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 Executive Summary 

This summary report details the results of site assessment work and treatability studies conducted 
to support a field trial of two separate in situ treatment approaches for perchlorate in deep vadose 
soils. Due to difficulties in finding a suitable site for this project in a timely manner, the field 
demonstration was not executed. This report provides (1) two field approaches for applying 
substrates to promote perchlorate biodegradation to unsaturated soils; (2) results from the field 
assessment of vadose-zone perchlorate at two sites; and (3) data from a laboratory microcosm 
study of the most effective substrates to stimulate perchlorate and nitrate biodegradation in a 
perchlorate-containing deep vadose soil at the Tronox site in Henderson, NV.  

The primary objective of this project was to demonstrate and validate the treatment of 
perchlorate within vadose zone soils through bioremediation and flushing via two electron donor 
delivery methods: Treatment #1, the infiltration of liquid electron donor using an engineered 
infiltration gallery; and Treatment #2, the addition of a electron donor source to the upper soil 
column and periodic watering to promote vertical distribution within the vadose zone (see 
Figures 1.1 and 1.2). For Treatment #1, an engineered infiltration gallery was to be designed to 
effectively deliver and distribute the electron donor to the perchlorate-impacted vadose soils.  
For Treatment #2, a complex electron donor source such as emulsified vegetable oil or cow 
manure was to be mixed into the upper meter of the soil, and an automated sprinkling system 
designed to supply water over the test plot area and promote vertical penetration of the electron 
donor agent along with the infiltrating waters.  

During the site selection process, a total of six soil borings were advanced at the Tronox site in 
Henderson, Nevada. The lithology (moderate to highly permeable alluvial sands and gravel with 
some silts (Quaternary Alluvium (Qal)), vadose zone thickness (approximately 30 to 35 feet), 
and perchlorate concentrations and distribution (impacts were found in each 5 ft soil interval 
from ground surface to the water table interface at concentrations ranging from 2.09 mg/kg up to 
6,900 mg/kg) indicated that several locations at the Tronox site were suitable for conducting the 
proposed studies.   

The results from the laboratory microcosm study showed that three liquid amendments 
(emulsified vegetable oil substrate [EOS], ethanol, and citrate) were effective for promoting 
biological degradation of nitrate and perchlorate in unsaturated soils (~ 75 – 85 % of water 
holding capacity; WHC). Among these amendments, EOS resulted in the fastest and most 
consistent biodegradation of the target anions. Perchlorate concentrations in the EOS-treated 
samples declined from > 1,400 mg/kg to < 0.3 mg/kg in 18 weeks.  Several solid (or solid/liquid 
combination) amendments also were effective for stimulating perchlorate biodegradation in the 
vadose soils, including soybean oil with peat moss, bioreactor sludge with acetate, and cheese 
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whey. Among these substrates, the former two mixtures resulted in the most rapid and consistent 
perchlorate biodegradation. Based on the laboratory results, EOS is likely to be the most 
effective substrate for promoting perchlorate biodegradation in an infiltration gallery design 
(Treatment  #1) in which the amendment is diluted with water and percolated through the 
formation, and  a mixture of soybean oil and peat moss is suggested in the surface amendment 
design (Treatment # 2) in which the substrate is mixed into the soil surface, which is them 
watered to promote distribution of the carbon to deeper regions of the soil. 

One of the difficulties with unsaturated soils is the inherent heterogeneity compared to other 
sample matrices (i.e., groundwater or headspace), and this heterogeneity can lead to large 
variability, which was observed for some treatments in the laboratory study.  The high 
concentrations of perchlorate in the vadose soils (> 1,400 mg/kg on average), and the possibility 
that some of this material was present as precipitate, probably contributed to this variability.  
However, despite the soil heterogeneity and high contaminant concentrations, the laboratory 
studies suggest that, if amendments can be well distributed in the vadose soil matrix, 
bioremediation of perchlorate from > 1,400 mg/kg to < 1 mg/kg is feasible.  The field component 
of this project at Tronox was cancelled due to scheduling and other issues, but the laboratory 
studies completed to support this effort suggest that perchlorate treatment in the deep vadose 
soils is feasible if amendment distribution can be achieved. 
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1.0 Introduction 

1.1 Background 
Ammonium perchlorate (NH4ClO4

Biological treatment has been successfully applied for ex situ remediation of perchlorate in 
groundwater beginning in 1998, and in situ applications are rapidly emerging.  During the past 
decade, a variety of microbial strains have been isolated with the ability to degrade perchlorate 
by using the molecule as a terminal electron acceptor (Coates and Achenbach, 2004; Coates et 
al., 1999; Rikken et al., 1996; Wallace et al., 1996; Logan, 1998; Wu et al., 2001).  In general, 
these perchlorate-reducing bacteria (PRB) are facultative anaerobes, capable of utilizing oxygen, 
nitrate, and perchlorate as electron acceptors (Coates and Achenbach, 2004).  Research suggests 
that these organisms are naturally-occurring in many environments, including groundwater 
aquifers, sludges, and raw wastewater, as well as in soils (Coates and Achenbach, 2004; Coates 
et al., 1999; Wu et al., 2001; Waller et al., 2004). Such strains have been successfully utilized in 
ex situ fluidized bed reactor systems to treat perchlorate-contaminated groundwater at five sites, 
including the Longhorn Army Ammunition Plant (Karnack, TX), Aerojet Corporation (Rancho 
Cordova, CA), Tronox LLC (formerly Kerr-McGee Corp production facility; Henderson, NV), 
and Jet Propulsion Labs (Pasadena, CA) (Hatzinger, 2005; McCarty and Meyer, 2005).  
Continuous Stirred-Tank Reactors (CSTRs) have also been successfully applied to biologically 
treat high concentrations of perchlorate in wastewater (Hatzinger, 2005). 

) has been used for several decades in the United States as an 
oxidizer in solid propellants and explosives.  This compound and other perchlorate salts are also 
present in various commercial products, such as fireworks, safety flares and matches.  
Discharges during the manufacture of perchlorate salts and from the periodic replacement of 
outdated solid fuels in military missiles and rockets have resulted in substantial perchlorate 
contamination in soils and groundwater in several states, including California, Texas, Utah, 
Maryland and Nevada (Damian and Pontius, 1999; Hatzinger, 2005).  Although there is no 
federal drinking water standard (Maximum Contaminant Level; MCL) for perchlorate, the 
United States Environmental Protection Agency has issued a reference dose (RfD) of 0.7 g 
perchlorate/kg body wt/day, which corresponds to a drinking water equivalent level (DWEL) of 
~ 24.5 µg/L (USEPA, 2005). In addition, California has established a state MCL of 6 µg/L and 
Massachusetts has set a drinking water MCL of 2 µg/L (MADEP, 2008).  Several other states, 
including Nevada, Maryland, New York and Texas have also instituted advisory levels for the 
oxidant (ITRC, 2008). 

Various in situ bioremediation approaches for perchlorate in groundwater have also been 
examined at the laboratory and the field scale, and two different full-scale systems have been 
installed at the former PEPCON facility in Henderson, NV and the Naval Weapons Industrial 
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Reserve Plant, McGregor, TX, respectively (ITRC, 2008; Hatzinger, 2005).  For in situ 
treatment, one of several different organic substrates is added to perchlorate-contaminated water, 
either via passive injection, through installation of a trench, or through a recirculation system 
(Stroo and Ward, 2008).  These substrates are then utilized by indigenous bacteria as an electron 
donor and carbon source during perchlorate biodegradation.  

While there has been a significant effort to develop practical remediation technologies for 
perchlorate in groundwater, there has been little consideration of perchlorate treatment in 
unsaturated soils, particularly in deep vadose zone soils that overly many groundwater 
perchlorate plumes.  Residual perchlorate contamination within vadose zone soils in source areas 
such as hog out operations, open-burn, open-detonation areas, live fire ranges, and ammonium 
perchlorate production and fine grinding facilities continues to pose an ongoing threat to 
groundwater.  Previous laboratory and field research has demonstrated success with treatment of 
perchlorate-laden surface soils by addition of manure, composting, or in large agricultural bags 
(e.g., ITRC, 2008; Evans et al., 2008).  Phytoremediation has also been tested for soil treatment 
(ITRC, 2008).  However, these approaches may not be cost effective or feasible for sites with 
deep groundwater and high levels of residual perchlorate contamination within vadose zone soils 
in source areas.  Table 1.1 identifies some sites with potentially thick layers of vadose zone soils 
impacted with perchlorate.  Due to the high solubility of perchlorate, these impacted soils will 
continue to act as a source of continuing contamination to underlying groundwater aquifers 
(Newman et al., 2005; ITRC, 2008). This ongoing source will increase the operating timeframe 
and associated costs for hydraulic containment (pump and treatment) and in situ groundwater 
treatment systems.  

The goal of this ESTCP project was to build upon previous laboratory and field demonstrations 
of perchlorate treatment in groundwater and test the effectiveness of electron donor addition for 
stimulating biological perchlorate reduction within vadose zone soils at the field scale.  Two 
primary methods of in situ vadose zone soil treatment were proposed to be examined for cost and 
applicability: 1) injection/infiltration of a liquid phase electron donor and 2) surface soil 
amendment with a slow-release electron donor followed by soil watering to transport that 
electron donor into the vadose soil.  Several sites at the Naval Warfare Center, Indian Head 
Division, Indian Head, MD (NSWC-IHDIV) were initially evaluated and deemed to be 
unsuitable for the demonstration due to either geological constraints (i.e., thin vadose zone or 
poorly conductive vadose soils) or a lack of perchlorate contamination in the vadose zone (see 
Section 3.1.1).  As a result, an alternate demonstration location with suitable geology and 
contaminant distribution was selected, the Tronox LLC (Tronox) facility in Henderson, NV.  
This facility, which was formerly a perchlorate fuel production plant for the US Navy and then 
the Kerr-McGee Corporation, was found to have substantial quantities of perchlorate in vadose 
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soils and groundwater, and was deemed to be a potential user of the type of technology this 
project intended to demonstrate. 

1.2 Technical Objective 
The objective of this demonstration was to evaluate the cost and performance of two different 
bioremediation approaches for removing perchlorate in deep vadose zone soils.  The first 
approach entailed delivering soluble electron donor to the subsurface soils through an engineered 
infiltration gallery and the second entailed mixing the electron donor into the upper, surficial 
soil, then watering the surface to promote infiltration to deeper regions.  Schematics showing the 
proposed treatment approaches in plan and cross-section view are provided as Figures 1.1 and 
1.2. 
 

Table 1.1  Potential Thickness of Unsaturated Soils Impacted with Perchlorate at Several Sites. 
 

Site Location 
Thickness of 

Unsaturated Soil 
(ft) 

Perchlorate in 
Groundwater 

NSWCIHDIV Site 21 Indian Head, MD 40-45 798 µg/L1 1 
Jet Propulsion Laboratory Pasadena, CA 200 3,600 µg/L2 8 
Thiokol Propulsion Brigham City, UT 60 – 400 5,000 mg/L1 5 
Edwards AFB (Site 285) Edwards, CA 125 – 190 >10,000 µg/L2 4 
American Pacific Corp. Henderson, NV 50 –300 350 mg/L1 7 
GenCorp Aerojet Rancho Cordova, CA 100 – 300 6 mg/L1 6 
Los Alamos National Labs Los Alamos, NM 50 – 740 1,622 µg/L1 11 
White Sands Missile Range White Sands, NM 70 - 200 21,000 µg/L3 11 
Holloman AFB Alamogordo, NM 300 - 400 40 µg/L3 9 
Boeing Corp. Rancho Cordova, CA 100 – 300 1,600 µg/L1 11 
Mass. Military Reservation Cape Cod, MA 40 – 150 300 µg/L2 11 
Melrose Bombing Range NM 110 - 135 25 µg/L3 11 
Cannon AFB Clovis, NM 300 7 µg/L3 10 
Whittaker Bermite Santa Clara, CA 50 - 400 300 µg/L 2 

 

1 Personal communication with site personnel. 
2 From Remedial Investigation (RI) or other site report. 
3 New Mexico Environmental Department (NMED).  From USGS quarterly reports. 
4 Edwards AFB.  Listed is highest concentration.  Average concentration at site 285 is 300 µg/L. 
5 Applied Research Associates, Inc.  Note the units are mg/L.  USEPA reports 600 ppm in 2000. 
6 Shaw/Envirogen.  Note the units are mg/L. 
7 Calgon.  Note the units are mg/L. 
8 NFESC (Naval Facilities Engineering Service Center).   
9 USEPA 2000.  Concentration in groundwater is 40 µg/L.  Concentration in surface water is 16,000 µg/L.   
10 Environmental Working Group.   
11 USEPA 2000.   
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2.0 Technology 

2.1 Technology Description 
The primary objective of this project was to demonstrate and validate the treatment of 
perchlorate within vadose zone soils through bioremediation and flushing via two electron donor 
delivery methods: Treatment #1, the infiltration of liquid electron donor using an engineered 
infiltration gallery; and Treatment #2, the addition of a electron donor source to the upper soil 
column and periodic watering to promote vertical distribution within the vadose zone (see 
Figures 1.1 and 1.2). For Treatment #1, an engineered infiltration gallery was to be designed to 
effectively deliver and distribute the electron donor to the perchlorate-impacted vadose soils.  
For Treatment #2, a complex electron donor source such as emulsified vegetable oil or cow 
manure was to be mixed into the upper meter of the soil, and an automated sprinkling system 
designed to supply water over the test plot area and promote vertical penetration of the electron 
donor agent along with the infiltrating waters. Due to underground injection control permitting 
requirements, it was expected that Lake Mead water (unchlorinated) would be used during this 
project to provide water to both treatment plots (see Figures 1.1 and 1.2).  Lake Mead water was 
to be collected and amended with electron donor (for Treatment #1 only) and, if necessary, other 
amendments (e.g., pH buffering agents or nutrients). The most effective electron donor for each 
treatment method (both liquid and solid donors were tested in the laboratory) was determined in 
microcosm studies performed at Shaw Environmental, Lawrenceville, NJ (see Section 3.2).  
Quantities of the lake water were to be directed to the infiltration gallery and the surface 
treatment areas, which would release the water into the vadose zone soils causing a vertical 
spreading of the electron donor and amendments throughout the vadose zone.  Soil moisture 
probes, suction lysimeters, and a network of groundwater monitoring wells were proposed to 
measure the variability and flux of perchlorate within the vadose zone and groundwater (wells) 
throughout the demonstration.  Two suction lysimeter nests were to be installed in each treatment 
plot (total of 4 nests) with screens set in the upper, middle, and lower thirds of the vadose zone 
for monitoring purposes. Additionally, soil moisture probes were proposed to be installed at 
approximately 10 and 20 ft below ground surface (bgs) in order to observe the propagation of the 
wetting front. See Figures 1.1 and 1.2 for plot details. The rate of fluid infiltration was to be 
varied within each treatment area during the study and the corresponding effect on contaminant 
mobilization and degradation rates monitored. 

2.2 Technology Development and Maturity 
Numerous studies reveal that PRB are widespread in the environment, including soils and 
groundwater, and that these organisms can be stimulated to biodegrade perchlorate from mg/L 
(water) or mg/kg (soil) concentrations to low µg/L or µg/kg concentrations, respectively, using a 
variety of different electron donors (ITRC, 2008; Coates and Achenbach, 2004; Hatzinger, 2005; 
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Logan, 1998; Waller et al., 2004; Chaudhuri et al., 2002).  During the past decade, full-scale in 
situ and ex situ groundwater treatment systems have been designed and implemented utilizing 
native bacteria to biodegrade perchlorate (ITRC, 2008; Hatzinger, 2005). A limited number of 
field and full-scale applications of perchlorate biodegradation for surface soil and shallow vadose 
soil clean-up have also been reported (Evans et al., 2008; Cox et al., 2000; Logan, 2001; ITRC, 
2008). A gas injection system for vadose treatment (GEDIT) is also presently completing testing 
through the ESTCP program (ITRC, 2008).  However, significant testing, evaluation and cost 
comparison of various approaches for delivering liquid electron donors to deep vadose soils for 
perchlorate bioremediation have not been conducted.  

Infiltration galleries and vertical injection points have been applied for treating vadose zone soils 
contaminated with both organic contaminants such as solvents and petroleum compounds and 
inorganics such as hexavalent chromium and other metals (Ellis et al., 2002; Flatham and 
Bottomley, 1994). In these applications, typically liquid forms of oxidizing, reducing, or 
biological stimulation agents are introduced to the source area vadose zone soils and allowed to 
vertically migrate through the contaminated soils, thereby treating the contaminant of concern in 
place.  In-situ soil washing techniques have also been employed in a similar manner to flush the 
contaminant to the groundwater for capture and/or treatment.  In addition, various studies have 
been conducted at Aerojet (CA) and the Longhorn Army Ammunition Plant (TX) to demonstrate 
the ability to reduce perchlorate within surficial and shallow vadose zone soils via the application 
of a mixture of manure, ethanol, and other amendments to the ground surface (see review of 
surficial soil treatment approaches in ITRC, 2008).  

This ESTCP demonstration proposed to utilize an engineered infiltration gallery to deliver 
electron donor and water to the subsurface for perchlorate remediation, and compare the results 
with this system to a more simple approach consisting of surface soil amendment with electron 
donor followed by watering to deliver the donor to deeper vadose soils. The latter approach has 
already proven to be successful for shallow surficial and vadose soils, but success for treatment 
of deeper vadose soils requires additional testing. 

2.3 Advantages and Limitations of Biological Perchlorate Treatment in Vadose 
Soils 

The use of electron donor addition to stimulate biological perchlorate reduction has been 
extensively tested in the laboratory, and has been successfully applied to both in situ and ex situ 
remediation of groundwater at full scale (see Section 1.1).  Biological approaches have also been 
applied successfully to surface soils in the laboratory, and to a more limited extent at the field 
scale (ITRC, 2008). The key advantages of biological remediation of perchlorate in soils and 
groundwater are as follows: 
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• The approach is destructive and results in innocuous degradation products (i.e., chloride and 
water). 

• In general, both high (> 1000 mg/L or mg/kg) and low (< 100 µg/L or µg/kg) perchlorate 
concentrations can be treated to < 10 µg/L or µg/kg.   

• PRB are ubiquitous in most environments, so bioaugmentation is rarely necessary. 

• Many different common and inexpensive electron donors have been shown to support 
perchlorate biodegradation in the laboratory and field.  

Laboratory studies and small-scale field demonstrations of in situ perchlorate treatment in soils 
and groundwater have shown remarkable success. However, there are potential concerns and 
limitations with biological treatment. Key concerns are as follows: 

• Rates of perchlorate bioreduction have been observed to decrease markedly at a pH of less 
than ~ 5.7 (Hatzinger et al., 2006; Wang et al., 2008).  Therefore, if the soils at the selected 
site have a low pH, soil buffering may be required.  

•  Due to the high solubility of perchlorate, the infiltration of water and electron donor into the 
vadose zone will likely result in some mobilization or flushing of perchlorate. This study 
intended to measure the amount of perchlorate mobilization using a proposed lysimeter and 
monitoring well network.  

• One significant risk with all in situ remediation systems is that bacterial biomass can clog 
infiltration galleries, injection wells, and/or extraction wells (or zones) (Chopra et al., 2004, 
2005; Stroo and Ward, 2008).  Of particular concern with the mounded infiltration gallery is 
that biological fouling could promote irregular distribution of liquid donor to underlying soils. 
It is anticipated that this condition can be minimized with proper design of the distribution 
system to insure equal distribution to all parts of the mound infiltration system and fouling 
control options were to be studied as part of the proposed demonstration.  

If successful, this demonstration was designed to provide DoD with one or two widely applicable 
in situ remediation approaches for treating deep vadose soils with perchlorate. These 
technologies are anticipated to be critical at some of the most contaminated locations (e.g., near 
manufacturing plants, hog-out facilities, Open-Burn, Open-Detonation Areas) because high 
perchlorate concentrations in source area vadose soils may contribute perchlorate to groundwater 
for many decades in the future (Newman et al., 2005; ITRC, 2008).  The only other applicable 
technologies for treatment of surficial and moderately deep vadose soils are flushing, which 
involves infiltrating clean water to accelerate the contaminant desorption process within the 
vadose zone, combined with treatment of perchlorate within the saturated zone (through in situ 
bioremediation or groundwater extraction and ex-situ treatment), phytoremediation, which is 
unlikely to be applicable in many regions with deep contamination, and thermal desorption, 
which is both intrusive and expensive (see recent review in ITRC, 2008). As previously noted, 
however, due to difficulties in locating a suitable demonstration site in a timely manner, the field 
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portion of this project was not executed.  A summary of all site assessment and treatability work 
completed for the project is provided in the following sections.   
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3.0 Summary of Work Completed 

The subsequent sections outline site selection, limited site characterization, and laboratory 
microcosm testing activities which were completed during the course of this project.   

3.1 Site Selection, Characterization, and Sample Collection 
A site selection process was implemented in order to determine an appropriate area to perform 
the vadose zone field demonstration.  This process entailed a review of relevant geological, 
hydrogeological and contaminant information from three candidate sites: (1) Naval Surface 
Warfare Center, Indian Head Division, Indian Head, MD (NSWC-IHDIV); Aerojet General 
Corporation, Rancho Cordova, CA (Aerojet), and Tronox LLC, Henderson, NV (Tronox).  A 
fourth candidate site, Edwards Air Force Base, CA (Edwards) was also contacted. However, due 
to plans for implementation of remedial activities at the base, Edwards personnel declined to 
pursue hosting this demonstration project.  

Based on an initial data review, limited investigation work was conducted at two sites: NSWC-
IHDIV and Tronox.  Because NSWC-IHDIV was initially a federal partner on this ESTCP 
project, candidate locations at the facility were evaluated prior to consideration of alternate sites.  
Preferred sites for the demonstration have the following characteristics: (1) 5 to 20 M (~ 15 – 65 
ft) of vadose zone soil, (2) relatively flat topography (3) vadose zone soils impacted with 
perchlorate at levels >1 mg/L and <1,000 mg/L (for sites that do not have groundwater capture 
and perchlorate treatment systems in place), (4) semi-permeable to permeable soils that will 
enable the adequate infiltration of water and liquid electron donors, and (5) access to electrical 
power.     

3.1.1 Site Investigation at NSWC-IHDIV 
Based on an initial review of site characteristics and historical operations, soil investigation work 
was conducted at two locations at NSWC-IHDIV. The sites evaluated at the NSWC-IHDIV 
facility were near Building 1018 (Fine Grinding) and Building 602/IR Site 21 near an abandoned 
landfill. Other locations such as the Hog-out facility (Building 1419) and the various propellant 
burning, handling, and storage areas were reviewed but deemed unsuitable due to shallow 
groundwater conditions (see Hatzinger et al., 2006).  

Field characterization was performed using direct-push (Geoprobe™) techniques and continuous 
sediment cores were collected for geological and contaminant analysis. Standard Geoprobe™ 
penetrations were conducted with a vehicle-mounted rig with a Teflon®-lined core-barrel 
sampler mounted on the leading end of the penetration probe rod. The sampler and probe rods 
were advanced to allow soil to enter the sample barrel.  The sample barrel assembly was then 
removed, and the soil sample extruded for analysis.  At each site under consideration, a total of 
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three to four Geoprobe™ borings were installed to a maximum depth of approximately 35 ft 
below the ground surface (bgs).  

Samples were classified in the field by Shaw professional staff in accordance with the Unified 
Soil Classification System (USCS).  Logs of the borings were completed indicating the depth 
and identification of the various strata and depth to groundwater, if encountered.  Selected soil 
samples were collected for laboratory analysis of perchlorate, nitrate, sulfate, and volatile 
organic compounds (VOCs).  The pH of the soil was also measured.  

A total of three Geoprobes™ were advanced in an open area south of Building1018. The shallow 
soils at each Geoprobe™ location were found to be predominantly silty clays down to the 
saturated zone. Based on the fine-grained nature of the soils at this location, this site was deemed 
to be unsuitable for the proposed amendment delivery process. No soil samples from this site 
were analyzed for the presence of perchlorate.  

A total of four Geoprobes™ were advanced south of Building 602 and east of the abandoned 
landfill (IR Site 21). The shallow soils at this location consisted of intermittent layers of silty 
sands and clayey silts with occasional lenses or stringers of gravel and finer grained deposits. 
Groundwater was encountered at approximately 24 ft bgs in this area. The lithology and 
thickness of vadose zone (approximately 24 ft) appeared to be suitable for the proposed 
demonstration project.  

Based on the lithologic characteristics and vadose zone thickness, Shaw selected five samples 
from each boring (a total of 20 samples) for chemical analysis (data not presented). The samples 
were selected from random depth intervals within the vadose zone (between 4 and 24 ft bgs). 
Perchlorate was only found to be present at levels above the practical quantitation limit (PQL) of 
20 micrograms per kilogram (µg/kg) or parts per billion (ppb) in 2 of 20 samples (49.5 µg/kg in 
GP-4:14-16 ft; and 1,180 µg/kg in GP-4:20-22 ft). One sample had a reported positive detection 
that was a j-flagged estimated value (10.1 µg/kg in GP-5:10-12 ft). Based on the low levels and 
poor distribution of perchlorate within the vadose zone soils at this site, it was also deemed to not 
be suitable for the proposed demonstration project. 

3.1.2 Site Investigation at Tronox 
Following an initial review of site features and operational history for the Tronox site, soil 
investigation work was conducted at two locations at Tronox.  The sites evaluated were near Old 
Building D1 (Old Bldg D1), which was used for blending operations, and an open area to the 
east of Old Bldg D1 and north of wastewater holding pond AP-5. 

Field characterization was performed in January 2008. Test borings were installed using hollow-
stem auger drilling and split spoon techniques. Semi-continuous sediment cores were collected 
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for geological and contaminant analysis. The hollow-stem auger borings were advanced until the 
top of the desired sample interval was reached. The split-spoon sampler and drive rods were then 
lowered down the center of the hollow-stem auger string and the split-spoon was driven 2 ft 
beyond the auger bit into undisturbed soil strata. The sample barrel assembly was then removed, 
and the soil sample extruded for analysis.  At each site under consideration, a total of two to four 
borings were installed to a maximum depth of approximately 35 ft below the ground surface 
(bgs) (see Appendix A)..  

A second event, was initiated in December 2008, however, this event was aborted upon 
notification from ESTCP that funding for subsequent field study work was being terminated. No 
data related to this event has been reduced and included in this report. 

Samples were classified in the field by Shaw professional staff in accordance with the Unified 
Soil Classification System (USCS).  Logs of the borings were completed that indicate the depth 
and identification of the various strata and depth to groundwater.  Selected soil samples were 
collected for laboratory analysis of perchlorate, chlorate, nitrate, sulfate, and RCRA metals. The 
pH level within the soil was also measured. During the January 2008 event, groundwater samples 
were also collected from three of the borings by lowering a bailer through the augers to retrieve 
the water sample. 

During the January 2008 event, , a total of four borings (SB-3 through SB-6) were advanced in 
the open areas adjacent to the south (Area 1A) and west (Area 1B) sides of Old Bldg D1 and two 
borings (SB-1 and SB-2) were advanced in the open area east of Old Bldg D1 and north of AP-5 
(Area 2). The approximate area outlines and boring locations are shown in Figure 3.1.  

The shallow soils encountered in all of the borings were similar between areas 1 and 2. The soils 
consisted of sands and gravel with some silts (Quaternary Alluvium (Qal) extending from the 
ground surface down to between 25 and 30 ft bgs. Occasional pockets or thin layers of finer 
grained silty sands or sandy silts were noted within the shallow soil interval. A fine grained 
sandy silt layer (likely the Upper Muddy Creek Formation) of unknown thickness was 
encountered in both areas beneath the shallow sand and gravel deposits. In the borings installed 
in areas 1A and 1B, this unit extended the maximum depth of each boring (between 30 and 35 ft 
bgs). First groundwater was encountered in each boring within this fine grained sandy silt layer 
at depths ranging from 31 to 35 ft bgs. The lithologic cross-section near Areas 1A and 1B is 
depicted in Figure 3.2.  Based on the relatively permeable characteristics of the soils encountered 
and thickness of vadose zone (> 30 ft), both areas were deemed to be potentially suitable for 
evaluating the proposed amendment delivery processes.  

Based on the lithologic characteristics and vadose zone thickness, we selected six soil samples 
from boring SB-4 and seven samples from all other borings (41 total) for chemical analysis. 
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Chemical analysis was also performed on the three groundwater samples that were collected. 
Perchlorate data are presented in Table 3.1 and are also included on the cross-section depicted on 
Figure 3.2 (see Appendix B for all analytical results).  Elevated levels of perchlorate were found 
throughout the vadose zone column and in the underlying groundwater.  The average perchlorate 
concentration in all boring samples was 394 + 

Besides perchlorate, the soil samples collected from each borehole had chlorate concentrations 
ranging from non-detect (< 1 mg/kg) to ~ 1,400 mg/kg, and nitrate concentrations ranging from 
< 1 mg/kg to 85 mg/kg nitrate-N.  Concentrations of both chlorate and nitrate were highly 
variable within each borehole.  The average soil pH was 8.9 

108 mg/kg (n=41). While several soil samples 
contained perchlorate at levels >1,000 mg/kg, this was not deemed to be a concern at this site 
due to the fact that a groundwater capture and perchlorate treatment system was in-place and 
operational. This system includes a slurry wall barrier and series of groundwater capture wells 
located downgradient from the potential demonstration sites, and an upgradient fluidized bed 
reactor for groundwater treatment (Hatzinger, 2005). 

+ 0.4 (n=41). Select samples were 
also tested for metals, including Pb, As, Cd, Cr, Ba, Hg, Ag, and Se.  Among these metals, soil 
concentrations were 12 + 8 mg/kg for As, 210 + 84 mg/kg for Ba, 19 + 6 mg/kg for Cr, and 9 + 

 

3 
mg/kg for Pb.  The other metals were below applicable detection limits (~ 0.04 mg/kg for Hg to 
~ 3 mg/kg for Se).  Although the concentrations of some metals, particularly Ba, were elevated, 
there was no indication that these metals would cause issues with perchlorate bioremediation.  
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Table 3.1.  Preliminary Perchlorate Concentrations from Borings taken at the Tronox Site.  
 
 

 

 

 

 

 

 

 

 

 

3.2 Laboratory Microcosm Testing 
3.2.1 Methods 
A laboratory microcosm study was conducted to determine the most effective electron donor(s) 
for perchlorate treatment in the vadose zone of the Tronox demonstration site.  A representative 
subset of the vadose soil samples collected during the investigation work completed at Tronox in 
January 2008 were used for this study.  After field collection, the split spoon soil samples from 
each core were shipped to the Shaw Treatability Laboratory (Lawrenceville, NJ) for analysis of 
perchlorate concentrations (see Section 3.1.2).  These samples were subsequently stored at field 
moisture and 4o

For the microcosm testing, the complete core collected from location SB-4 (see Table 3.1) was 
selected.  The core samples were removed from the acetate sleeves (core from 5 ft bgs to 30 ft 
bgs) and then the solids from each sleeve was combined, passed through a 9.5 mm sieve to 
remove any large rocks and debris, and then homogenized and placed at 4

C for use in the treatability studies.  

o

  

C.  Prior to 
distributing the soil to sample bottles, a bulk soil gravimetric moisture measurement was taken in 
triplicate. The estimated soil “water holding capacity (WHC)” was also determined in the 
laboratory.  To determine the current gravimetric soil moisture the following procedure was 
used. 
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1. Soil dishes or tins were pre-weighed. 

Gravimetric soil moisture determination:  

2. Soil (50 g) was added to each dish or sample tin at field moisture in triplicate. 
3. Soil + tin were dried at 105o

4. The tin weights were subtracted from (3) to determine the dry soil weight.  
C for 24 hr and reweighed.  

5. The dry soil weights (4) were subtracted from the field soil weight (50 g: 2) to determine total 
water. 

6. The total water weights (5) were divided by the dry soil weight (4) to determine the percent 
soil moisture (g water/g dry soil). 

In order to estimate the WHC of the soil, the following protocol was used.  It should be noted 
that more complex laboratory techniques are available using pressure plate methods and other 
techniques but for the purposes of this study, a simple laboratory estimate was deemed to be 
sufficient for this measurement.  

1. A filter paper and glass funnel were weighed dry (105

WHC determination: 

o

2. Soil at field moisture (50 g) was added to each wet filter (triplicate samples). 

C) (1a) and then after wetting to 
saturation (1b).  

3. Water was added to the soil until the soil was oversaturated. 
4. Once water no longer dripped from the filter unit, the wet soil + wet filter/funnel was weighed. 
5. The unit in (4) was then dried at 105o

6. The wet funnel/filter weight (1b) was subtracted from (4) to determine the field saturated soil 
weight.  

C for 24 hr and reweighed.  

7. The dry funnel/filter weight (1a) was subtracted from (5) to determine the dry soil weight.  
8. The dry soil weight (7) was subtracted from the wet soil weight (6) to determine total water in 

the soil. 
9. The total water weight (8) was divided by the dry soil weight (7) to determine the percent soil 

moisture (g water/g dry soil), which is an estimate of the WHC. 

The soil moisture calculations above were used to determine the quantity of water to add to each 
microcosm.  A soil moisture percentage ranging from ~ 75 - 85% of WHC was maintained in the 
microcosms in an attempt to simulate unsaturated conditions within the vadose zone during the 
demonstration. Two sets of different electron donors were tested in the microcosm studies. The 
first set included primarily liquid donors that could be applied in the infiltration gallery (see 
Treatment #1 amendments below).  The second set of donors were solids and/or slowly 
degrading liquid amendments that could be mixed into the surficial soils periodically, then 
distributed with watering (see Treatment #2 amendments below).  

The microcosms consisted of 250-mL amber glass sample jars with Teflon®-lined screw-cap 
lids.  Each bottle initially received 185 g of soil at field moisture.  Stabilized water from Lake 
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Mead was collected from the Tronox site for microcosms to best simulate field conditions (i.e., 
this water would be used in the field to distribute amendments).  Based on the soil moisture 
determination, additional water was added to each bottle to bring the moisture to ~ 85% of the 
WHC calculated from laboratory measurements. The bottles were initially set up under aerobic 
conditions to simulate the initial addition of electron donor amendments in the field, but all 
further sampling and amendment additions were performed in a Coy Anaerobic Chamber under a 
nitrogen gas headspace (without hydrogen gas in the mixture).  All bottles that received an 
electron donor also received inorganic nutrients in the form of 500 mg/L diammonium phosphate 
(DAP) to ensure that insufficient concentrations of N and/or P do not limit perchlorate 
biodegradation. The amendments added to duplicate bottles were as follows:  

1. No addition (water only)  

Liquid Amendments (Treatment #1): 

2. 37 % formaldehyde (killed control; 2% formaldehyde final concentration in the lake water) 
3. Ethanol (20 mM initial concentration in soil) + DAP 
4. Sodium acetate (20 mM initial concentration in soil) + DAP 
5. EOS emulsified vegetable oil (1000 mg/kg initial concentration in soil) + DAP 
6. Sodium lactate - low (20 mM initial concentration in soil) + DAP 
7. Sodium lactate - high (200 mM initial concentration in soil) + DAP 
8. Sodium citrate (20 mM initial concentration in soil) + DAP 

1. Calcium magnesium acetate (3000 mg/kg) + DAP 

Solid Amendments (Treatment # 2): 

2. Cheese whey (500 mg/kg) + DAP 
3. Soybean oil/peat moss (1:2) + DAP 
4. Bioreactor sludge + DAP 
5. Bioreactor sludge + sodium lactate (20 mM initial concentration in soil) + DAP 

Among the various amendments added, EOS is an emulsified vegetable oil substrate (Zawtocki 
et al., 2004; Borden et al., 2007a,b), and the bioreactor sludge consisted of solids taken from the 
operating biological perchlorate treatment system at the Tronox site (Hatzinger, 2005).  The 
other amendments require no further detail.   All amendments were thoroughly mixed into the 
soil, and stabilized lake water was added to each to achieve a soil moisture equivalent to ~85% 
of the calculated WHC.  After mixing, duplicate subsamples (A&B) were collected from each jar 
in the Coy chamber under a pure nitrogen headspace.  The sampling and extraction of 
perchlorate in the soil was then conducted according to a modification of SW-846 Method 6850 
(www.epa.gov/waste/hazard/testmethods/pdfs/6850.pdf), which entails aqueous extraction of 
perchlorate with shaking and vortexing of soils for mixing. The procedure used is as follows: 
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1. Place jars in Coy Anaerobic Chamber with pure N

Perchlorate Extraction and Analysis from Soil: 

2

2. Shake jars vigorously by hand. 
 headspace.  

3. Remove 5 g soil into a pre-weighed, sterile 50-mL screw-cap polypropylene centrifuge tube 
(Corning).  Label tube as “Sample A”. 

4. Repeat Step 3 – Label tube as “Sample B”.  
5. Screw cap tightly on jar. 
6. Add 40 mL Milli-Q water to each centrifuge tube. 
7. Vortex each tube 1 min, sonicate for 15 min, then vortex a second time for 1 min.   
8. Centrifuge each tube for 5 min at 4,000 RPM to yield a clear supernatant. 
9.  Remove a 10-mL sample from each centrifuge tube, filter through a 0.45 µM pore-size 

Teflon® filter, and analyze for perchlorate by EPA Method 314.0 (Ion Chromatography) and 
anions (nitrate, nitrite, sulfate, chlorate, chloride, phosphate) by EPA Method 300.0.   

10. After analysis is complete, dry the centrifuge tubes at 105o

11. Subtract the tube weight from the value in (11) to obtain a dry soil wt for each sample. 

C for 24h and weigh (tube + dry 
soil) 

12. Report perchlorate and anion concentrations as mg/kg dry soil.  

Each microcosm was sampled at T=0, then incubated at room temperature (~ 23o

3.2.2 Microcosm Results 

C) in the 
anaerobic chamber to prevent oxygen intrusion.  The microcosms were sampled according to the 
above protocol after one week of incubation, then every other week thereafter for two months.  
After two months, sampling times were reduced to every 3 to 4 weeks for another 2 months. 
Microcosms receiving liquid amendments were re-amended with each electron donor and DAP 
at four and eleven weeks of incubation.  The soil moisture was also monitored and adjusted as 
necessary to remain between ~ 75-85 % WHC. The total study was conducted for 18 weeks.  

3.2.2.1 Liquid Amendments 
Nitrate. The starting nitrate-N concentrations in the vadose soil ranged from ~ 130 to 150 mg/kg 
(Figure 3.3).  The addition of lactate (20 mM) acetate, citrate and EOS resulted in rapid 
biodegradation of nitrate in the samples. All soil samples receiving these electron donors were 
below detection (1 mg/kg) within 5 weeks.  Ethanol also promoted nitrate biodegradation, but 
over a longer timeframe, with all samples reaching non-detect levels by Week 18.  Interestingly, 
nitrate-N in the live samples (receiving no carbon) increased 3-5 fold during the course of the 
experiment.  A similar increase was not observed in killed samples, suggesting that this process 
was biotic.  The source of nitrate in these samples is unclear, although oxidation of ammonium 
from the original NH4ClO4 represents one possibility (note that DAP was not added to the 
control samples, so the ammonium would have to be indigenous to the sample).  Since the 
samples were originally set-up under aerobic conditions, nitrification is possible, and nitrite was 
detected in these samples at a maximum of > 30 mg/kg nitrite-N during week 13, which supports 
nitrification as a production mechanism for nitrite in these samples (Figure 3.4).  
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Perchlorate.  The starting perchlorate in the vadose soil microcosms averaged 1,435 mg/kg. 
Perchlorate biodegradation was observed over the course of the 18 week study in samples 
receiving EOS, ethanol, and citrate (Figure 3.5a). At the conclusion of the study, perchlorate 
concentrations in the EOS-treated samples were < 0.3 mg/kg.  Chloride concentrations in this 
treatment increased nearly stoichiometrically with declining perchlorate, with an average of 13.8 
mM chloride produced from the 14.4 mM perchlorate biodegraded (i.e., 1 mol of chloride was 
released per mol of perchlorate biodegraded as expected) (data not shown).  Biodegradation was 
also apparent in microcosms amended with ethanol and citrate, but the data were highly variable 
between replicate microcosms (although duplicate soil samples taken from each microcosm 
agreed well) (Figure 3.5b). One of the difficulties with unsaturated soils is heterogeneity, which 
can lead to significant variability among replicate samples, as was observed for perchlorate in 
some samples.  The variability among replicates may be a result of the high perchlorate 
concentrations as well as the fact that the microcosms were unsaturated, and thus may have had 
air pockets, low moisture zones, and possibly regions with precipitated perchlorate crystals.  
Similar variability in nitrate concentrations was not observed between replicates except in the 
case of ethanol, where biodegradation was much more rapid in one microcosm, but final 
concentrations in both were below detection by 18 weeks.  At the conclusion of 18 weeks, 
samples treated with citrate averaged 480 mg/kg and those treated with ethanol averaged 230 
mg/kg.   

Chlorate. Chlorate was below detection in the vadose soil microcosms (< 1 mg/kg) at the 
initiation of the study.  

Sulfate.  The starting sulfate concentration in the microcosms averaged 700 mg/kg.  With the 
exception of one of the microcosms treated with ethanol, which declined to < 200 mg/kg, sulfate 
concentrations remained reasonably constant during the course of the study (Figure 3.6). It is 
likely that significant sulfate reduction occurred in the ethanol-treated microcosm, as both 
perchlorate and nitrate were also biodegraded to below detection in this sample bottle.  There 
also was a somewhat higher concentration of sulfate  in the samples treated with acetate, but this 
probably just reflects natural variability in the soil matrix rather than being an effect of the 
acetate.   
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Figure 3.3  Concentrations of nitrate-N (mg/kg) in soils receiving liquid amendments. Error 
bars are the standard deviations from four samples (duplicates from each of two sample jars per 
treatment). 

 

 

 

 

 

 

 

 

 

 

Figure 3.4  Concentration of nitrate-N and nitrite-N (mg/kg) in control microcosms.  Error bars are 
not shown. 
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Figure 3.5a  Concentrations of perchlorate (mg/kg) in soils receiving liquid amendments.  Error bars 
are not shown. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5b  Concentrations of perchlorate (mg/kg) in a subset of soils receiving liquid 
amendments.  Error bars are the standard deviations from four samples (duplicates from each of two 
sample jars per treatment). 
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Figure 3.6  Concentrations of sulfate (mg/kg) in soils receiving liquid amendments.  Error bars are 
not shown. 

 

 

 

 

 

 

 

 

 

 

 

3.2.2.2 Solid Amendments 
Nitrate.  Among the solid and/or slow release substrates, cheese whey most rapidly promoted 
nitrate biodegradation (Figure 3.7). In samples amended with cheese whey, nitrate-N declined 
from an average of 175 mg/kg to < 1 mg/kg in 2 weeks and remained < 1 mg/kg thereafter.  The 
addition of reactor sludge with acetate, and a mixture of soybean oil and peat moss also 
promoted extensive denitrification. All samples had nitrate-N < 1 mg/kg after 18 weeks.  The 
other two substrates, CMA and reactor sludge (without acetate), were not as effective as the 
previous amendments, but nitrate reduction was observed over the 18 week study with each 
amendment.   

Perchlorate.  The most effective solid amendments for promoting perchlorate biodegradation 
were soybean oil with peat moss and bioreactor sludge with acetate (Figure 3.8). At the end of 18 
weeks, perchlorate concentrations in samples receiving these substrates were 45 mg/kg and 135 
mg/kg, respectively, from a starting average concentration of 1,430 mg/kg.  Cheese whey also 
promoted perchlorate biodegradation, but the degradation was slower and more variable than for 
the other substrates. At the end of 18 weeks, one replicate contained 1000 mg/kg and the second 
only ~ 25 mg/kg.   
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Chlorate. Chlorate was below detection in the vadose soil microcosms (< 1 mg/kg) at the 
initiation of the study.  

Sulfate.  Sulfate declined from ~ 700 mg/kg to 270 mg/kg over 18 weeks in samples receiving 
soybean oil and peat moss, suggesting that this substrate promoted appreciable sulfate reduction 
(Figure 3.9). Sulfate concentrations remained reasonably constant in soils receiving most of the 
other treatments, although an increase was apparent in the microcosms receiving acetate plus 
bioreactor sludge or sludge only.  In the latter treatments, it is possible that sulfate concentrations 
were high in the bioreactor sludge, thus accounting for the increase.  

Figure 3.7  Concentrations of nitrate-N (mg/kg) in soils receiving solid amendments.  Error 
bars are the standard deviations from four samples (duplicates from each of two sample jars per 
treatment). 
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Figure 3.8  Concentrations of perchlorate (mg/kg) in soils receiving solid amendments.  Error bars 
are the standard deviations from four samples (duplicates from each of two sample jars per treatment). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9  Concentrations of sulfate (mg/kg) in soils receiving solid amendments.  Error bars are not 
shown. 
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3.2.3 Discussion of Laboratory Data 
The results of this microcosm study showed that three liquid amendments (EOS, ethanol, and 
citrate) were effective for promoting biological degradation of nitrate and perchlorate. Among 
these amendments, EOS resulted in the fastest and most consistent biodegradation of the target 
anions. At the conclusion of the study, perchlorate concentrations in the EOS-treated samples 
were consistently < 0.3 mg/kg.  Previous studies have shown that EOS can be an effective 
substrate for promoting perchlorate biodegradation in groundwater aquifers (Hatzinger et al., 
2009; Borden et al., 2007a,b, Schaefer et al., 2006).  However, to our knowledge, this is the first 
study showing that EOS is effective in unsaturated vadose soils, and particularly in soils with 
perchlorate concentrations exceeding 1,000 mg/kg. Based on the laboratory results, EOS would 
have been recommended for use in the engineered infiltration gallery design (Treatment # 1) if 
the project had proceeded to the field phase. 
 
Several solid (or solid/liquid combination) amendments also were effective for stimulating 
perchlorate biodegradation in the Tronox vadose soils, including soybean oil with peat moss, 
bioreactor sludge with acetate, and cheese whey. Among these substrates, the former two 
mixtures resulted in the most rapid and consistent perchlorate biodegradation. Based on the 
laboratory results, a mixture of soybean oil and peat moss would have been recommended for 
use in the surface amendment design (Treatment # 2) if the project had proceeded to the field 
phase. 
 
One of the difficulties with unsaturated soils is the inherent heterogeneity compared to other 
sample matrices (i.e., groundwater or headspace), and this heterogeneity can lead to large 
variability in duplicate samples, as was observed for some treatments in this study. The 
extremely high concentrations of perchlorate in the vadose soils, and the possibility that some of 
this material was present as precipitate, probably contributed to this variability as well.  
However, despite the soil heterogeneity and high contaminant concentrations, the laboratory 
studies suggest that, if amendments can be well distributed in the vadose soil matrix, 
bioremediation of perchlorate from > 1,000 mg/kg to < 1 mg/kg is feasible.  The field component 
of this project at Tronox was cancelled due to scheduling and other issues, but the laboratory 
studies completed to support this effort certainly suggest that perchlorate treatment in the deep 
vadose soils is feasible if good amendment distribution can be achieved.  
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4.0 Management and Staffing 

Mr. Jay Diebold, P.G., P.E., with Shaw Environmental, Inc., served as the Principal Investigator for the 
demonstration, and had overall project QA responsibility. Mr. Diebold, also served as the Project 
Manager, and worked closely with the project team to ensure that all efforts were fully coordinated.  He 
served as the liaison between the project team and ESTCP.  

Dr. Paul Hatzinger, with Shaw Environmental, Inc., designed and supervised all treatability study 
activities completed for the project, and had QA responsibility for the treatability work.  Dr. Hatzinger, 
served as the Laboratory Project Manager, and worked closely with the project team to ensure that all 
efforts during the treatability study were fully coordinated.   

Ms. Sheryl Streger, with Shaw Environmental, Inc., served as the Laboratory Technician in 
charge of conducting the tasks required in the treatability study.  Ms. Streger was directed by the 
Project Manager and the Laboratory Project Manager. 

Table 4.1.  Points of Contact 
 

POINT OF CONTACT 
Name 

ORGANIZATION 
Name 

Address 

Phone 
Fax 

E-mail 
Role in Project 

Jay Diebold Shaw Environmental, Inc. 

111 West Pleasant St – 

Suite 105 

Milwaukee, WI 53212 

(414) 291-2357 (office)  

(414) 291-2385 (fax) 

(262) 719-1155 (cell) 

Jay.diebold@shawgrp.com 

Principal Investigator 

Paul Hatzinger Shaw Environmental, Inc. 

17 Princess Road 

Lawrenceville, NJ 08648 

(609) 895-5356 (office) 

(267) 337-4003 (cell) 

(609) 895-1858 (fax) 

Paul.hatzinger@shawgrp.com 

Co-PI (Lab Studies) 

Sheryl Streger Shaw Environmental, Inc. 

17 Princess Road 

Lawrenceville, NJ 08648 

(609) 895-5374 (office) 

 (609) 895-1858 (fax) 

Sheryl.streger@shawgrp.com 

Lab Technician  

 

mailto:Jay.diebold@shawgrp.com�
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