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ABSTRACT:  A pilot-scale treatment zone (TZ) injected across the width of a carbon 
tetrachloride (CT) plume effectively decreased the concentration of CT in groundwater at 
downgradient wells by 97% within 13 months, with no accumulation of degradation 
products. The CT plume extends from a grain elevator approximately 2,500 feet (760 
meters) downgradient where it discharges into a small creek; the highest concentrations 
of CT (2,500 µg/L) are located near the source area. Chloroform (CF), chloromethane, 
and methylene chloride have also been identified in study area groundwater.   
 Bench-scale testing was conducted using soil and groundwater collected from the 
study area to identify the preferred pilot test remedial technology – injection of Adventus 
EHC™ across the plume width near the source area to form the TZ. EHC acts through in 
situ chemical reduction (ISCR) and combines controlled-release, fibrous organic carbon, 
and micro-scale zero-valent iron. Following injection of EHC into the aquifer, various 
physical, chemical, and microbiological processes combine to create strongly reducing 
conditions in situ that stimulate rapid dechlorination of CT and other chlorinated 
solvents.   
 Groundwater sampling results as early as four months after installation of the TZ 
showed a 76% and 88% decline in CT concentration at monitoring wells located 70 and 
140 feet (21 and 43 meters) downgradient of the TZ, respectively. Groundwater sampling 
results 13 to 22 months after installation of the TZ have shown a 97% decline in CT 
concentration 70 feet (21 meters) downgradient of the TZ. Groundwater sampling results 
22 months after installation of the TZ have shown a 88% decline in CT concentration 600 
feet (183 meters) downgradient of the TZ. 
 Implementation of this remedial technology as a pilot test has allowed us to achieve 
cleanup goals. Following implementation of the EHC TZ and upon acquiring 
groundwater data that document the success of this remedial technology, our client 
received an approved voluntary cleanup plan from the state regulatory agency as part of a 
long-term remediation solution.   
 
INTRODUCTION 

Carbon tetrachloride (CT) is a difficult contaminant to remediate. Historically used as 
a fumigant, CT is a common contaminant in the grain belt of the United States. CT has 
been historically problematic because of its resistance to naturally attenuate and for the 
lack of remediation alternatives that breakdown CT and its degradation products 
(chloroform (CF), chloromethane, and methylene chloride).   

The CT plume is approximately 175 feet (53 meters) wide (perpendicular to flow) in 
the upgradient portion of the study area, widening to approximately 400 feet (122 meters) 



FIGURE 1. Study area location 
map. The approximate limits of 

CT impact above 5 µg/L are 
shown by the black dashed line. 
Contours show the water table 

elevation (in feet).   

in the downgradient portion of the study area, and is approximately 2,500 feet (760 
meters) long. The CT plume originates just west of the grain elevator and trends 
southeast, across a residential neighborhood, where it terminates at a small creek (Figure 
1). The highest concentrations of CT (approximately 2,500 µg/L) are located near the 
presumed source area. Sampling of groundwater at 17 monitoring wells, two residential 
lawn and garden wells, and three staff gauges 
identify the limits of CT impacts.   

The geologic history in the study area resulted 
in a complex mix of interbedded sand, gravel, clay, 
and silt overlying shale. The elevation of the shale 
beneath the grain storage facility rises above the 
saturated sand aquifer; therefore, there is no 
saturated unit directly beneath the apparent source 
area (former CT tank location). The elevation of 
the shale decreases away from the apparent source 
area and approximately 70 feet (21 meters) away, 
groundwater is present. This complexity has lead 
to creative thinking and innovative techniques for 
attacking the CT source and furthest upgradient 
groundwater impacts. We evaluated a wide range 
of technologies to determine the preferred remedial 
option. Due to the location in a residential 
neighborhood, geologic setting, thickness of the 
aquifer, depth of CT contamination, persistence of 
CT, and costs, passive reactive barriers were 
retained for further evaluation by bench-scale 
testing.   

Following successful bench-scale testing, a 
pilot-scale evaluation of EHC ISCR technology 
was initiated in April 2005. As part of the pilot-scale evaluation, 24 tons (22,000 kg) of 
EHC were injected as aqueous slurry into two saturated sand units across the width of a 
CT plume along a road right-of way. EHC acts through in situ chemical reduction (ISCR) 
and combines controlled-release, fibrous organic carbon, and micro-scale zero-valent 
iron. Following injection of EHC into the aquifer, various physical, chemical, and 
microbiological processes combine to create strongly reducing conditions in situ that 
stimulate rapid dechlorination of CT and other chlorinated solvents.   

To date, our results show that the TZ is effectively remediating CT without the 
accumulation of degradation products. CT has decreased more than 97% at monitoring 
wells located nearest the TZ, and effects of the TZ have now migrated at least 600 feet 
(183 meters) downgradient, where an 88% reduction of CT is observed. Thus, our data 
indicate that once the EHC TZ created conditions conducive to ISCR, dechlorination of 
CT and its degradation products occurred.   
 
Study Area Geology. There is a complex geologic history in the study area which 
resulted in a mix of interbedded sand, gravel, clay, and silt. The unconsolidated deposits 
are of Pleistocene age (recent, about 10,000 years ago) and are typically composed of 



FIGURE 2. Generalized Geologic Cross Section 

fluvial (stream or river) deposits 
and, to a lesser extent, loess (wind 
blown silt). The fluvial deposits 
are related to meltwater originating 
during the last glacial episode, 
which ended about 10,000 years 
ago (Miller and Apple, 1997).  

A Permian age shale (about 
250,000,000 years ago) underlies 
the unconsolidated deposits 
regionally (Miller and Apple, 
1997). The elevation of the shale 
varies by approximately 30 feet 
(9.1 meters) across the study area. 
The highest elevation of the shale 
in the study area is located beneath 
the grain elevator and generally 
slopes downward to the southwest. 
The shale aquitard rises to an 
elevation approximately 10 feet (3.0 meters) above the present day water table in the 
northwest (upgradient) portion of the study area. Thus, an aquifer has not been identified 
in the presumed source area. A cross section location map and a generalized cross section 
(A-A´) through the study area are presented as Figures 1 and 2, respectively. The 
thickness of the lower saturated unit varies considerably across the site as shown on 
Figure 2.  

 
Study Area Hydrogeology. The water table in the study area ranges from approximately 
4 to 33 feet (1.2 to 10 meters) below ground surface. The depth-to-water generally 
decreases towards the creek. The groundwater flow direction is to the southeast, or from 
the elevator property towards the creek. The thickness of the saturated aquifer varies from 
approximately 15 feet (4.6 meters) thick to approximately 25 feet (7.6 meters) thick 
across the study area. The aquifer is composed of saturated sand units interbedded with 
clay. Potentiometric surface lines are shown on Figure 1. Horizontal hydraulic gradients 
across the study area range from 0.002 ft/ft in the central portion of the study area to 
0.004 in the north and south portions of the study area. Groundwater velocity ranges from 
1.0 and 2.2 ft/day across the study area.   
 
MATERIALS AND METHODS 
 Bench-scale testing was conducted using soil and groundwater collected from the 
study area to identify the preferred pilot test remedial technology – injection of EHC 
across the plume width near the source area to form the TZ. As part of a pilot-scale 
evaluation of the ISCR technology, 24 tons (22,000 kg) of EHC was injected as aqueous 
slurry into two saturated sand units across the 270-foot wide CT plume along a road 
right-of way in April 2005 (Figure 3). Twenty-seven injection groups, comprising 126 
injection borings of each targeting a discrete depth between 22 and 44 feet (6.7 to 13 



FIGURE 3. Location of TZ and 
associated monitoring wells. 

meters) below ground surface, were installed. The EHC was emplaced at an average 
application of 1% weight to weight ratio.   

To identify the optimum locations and depths in which to install the EHC TZ, seven 
soil borings were installed prior to injections of EHC in the location of the TZ to gain 
geologic and analytical data needed to determine the appropriate EHC emplacement 
zone(s). Following injections of EHC, five soil borings were used to verify physical 
placement of the EHC.   

Groundwater monitoring events have been 
conducted at 1, 4, 6, 9, 13, 16, 19, and 22 months 
following injections of EHC into the TZ. 
Groundwater monitoring events consist of 
collecting water level measurements and 
groundwater samples from 17 monitoring wells. 
Additionally, water samples are collected from two 
residential lawn and garden wells and three staff 
gauges located in the creek. Groundwater samples 
are collected following minimal drawdown (low-
flow) methods.   
 
Treatment Zone Effects. The organic component 
of EHC (fibrous organic material) is nutrient-rich, 
hydrophilic, and has high surface area; thus, it is an 
ideal support for growth of bacteria in the 
groundwater environment. As they grow on EHC 
particle surfaces, indigenous heterotrophic bacteria 
consume dissolved oxygen, thereby reducing the redox potential in groundwater. In 
addition, as the bacteria grow on the organic particles, they ferment carbon and release a 
variety of volatile fatty acids (VFAs; e.g., acetic, propionic, butyric), which diffuse from 
the site of fermentation into the groundwater plume and serve as electron donors for other 
bacteria, including dehalogenators and halorespiring species. Finally, the small ZVI 
particles (<100 mm) provide substantial reactive surface area that stimulates direct 
chemical dechlorination and an additional drop in the redox potential of the groundwater 
via chemical oxygen scavenging. These physical, chemical, and biological processes 
combine to create an extremely reduced environment that stimulates ISCR of otherwise 
persistent compounds.   

Carbon tetrachloride is typically degraded via reductive dechlorination, although in 
some cases alternate degradation paths may occur. During reductive dechlorination, the 
chlorinated hydrocarbon is used as an electron acceptor, not as a source of carbon, and a 
chlorine atom is removed and replaced with a hydrogen atom. Dissolved oxygen is the 
most favored electron acceptor by microbes for the biodegradation of organic carbon. 
Anaerobic (oxygen depleted) bacteria cannot function at dissolved oxygen concentrations 
greater than about 5 mg/L and, hence, reductive dechlorination will not occur. This is 
why it is important to have a source of carbon in the aquifer that can be used by aerobic 
microorganisms as a primary substrate (Wiedemeier et. al, 1998).   

During aerobic (oxygen-rich) respiration, dissolved oxygen concentrations will 
decrease. After depletion of dissolved oxygen, anaerobic microbes will use nitrate as an 



electron acceptor, followed by Iron (III), then sulfate, and finally carbon dioxide 
(methanogenesis). Each sequential reaction drives groundwater ORP downward into the 
range within which reductive dechlorination can occur. Reductive dechlorination is most 
effective in the ORP range corresponding to sulfate reduction and methanogenesis. 
However, this can cause competitive exclusion between sulfate reducers, methanogens, 
and reductive dechloronators (Wiedemeier et. al, 1998). An alternate degradation 
pathway to carbon disulfide can occur when sulfate reducing conditions exist (Criddle et. 
al., 1990; Freedman et. al., 1995; Devlin and Muller, 1999; Hashsham and Freedman, 
1999). Possible degradation pathways for CT are shown in Figure 4.   
 

 
 
RESULTS AND DISCUSSION 

Effects of the TZ have been observed at the two monitoring wells closest 
downgradient (70 and 140 feet (21 and 43 meters) downgradient) of the TZ since 4 
months following injection and at the next downgradient monitoring well (600 feet (183 
meters) downgradient) since 16 months following injections. Figure 3 shows the location 
of the TZ, and associated upgradient and downgradient monitoring wells.  Effects of the 
TZ observed at one or more downgradient wells include: 

�  Decreased CT concentrations. 
�  Increased CT breakdown products concentrations initially, followed by decreased 

concentrations. 
�  Decreased nitrate plus nitrite and sulfate concentrations. 
�  Decreased oxidation reduction potential (measured while purging groundwater). 
�  Anaerobic odor in purged groundwater and bacteria sheen on purged 

groundwater. 
 
Groundwater sampling results 21 months after the installation of the TZ have shown: 
�  97% decline in CT concentrations 70 feet (21 meters) downgradient of the TZ; 

CT has decreased from an initial concentration of 1,000 µg/L to 33 µg/L (center 
of plume).   

�  CT has decreased from an initial concentration of 15 µg/L to <1.0 µg/L 140 feet 
(43 meters) downgradient of the TZ (edge of plume).   

�  88% decline in CT concentration 600 feet (183 meters) downgradient of the TZ; 
CT has decreased from an initial concentration of 140 µg/L to 17 µg/L.   

�  Inflowing concentrations of CT measured in groundwater sampled from the two 
monitoring wells located upgradient of the TZ from the apparent source area 
have increased from approximately 150 µg/L and 800 µg/L to approximately 600 
µg/L and 2,500 µg/L, as shown in Figure 5.  

 

FIGURE 4. Possible degradation pathways for CT. 
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FIGURE 5. Concentration of CT in monitoring wells 
located upgradient and downgradient of the TZ.  
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The formation and 
concentrations of degradation 
products can be used to 
understand how CT is being 
degraded. Chloroform, 
methylene chloride, and 
carbon disulfide were 
detected in groundwater 
sampled from MW-105 at 4, 
6, and 9 months following 
injections of EHC, 
respectively, presumably due 
to enhanced sequential 
reductive dechlorination 
processes. However, the 
concentrations of degradation 
products were lower than 
stoichiometric conversions would predict and have decreased with time to levels below 
applicable criteria. Methylene chloride and carbon disulfide decreased to below the 
laboratory detection limit 13 and 16 months post injections, respectively. The formation 
of methylene chloride indicates that mechanical breakdown of CT via the iron source in 
the EHC is occuring. The formation of carbon disulfide indicates that sulfate reducing 
conditions exist.   

Chloroform concentrations were used to calculate CF:CT ratios; CF:CT ratios above 
background indicate CT remediation. Background CF:CT ratios across the study area 
range from 0.04 to 0.15; CF:CT ratios within the influence of the TZ  have ranged from 
0.38 to 2.31. In general, the higher the CF:CT ratio, the more dominate biological 
degradation of CT is. Increases in CF coupled with decreases in CT are indicators that 
effects of the TZ have arrived at downgradient wells, rather than natural fluctuations of 
CT concentrations in the aquifer. Additionally, increases in CF may be observed at 
downgradient wells prior to a decrease in CT because CF travels faster than CT, due to 
retardation of CT.  

Nitrate plus nitrite concentration decreases across the TZ indicating that the TZ has 
created an anaerobic environment which has allowed for the near complete use of nitrate 
as an electron acceptor downgradient of the TZ. Sulfate concentrations decrease across 
the TZ, indicating that a significant portion of sulfate entering the TZ is being used as an 
electron acceptor before it reaches downgradient wells and suggesting that the system is 
in the sulfate reduction phase of dechlorination.   

Oxidation reduction potential, measured during purging of groundwater, has 
decreased significantly at MW-105 (located 70 feet (21 meters) downgradient of the TZ) 
from 115 mV prior to injections to an approximate range of -100 to -300 mV since 
injections. ORP values within the TZ are likely much lower (around -600 mV). The 
decrease of ORP indicates that the environment is within the range for reductive 
dechlorination to occur. An odor and a gray discoloration of water purged from MW-105 
have been observed since 4 months post injections of EHC into the TZ. The odor 
observed suggests bioremediation and an anaerobic environment. The discoloration of 



FIGURE 6. Concentration of CT and degradation products at well MW-105 over 
months post injections.    

 

FIGURE 7. Concentration of CT, CF, and nitrate plus nitrite at well MW-VCI-6 over 
months post injections.    

groundwater may be caused by an accumulation of iron sulfide coating on the sediment 
grains in the aquifer (Devlin and Muller, 1999). A bacteria sheen (differing from 
petroleum sheen in appearance and how the sheen breaks apart when disturbed) has been 
observed on the surface of water purged from MW-105 since 13 months post TZ 
installation. The presence of a bacteria sheen indicate that bacteria are present and 
remediating CT and its degradation products.  

Carbon tetrachloride and detected degradation product concentrations in monitoring 
wells over time post injection are shown for monitoring wells MW-105 (70 feet (21 
meters) downgradient of the TZ) and MW-VCI-6 (600 feet (182 meters) downgradient of 
the TZ) in Figures 6 and 7, below.  
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CONCLUSIONS 
Data collected from the study area show that the TZ is effectively remediating CT 

without the accumulation of degradation products. CT has decreased more than 97% at 
monitoring wells located nearest the TZ, and effects of the TZ have now migrated at least 
600 feet (182 meters) downgradient, where an 88% reduction of CT is observed. These 
significant CT reductions have occurred despite a more than triple increase in the 
concentration of CT at monitoring wells upgradient of the TZ.   

Degradation products, sulfate and nitrate plus nitrite concentrations, and other field 
observations have aided in our interpretation of the ISCR across the TZ and at 
downgradient monitoring wells, suggesting at what point in time the dominant 
degradation process has been mechanical, chemical, and biological. Thus, data indicate 
that once the EHC TZ created conditions conducive to ISCR, dechlorination of CT and 
its degradation products occurred.   

Implementation of this remedial technology as a pilot test has allowed us to achieve 
cleanup goals. Following implementation of the EHC TZ and upon acquiring 
groundwater data that document the success of this remedial technology, our client 
received an approved voluntary cleanup plan from the state regulatory agency as part of a 
long-term remediation solution. 
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