --
HGRK-MPO03 12-Jul-00 0 7.35 <0.1 -141 <0.1 1.31 442 13 0.051 6.591 20 --
1-Mar-01 7 6.74 0.12 -238 <0.1 15 <0.1 NA 11.0 0.430 690 --
23-Apr-02 20 6.49 0.13 -123 0.5 11.3 5.4 11 17.0 0.410 2,200 --
16-Oct-02 26 7.02 <0.1 -107 0.66 12.78 4.2 <5.0 14.0 0.350 3,300 --
22-Apr-03 32 6.49 0.17 -115 0.3 18.81 <1.0 5.8 18.0 0.400 1,900 --
4-Dec-03 40 6.50 3.31 -140 12.3 12.15 1.2 53 14.0 0.290 2,400 --
4-Apr-06 68 6.61 0.21 -116 12.2 20.5 <5.0 1.8] 23.0 0.680 1,500 --
HGRK-MP04 12-Jul-00 0 7.27 <0.1 -145 <0.1 1.36 45.7 8.4 0.043 2.148 9 --
1-Mar-01 7 6.80 0.15 -246 <0.1 7.7 <0.1 NA 15.0 0.800 780 --
24-Apr-02 20 6.53 0.25 -116 10.4 0.87 <1.0 6.6 20.0 <0.005 1,300 2.0
16-Oct-02 26 7.09 <0.1 -114 0.52 19.86 4.2 <5.0 18.0 0.170 1,600 4.7
22-Apr-03 32 6.52 0.18 -117 12.4 16.48 <1.0 <5.0 18.0 0.220 1,800 1.8
4-Dec-03 40 6.54 3.11 -147 14 15.9 1.1 4.1]) 12.0 0.033 1,400 3.2
4-Apr-06 68 6.63 0.27 -124 11.8 21.8 <5.0 2.9J) 18.0 0.470 2,100 --
(Continued)
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Table 3. Groundwater Geochemical Data (Concluded)

Total
Months Dissolved Redox Manganese, Ferrous Organic
from pH Oxygen Potential Total Iron Sulfate Carbon Methane  Ethane Ethene Hydrogen
Sample Location Sample Date  Injection (mg/L)” (millivolts) ~ (mg/L) (mg/L) (mg/L)  (mgL) (mgL)  (ugL)”  (ugl) (nM)”
HGRK-MP05 13-Jul-00 0 7.14 1.43 -127 <0.1 2.05 30 12 0.153 9.745 39 -
1-Mar-01 7 7.09 0.15 -146 <0.1 2.07 38 NA 0.260 0.20 18 --
24-Apr-02 20 6.66 0.53 -124 1.4 0.65 18 <5.0 3.60 0.12 600 0.84
16-Oct-02 26 7.49 <0.1 -124 0.03 5.08 13 <5.0 9.3 0.17 1,700 4.6
21-Apr-03 32 6.72 0.26 -99 2.3 5.96 11 <5.0 12.0 0.26 1,300 1.4
4-Dec-03 40 6.70 3.07 -129 0.7 11.85 6.3 4.5] 7.7 0.007 700 0.86
HGRK-MP07 17-Jul-00 0 7.07 <0.1 -59 <0.1 0.89 31 <5.0 -- -- -- -
28-Feb-01 7 7.24 0.1 -- <0.1 0.69 33 - 2.7 0.24 2.6 -
24-Apr-02 20 5.98 0.17 -117 13.2 30.7 9.3 900 5.0 22 2,200 6.8
17-Oct-02 26 7.37 <0.1 -125 0.03 0.93 11 - 1.9 0.038 9.8 4.5
23-Apr-03 32 7.05 0.31 =72 <0.1 0.59 16 <5.0 0.520 0.028 7.2 1.3
2-Dec-03 40 6.88 0.86 -100 0.5 0.51 9.6 1.3J 0.035 0.003J 0.056 1.1
6-Apr-06 68 7.14 0.24 -46 <0.1 <0.01 7.8 2.7) 0.650 0.0147J 11.0 --
HGRK-MPO08 17-Jul-00 0 7.13 <0.1 -123 <0.1 2.5 40 19 -- -- -- -
28-Feb-01 7 7.24 0.12 -236 <0.1 2.63 <0.1 -- 6.5 0.18 6.7 -
14-Oct-02 26 7.34 <0.1 -149 0.01 2.52 9.6 <5.0 7.7 0.11 12 -
23-Apr-03 32 6.95 0.37 -148 <0.1 3.52 10 5.1 6.5 0.15 11 -
2-Dec-03 40 6.85 1.85 -160 <0.1 23 59 2.2] 7.1 0.52 21 -
HGRK-MP10 25-Apr-02 20 6.15 0.15 -107 <0.1 27.72 <1.0 430 5.00 11.0 9,400 -
22-Apr-03 32 6.40 0.14 -91 4.8 27.52 <1.0 240 12.0 1.0 7,400 1.3
3-Dec-03 40 6.37 2.65 -149 2.4 28.71 0.85J 160 18.0 1.8 10,000 -
6-Apr-06 68 6.52 0.15 -141 6.0 10.3 4.1] 2.4]) 21.0 1.5 11,000 --
HGRK-MP11 25-Apr-02 20 6.49 0.03 -148 8.2 16.45 10 86 10.0 8.3 3,000 -
17-Oct-02 26 6.96 0.09 -113 0.1 15.66 4.6 18 15.0 0.48 12,000 --
23-Apr-03 32 6.53 0.32 -98 1.1 13.35 <1.0 12 18.0 0.45 8,000 --
1-Dec-03 40 6.38 0.98 -119 1.5 12.05 3.4 3.9 21.0 0.40 9,600 --
4-Apr-06 68 6.73 0.21 -132 8.7 15 <5.0 1.8) 22.0 0.34 6,000 --
HGRK-MP12 25-Apr-02 20 6.38 0.06 -101 12.3 19.05 <1.0 170 12.0 11.0 2,700 -
15-Oct-02 26 7.39 0.02 -107 <0.1 16.92 <1.0 31 17.0 0.38 2,300 -
23-Apr-03 32 6.32 0.25 -84 14.7 16.66 4.6 8.8 18.0 0.89 2,000 --
1-Dec-03 40 6.29 0.96 -112 12.8 21.28 1.0J 6.0 16.0 0.78 2,300 -
4-Apr-06 68 6.65 0.29 -133 13.3 15.2 <5.0 2.0J 23.0 0.76 1,200 --
HGRK-MP13 25-Apr-02 20 6.36 0.02 -69 <0.1 16.45 <1.0 240 7.5 7.400 4,400 -
15-Oct-02 26 7.24 0.05 -102 0.09 21.6 <1.0 16 14.0 0.55 2,800 --
23-Apr-03 32 6.36 0.27 -90 12.7 19.2 4.0 9.6 17.0 0.54 >1500 -
2-Dec-03 40 6.32 0.90 -118 0.9 16.15 1.6 4.8] 17.0 0.82 5,400 --
4-Apr-06 68 6.68 2.80 -128 11.3 18.3 <5.0 1.9J 21.0 0.77 1,900 -
o mg/L = milligrams per liter. of u1g/L = micrograms per liter. “ 1M = nanomolar.
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Table4. Summary of Chlorinated Ethenesin Groundwater

Screened Months from PCE"” TCE" 1,I-DCE”  «cis-1,2-DCE trans-1,2-DCE  Vinyl Chloride
Interval Phase 11
Sampling Location  (ft bgs)” Sample Date Injection (ng/L)’ (ng/L) (G68g/L) (ng/l) (ng/h) (ng/l)
HGRK-VEGI 3233 11-Jul-00 0 140 300,000 390 120,000 1,400 550
28-Feb-01 7 48 310,000 200 110,000 1,600 1,200
5-Apr-06 68 <1,000 <1,000 <1,000 8,580 1,650 19,600
HGRK-VEG3 32-33' 10-Jul-00 0 2.6J 66,000 450 120,000 1,800J 47,000
3-Dec-03 40 <14 0.31J <12 1.1 7.6 6.4
5-Apr-06 68 <1.0 0.29J <1.0 0.31J 0.60J 14
HGRK-VEG4 3233 11-Jul-00 0 <5.0 33,000 800 170,000 1,800J 38,000
25-Apr-02 20 <14 <10 <12 21 39 7,200
15-Oct-02 26 <35 0.463 <3.0 2.1 2.5 1,300
23-Apr-03 32 <14 <1.0 <12 0.99J 0.60 190
HGRK-MPO1 24'34' 17-Jul-00 0 28 49,000 36 19,000 220 140
(Upgradient) 28-Feb-01 7 11 120,000 140 90,000 1,100 1,000
24-Apr-02 20 <280 120,000 200J 74,000 1,200 660
14-Oct-02 26 <280 130,000 210J 71,000 1,100 630
22-Apr-03 32 <280 110,000 160J 66,000 1,000 670
3-Dec-03 40 <470 110,000 190J 74,000 1,300 850
6-Apr-06 68 <5,000 103,000 <5,000 60,800 900J <5,000
HGRK-MP02 22.5-32.5' 18-Jul-00 0 3.5] 77,000 76 25,000 600 170
1-Mar-01 7 <5.0 180 <5.0 69 5.7 1,500
24-Apr-02 20 <14 <10 22 4,300 150 3,700
16-Oct-02 26 <560 <400 49] 11,000 310 6,800
22-Apr-03 32 <2.8 <2.0 0.26J 87 16 890
4-Dec-03 40 <14 <1.0 <12 0.40J 0.66 76
4-Apr-06 68 <1.0 0.11J <1.0 <1.0 0.13J 0.67J
HGRK-MP03 2131 12-Jul-00 0 <5.0 21,000 29 12,000 540 41
1-Mar-01 7 <5.0 2,500 48 14,000 230 12,000
23-Apr-02 20 <14 0.45] 0.20 81 12 800
16-Oct-02 26 <35 1.23 20J 6,800 410 4,400
22-Apr-03 32 <7.0 <5.0 0.74J 360 46 2,000
4-Dec-03 40 <14 <1.0 <1.2 59 15 1,000
4-Apr-06 68 <1.0 0.20J <1.0 0.36J 0.23] 0.45]
HGRK-MP04 2131 12-Jul-00 0 <5.0 24,000 31 7,300 440 52
(Downgradient) 1-Mar-01 7 <5.0 1,200 32 10,000 300 4,800
24-Apr-02 20 <14 19 0.11J 15 21 140
16-Oct-02 26 <14 120 0.40J 57 33 45
22-Apr-03 32 <14 0.16J 0.048J <1.2 0.028] 33
4-Dec-03 40 <14 0.064J <1.2 0.18J 0.42J 0.68J
4-Apr-06 68 <1.0 <1.0 <1.0 0.12J <1.0 0.37J
(continued)
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Table4. Summary of Chlorinated Ethenesin Groundwater (Concluded)

Screened Months from PCE" TCE" 1,I-DCE”  «cis-1,2-DCE trans-1,2-DCE  Vinyl Chloride
Interval Phase 11
Sampling Location (ft bgs)¥ Sample Date Injection (ng/ L)” (ng/L) (G68g/L) (ng/L) (ng/l) (ng/l)
HGRK-MPO05 26'-36' 13-Jul-00 0 <5.0 48,000 70 18,000 810 130
(Downgradient) 1-Mar-01 7 <5.0 52,000 130 23,000 1,300 170
24-Apr-02 20 <140 41,000 120 30,000 960 3,200
16-Oct-02 26 <190 33,000 120J 28,000 1,100 6,100
21-Apr-03 32 <70 27,000 74 20,000 770 3,500
4-Dec-03 40 <93 10,000 44] 9,700 310 3,300
HGRK-MPO0O7 3-13' 17-Jul-00 0 1.0J 140 <5.0 190 2.7] 1.1
28-Feb-01 7 9.3 <50 <5.0 240 9.5 <5.0
24-Apr-02 20 <14 53 3.7 3,800 27 1,200
17-Oct-02 26 0.058J 0.34) 0.056J 4.3 0.28J 0.77J
23-Apr-03 32 <l.4 0.039J <1.2 0.14J <0.60 <1.1
2-Dec-03 40 <1.4 <1.0 <1.2 0.49J <0.60 <1.1
6-Apr-06 68 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
HGRK-MPO08 3'-13' 17-Jul-00 0 <5.0 110 <5.0 438 1.0J <5.0
28-Feb-01 7 <5.0 <50 <5.0 66 6.0 7.4
17-Oct-02 26 <14 0.30J 0.066J 8.2 0.98 19
23-Apr-03 32 <14 0.36J <1.2 2.7 0.53J 0.46J
2-Dec-03 40 <l.4 <1.0 <1.2 2.0 0.42J 0.42J
HGRK-MP10 23'-33' 25-Apr-02 20 <7.0 0.48J <6.0 260 39 2,500
22-Apr-03 32 <14 0.31J 5.3J 2,700 210 5,400
3-Dec-03 40 <14 0.91J 4.0 2,900 420 3,900
6-Apr-06 68 <2,000 15,500 240 53,400 5,220 10,400
HGRK-MP11 23'-33 25-Apr-02 20 <140 2,400 140 53,000 870 13,000
17-Oct-02 26 <350 183 140J 57,000 1,200 25,000
23-Apr-03 32 <70 <50 21 11,000 430 28,000
1-Dec-03 40 <4.7 0.46J 2.5 1,700 120 3,200
4-Apr-06 68 <1.0 14 11 5,720 535 6,290
HGRK-MP12 23'-33' 25-Apr-02 20 <1.4 18 <1.2 2.2 0.61 100
15-Oct-02 26 <l.4 0.28J <1.2 19 12 99
23-Apr-03 32 <14 <1.0 <1.2 0.28J 0.43J 6.9
1-Dec-03 40 <l.4 <1.0 <1.2 <1.2 0.43J 13
4-Apr-06 68 <1.0 <1.0 <1.0 <1.0 0.45J 0.91J
HGRK-MP13 23'-33' 25-Apr-02 20 <14 0.54] 17 5,800 280 8,800
15-Oct-02 26 <l.4 0.57J <1.2 1.0J 14 5.0
23-Apr-03 32 <1.4 0.15J <1.2 0.54J 0.37J 210
2-Dec-03 40 <l.4 <1.0 <1.2 <1.2 0.13J 0.81J
4-Apr-06 68 <1.0 0.17J <1.0 54 54 22

Y fi bgs = feet below ground surface. o

Y pCE = tetrachloroethene; TCE = trichloroethene; DCE = dichloroethene. ¥ J = estimated value.

Hg/L = micrograms per liter.
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Monitoring results for Phase I injection well HGRK-VEG2 showed that concentrations of
TCE decreased from an initial (pre-injection) concentration of 100,000 micrograms per liter
(ug/L) to 110 pg/L approximately 1 month after injection (Parsons, 2002). Similarly,
concentrations of Cis-1,2-DCE decreased from 48,000 pg/L to 180 ug/L, and concentrations of
VC decreased from 330 pg/L to less than 1.0 pg/L, during the same 1-month interval.
Concentrations of TCE in groundwater at the injection well location remained relatively low
(<230 ng/L) for the remainder of the Phase I test, while concentrations of Cis-1,2-DCE increased
over time in the study area.

While the immediate decreases in contaminant concentrations at the injection well were likely
due to initial partitioning into the vegetable oil, both the production of cis-1,2-DCE and the
groundwater geochemical parameters measured during the pilot test provided evidence of
strongly anaerobic conditions and limited reductive dechlorination in the pilot test reaction zone.
Results of the Phase I pilot test also suggested that the vegetable oil was consumed fairly rapidly,
and that the effects of enhanced biodegradation slowed at approximately 6 months.

52 Phase |l Expanded Field Test
521 Geochemistry

Based on data collected from upgradient wells during the Phase II baseline sampling event
(Table 3), groundwater in the Hangar K study area is naturally anaerobic due to the presence of
natural organic carbon in the formation, with background concentrations of total organic carbon
(TOC) typically between 10 and 20 milligrams per liter (mg/L); TOC concentrations greater than
20 mg/L are considered conducive to reductive dechlorination. Background concentrations of
dissolved oxygen (DO) are less than 0.5 mg/L.

Addition of vegetable oil lowered the reducing environment at the site, with measurements of
oxidation-reduction potential (ORP) ranging from -35 to -157 millivolts (mV) before the Phase II
injection of vegetable oil, and from —100 to —250 mV after injection. Following the Phase II
injection, concentrations of manganese and ferrous iron increased, concentrations of sulfate
decreased, and concentrations of methane increased within the treatment zone. This indicates
that the redox conditions achieved support the biological processes of manganese reduction, iron
reduction, sulfate reduction, and methanogenesis. The redox conditions observed are also
optimal for reductive dechlorination to occur.

TOC was depleted in April 2006 (68 months after injection) with concentrations below 10
mg/L at all sample locations. However, geochemical conditions remained strongly anaerobic
with ORP ranging from -46 to -152 mV and methane ranging from 13 to 22 mg/L for wells
screened across the injection horizon. While the vegetable oil substrate has been depleted, the
groundwater geochemistry has not returned to background conditions.

522 Chlorinated Ethenesin Groundwater

Concentrations of chlorinated ethenes in groundwater at the Phase I monitoring locations are
listed in Table 4. Concentrations of TCE at all of the Phase II monitoring points within the
vegetable oil treatment zone decreased substantially from July 2000 (Figure 2) through
December 2003 (Figure 3), following substrate injection in August 2000. Concentrations of
TCE remained low through April 2006 (Figure 4), with a notable exception at sample location
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HGRK-MP10. The concentration of TCE rebounded at this location to 15,500 pg/L in April
2006, compared to less than 1.0 ug/L in December 2003. This monitoring location is on the
upgradient side of the treatment zone, and the rebound suggests that the treatment zone may no
longer be able to degrade elevated concentrations of TCE migrating from an upgradient source.

The most notable decreases in the concentration of TCE over time were within the treatment
zone at monitoring points HGRK-MP02, HGRK-MP03, and HGRK-MP04 (Figure 5). The
maximum concentration of TCE detected at these locations in July 2000 was 77,000 pug/L in well
HGRK-MPO02, which decreased after substrate injection to 180 ug/L in March 2001, and to less
than 2.0 pug/L in April and December 2003. Concentrations of TCE measured in April and
December 2003 were less than 5.0 pg/L at all locations sampled within the treatment zone. This
represents a reduction in concentrations of TCE in groundwater of approximately four orders of

magnitude. As noted previously, TCE rebounded to 15,500 pg/L at sample location HGRK-
MP10 in April 2006.

Figure5. Concentrationsof TCE over Time (Phasell)
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Concentrations of Cis-1,2-DCE in Phase II monitoring points initially showed variable trends
following the Phase II vegetable oil injection. Concentrations of Cis-1,2-DCE increased at three
locations and decreased at four locations in February/March 2001. An increase in Cis-1,2-DCE is
inferred to result from reductive dechlorination of TCE, while a decrease in Cis-1,2-DCE is
inferred to result from subsequent degradation of cis-1,2-DCE to VC.

Concentrations of TCE decreased significantly in wells showing a decrease in cis-1,2-DCE,
suggesting that as the concentration of TCE at these wells was depleted, the rate of
dechlorination of cis-1,2-DCE was sufficient to convert a greater mass of cis-1,2-DCE to VC
than was produced by dechlorination of TCE to cis-1,2-DCE. In any event, concentrations of
Cis-1,2-DCE ultimately decreased over time, with the exception of monitoring point location
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HGRK-MP10 (Table 4). Concentrations of Cis-1,2-DCE measured in April and December 2003
were less than a drinking water standard of 70 pg/L at 8 of 10 locations sampled within the
treatment zone. In April 2006, concentrations of Cis-1,2-DCE remained less than 70 pg/L at 7 of
11 locations sampled within the treatment zone (Figure 4).

Concentrations of VC following the Phase II injection showed a uniform increase. The
maximum concentration of VC detected at the Phase II monitoring locations following injection
was 28,000 pg/L at HGRK-MPI11 in April 2003, which subsequently declined to 3,200 pg/L in
December 2003. Concentrations of VC declined at many locations over time, with
concentrations of VC less than 2.0 pg/L at 5 of 10 locations sampled within the treatment zone in
December 2003, and at 6 of 11 locations in April 2006. Concentrations of ethene also increased
substantially within the treatment zone. The largest increase in ethene concentrations was
observed at monitoring point HGRK-VEGI, with ethene as high as 15,000 ug/L in April 2006
(Table 4). The increase in ethene concentrations at the Phase II monitoring locations indicates
that a significant mass of VC is being degraded to ethene.

Other supporting evidence of enhanced biodegradation, including changes in the relative
concentrations of parent and dechlorination products, indicate that a substantial portion of the
reduction in contaminant concentration is due to sequential reductive dechlorination. The
presence of dechlorination products that were not used in Base operations, particularly Cis-1,2-
DCE, VC, and ethene, provides strong evidence that PCE and TCE are being degraded via
biological reductive dechlorination. For example, the concentrations of chlorinated ethenes over
time for Phase II monitoring point HGRK-MPO02 are shown on Figure 6. As would be expected
if reductive dechlorination was enhanced, concentrations of the more highly chlorinated ethenes
(i.e, TCE) decreased significantly, while concentrations of Cis-1,2-DCE and VC initially
increased. With time TCE has been depleted, and the dechlorination of cis-1,2-DCE to VC to
ethene, results in decreases in the concentrations of Cis-1,2-DCE and VC and an increase in the
concentration of ethene.

At other locations within the treatment zone, concentrations of more highly chlorinated TCE
also decreased significantly, while concentrations of cis-1,2-DCE and VC initially increased,
then decreased over time as would be expected if sequential reductive dechlorination had been
stimulated. Figure 7 shows the concentrations of chlorinated ethenes at location HGRK-MP04,
located approximately 10 feet downgradient from the treatment zone. Separate-phase vegetable
oil or concentrations of TOC greater than 10 mg/L have not been observed at this location;
therefore, it has not been directly affected by the injected vegetable oil. Concentrations of TCE,
cis-1,2-DCE, and VC have all declined to below drinking water standards at HGRK-MP04.

Sequential transformation of PCE and TCE to ethene has been observed at all locations within
the treatment zone. However, it appears that a slower rate of dechlorination of VC to ethene
relative to that of the more highly chlorinated ethenes has resulted in the accumulation and
persistence of VC at several locations within the treatment zone.
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5.2.3 Sequestration of CAHsin Vegetable Oil

During the Phase I pilot test, samples of vegetable oil that accumulated in injection well
HGRK-VEQG2 following injection were collected and analyzed for CAHs during each monitoring
event. These results were compared with CAH concentrations in groundwater samples from the
same well to estimate a field CAH in groundwater to CAH in oil partitioning coefficient. The
results of this exercise are listed in Table 5.

Table5. Phasel Field Partitioning Coefficients

Chlorinated Compound
L ocation PCE TCE cis-1,2-DCE VC

HGRK-VEG2 Phase| Pilot Test

Number of Oil/Groundwater Sample Pairs - 7 7 1

Range of Field Partitioning Coefficients - 12 -430 32-186 19
Average Field Partitioning Coefficient - 297 64 19
Laboratory Study (Pfeiffer, 2003) 1,240 338 61 22

Although the number of oil samples available for comparison is limited, and wide ranges of
field partitioning coefficients were observed, the average field partitioning coefficients for these
compounds correlate well with laboratory partitioning coefficients reported by Pfeiffer (2003)
for CAHs in soybean oil. The variation in concentrations of CAHs in the oil samples may be
due, in part, to the difficulty in collected representative samples of vegetable oil from the
formation through small diameter PVC well screen and casing. Nonetheless, laboratory data
indicate that vegetable oil can sequester approximately 300 times the concentration of TCE in
groundwater, while field partitioning coefficients for cis-1,2-DCE (64) and VC (19) are
substantially lower.

Accumulations of separate-phase vegetable oil sufficient for sampling and analyses were not
observed in any monitoring points during the Phase II test. In April 2002 and April 2003, the
concentrations of VC measured in select vegetable oil samples from injection wells (data not
shown) were greater than concentrations of TCE and cis-1,2-DCE, corresponding to the relative
changes in the distribution of these compounds in groundwater. The presence of sufficient
vegetable oil for sampling and analyses was not observed in any monitoring or injection points in
December 2003, suggesting the volume of separate-phase oil had decreased due to dissolution
and microbial biodegradation.

5.24 Substrate Depletion and L ongevity

To document the biodegradation and depletion of the vegetable oil substrate, concentrations
of TOC were measured during performance monitoring. Beginning in April 2002, volatile fatty
acids (VFAs, or metabolic acids) were also measured (Table 4). Figure 8 shows the average
concentration of TOC and average concentrations of total VFAs in groundwater at monitoring
wells screened within the treatment zone.
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After soybean oil injection, the concentration of TOC increased to as high as 1,000 mg/L,
then began a steady decline that appears to match a first-order degradation rate. VFAs also
appear to decrease at a first-order rate. Concentrations of TOC in April 2006 had declined to less
than 10 mg/L at all locations, indicating that the vegetable oil substrate has been depleted to
background levels.

Figure 8. Average Concentrationsof Total Organic Carbon and Total
Volatile Fatty Acidsover Time
(Phase Il Monitoring Locationswithin Treatment Zone)
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Data collected to date indicate that the vegetable oil substrate has sustained anaerobic
conditions optimal for reductive dechlorination to occur for a period of approximately 68
months, from July/August 2000 through April 2006. However, some rebound in concentrations
were observed at location HGRK-MP10, indicating that the effective life span of the application
has reached an endpoint. Depletion of the substrate also infers that the amount of CAH mass that
may have initially partitioned into the vegetable oil must be released back into the aqueous phase
over time as the volume of oil is reduced by dissolution and biological activity. Because a
rebound in CAH concentrations has not been observed at locations within or downgradient from
the treatment zone (with the exception of HGRK-MP10), the mass of CAHs released from the oil
has likely been degraded by biological reductive dechlorination.

6.0 TECHNOLOGY COSTS

Total cost of the Phase I pilot test was approximately $72,000. For the purposes of cost
comparison to other full-scale enhanced in Situ bioremediation applications, the capital/startup
and operating costs for the full-scale Phase II application are presented in Table 6. Capital cost
for the full-scale application were approximately $97,000. The cost for installation of the Phase
IT injection and monitoring system and conducting the substrate injection was approximately
$67,000; of which $5,700 was for the vegetable oil substrate, and approximately $30,000 was for
installation of the injection and monitoring points by the US Army Corps of Engineers (USACE)
(labor and equipment). Approximately $11,000 was expended for work plan development and
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planning, approximately $8,000 was spent for baseline laboratory analyses and monitoring
equipment/supplies, and approximately $11,000 was spent for reporting (Table 6).

The cost for performance monitoring averages approximately $24,000 per sampling event,
including project management, procurement, and reporting. To date, six Phase II performance
monitoring events have been conducted over the 69-month period from July 2000 through April
2006. Total costs to date for the Phase II demonstration are approximately $241,000.

Table6. Phasell Technology Demonstration Costs

Element Cost
Capital Cost

Planning and Preparation $11,000
Mobilization/Demobilization/Per Diem $2.,800
Site Labor $20,000
USACE CPT Rig (equipment and labor, estimated) $30,000
Equipment and Appurtenances

-Injection and Monitoring Points $6,100
-Injection System $900
-Substrate (vegetable oil, delivered) $5,700
-Monitoring Equipment and Supplies $2,000
Baseline Laboratory Analyses $6,000
Surveying $1,500
Reporting $11,000
Total Capital Costs $97,000

Operating Costs (Performance Monitoring)

Mobilization/Demobilization/Per Diem $2,500
Direct Labor (Performance Monitoring) $7,500
Sampling Equipment and Supplies $2,000
Laboratory Analysis $6,000
Project Management/ Procurement/Reporting $6,000
Operating Costs per Event

($144,000 for six events over 68 months) $24,000

7.0 SUMMARY OBSERVATIONSAND LESSONSLEARNED

The injection of vegetable oil has enhanced reductive dechlorination of chlorinated ethenes
(PCE, TCE, DCE, and VC) in groundwater at the Hangar K Site. Both pilot- and full-scale
studies demonstrated that reductive dechlorination could be enhanced by supplementing the
natural concentrations of organic carbon via injection of food-grade soybean oil. Phase II
chlorinated ethene data indicate a dramatic reduction in concentrations of TCE, and in most
locations reductions in Cis-1,2-DCE and VC. While partitioning of chlorinated ethenes into the
vegetable oil may account for the observed initial reductions in aqueous-phase contaminant
concentrations, ratios of molar concentrations of the parent and dechlorination products indicate
that much of the observed contaminant reductions are due to sequential reductive dechlorination.
While VC has apparently accumulated at a few locations within the treatment zone, the observed
increases in ethene concentrations indicate that VC is being dechlorinated.

The apparent accumulation and persistence of VC may be due in part to slower reaction

kinetics for the dechlorination of cis-1,2-DCE and VC, and/or a continuing source of TCE
migrating into the treatment zone, sorbed to the aquifer matrix, or present as residual DNAPL
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within the aquifer matrix. The stable, elevated CAH concentrations at upgradient well HGRK-
MPO1 throughout the Phase I and II demonstration periods confirm that additional chlorinated
ethene source mass persists in the vicinity of the demonstration treatment zone (Table 4 and
Figure 3).

CAH concentration data indicate that the vegetable oil is being utilized to support reductive
dechlorination at the site. Methane concentration data indicate that substrate mass is being
consumed by methanogenesis, but it does not appear that metabolic methane production is
consuming an adverse percentage of substrate mass relative to reductive dechlorination. The
Phase II injection appears to have been effective over a minimum of 40 months. At 68 months
post injection, concentrations of TOC have been depleted to background levels and a rebound in
the concentration of TCE has been observed at location HGRK-MP10. This indicates that the
effective life span of the application is on the order of 4 to 5 years.
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