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1.0 Introduction 

The Department of Defense Environmental Security Technology Certification Program (ESTCP) 
is funding CDM to conduct a demonstration of gaseous electron donor injection technology 
(GEDIT) for in situ bioremediation of perchlorate in soil.  CDM and ESTCP have selected the 
Aerojet Inactive Rancho Cordova Test Site Propellant Burn Area (IRCTS-PBA) as a suitable site 
for this demonstration. A treatability study was conducted using soil collected from the site to 
determine engineering design parameters for the demonstration. The treatability study was 
conducted in accordance the February 14, 2006 Workplan and the September 1, 2006 
memorandum Response to Treatability Study Workplan Comments (ER-0511). This treatability 
study involved the following tasks: 
 

• Completion of two soil borings  
• Collection and analysis of soil samples 
• Installation of one injection well and one piezometer 
• Completion of a perchlorate biodegradation study comprised of microcosm and column 

tests by The Pennsylvania State University 
• Completion of an air injection test 

 
This report presents the methods, results, and conclusions from this treatability study. 
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2.0 Soil Borings, Lithology, Sample Collection, Sample Analysis Results, 
and Well Installation 

This section presents the methods and procedures that were utilized to drill and install one air 
injection well (CDM-INJ1) and one multi-level air monitoring well (CDM-P1). The location of 
the wells is presented on Figure 2-1.   
 
2.1 Pre-Field Activities 
Drilling and well construction permits were obtained from the County of Sacramento 
Environmental Management Department prior to drilling. The approved drilling permits are 
included in Appendix A-1. Underground Service Alert (USA) and Aerojet utilities were notified 
72 hours prior to drilling to determine the locations of any subsurface utilities.  
 
2.2 Drilling 
From July 27, to August 2, 2006, two boreholes were advanced by the Water Development 
Corporation (WDC) of Woodland, California. Both boreholes were drilled utilizing the sonic 
drilling method. The injection well (CDM-INJ1) was advanced to a total depth of 70.5 feet 
below ground surface (bgs) using a 6-inch diameter core barrel and a 10-inch diameter wash-
over casing. The monitoring well (CDM-P1) was advanced to a total depth of 72 feet bgs using a 
4-inch diameter core barrel and a 6-inch diameter wash-over casing.  
 
The boreholes were continuously cored to total depth by advancing the core barrel in 10-foot 
increments. As the core barrel was advanced, a continuous core sample was simultaneously 
collected inside the core barrel. After each 10-foot increment, the temporary wash-over casing 
was advanced to depth and the core barrel was tripped from the borehole. The core sample was 
removed from the core barrel and placed in a plastic core bag. This process was repeated until 
the borehole was advanced to total depth.  
 
The continuous core was logged using the Unified Soil Classification System in accordance to 
ASTM Standard D2488: Standard Practice for Description and Identification of Soils (Visual-
Manual Procedure). The core was logged by a CDM field geologist under the supervision of a 
State of California, Professional Geologist. The log included a description of the materials 
encountered during drilling and noting zones impacted of visual contamination. Additionally, the 
core was screened for volatile organic compounds using a photo-ionization detector (PID) by 
placing a portion of the core in a zip-lock sealed bag. After approximately five to 10 minutes, the 
zip-lock bag was punctured with a small hole and the tip of the PID was inserted into the bag to 
assess the head space in the bag for volatile organic compounds. The measurements were 
recorded on the boring log. The boring logs are presented in Appendix A-2. 
Soil samples were collected from the continuous core and placed in sample containers. As 
required, some of the samples were placed on ice. Samples were submitted to the CDM 
laboratory in Bellevue, Washington; Laucks Testing Labs (Laucks) in Seattle, Washington; and 
The Pennsylvania State University (PSU) in University Park, Pennsylvania under chain-of-
custody protocol.   
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Soil samples were collected and submitted to the laboratory for analysis from the core of each 
boring at 5-foot intervals from the 5-foot to 70-foot depth. The samples submitted to the CDM 
laboratory were analyzed for perchlorate using a perchlorate ion-selective probe following 
extraction with an equal weight of water in accordance with the Workplan, and moisture by 
ASTM Method D2216. The samples submitted to Laucks were analyzed for perchlorate by EPA 
Method 314.1, nitrate and nitrite as nitrogen by EPA Method 353.2, total organic carbon (TOC) 
by EPA Method 415.1 modified for soil, moisture by ASTM Method D2216, pH by Standard 
Method number 9045-C, and grain size by ASTM D422. The samples submitted to the 
Pennsylvania State University (PSU) were used for a perchlorate bioremediation study as 
described in Section 3. 
 
2.3 Well Construction 
Upon reaching total depth of the borehole, an air injection well was installed in CDM-INJ1 and a 
multi-level air monitoring well was installed in CDM-P1. CDM-INJ1 was installed as an air 
injection location. CDM-P1 was installed as a monitoring point to assess the extent of influence 
of the injection air. The as-built construction details of the wells are shown on Figure 2-2 and  
2-3.  
 
The injection well CDM-INJ1 was constructed with a 6-inch diameter schedule 40 PVC well 
casing with flush-threaded joints (Figure 2-2). The well screen consisted of a 6-inch diameter 
schedule 40 PVC machine slotted pipe with a total of 60 feet of 0.020-inch slotted screen. The 
screen was installed between 10 and 70 feet bgs. The filter pack consisted of Number 3 sand 
sealed with a bentonite pellet seal.  The annular space above the bentonite pellet seal was sealed 
with a cement bentonite grout.  The well was completed in an above grade monument.   
 
The monitoring well CDM-P1 was constructed with four nested wells completed at different 
depths. Each well was constructed with a 0.25-inch diameter polyurethane tubing (Figure 2-3). 
Each well was completed with a 0.25-inch diameter, 6-inch long stainless steel vapor probe. The 
vapor probes were installed at depths of 18, 33, 48, and 68 feet bgs. The filter pack placed in the 
annular space around each probe consisted of Number 3 Monterey sand. The annular space 
above and below the filter pack was sealed with a benonite chip seal. The annular space above 
the uppermost bentonite seal was sealed with a cement bentonite grout. The multi-port well was 
completed in an above grade monument. 
 
The wells were not developed because water was not used during drilling and groundwater was 
not encountered during drilling. 
 
2.4 Decontamination 
All field equipment including the drill rig and downhole tools were cleaned and decontaminated 
prior to being introduced into the drilling and sampling environment. The equipment and 
downhole tools were decontaminated by steam cleaning or washing in a solution of non-
phosphate detergent followed by a double rinse of clean water.  
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2.5 Lithology 
The lithology encountered during drilling ranged from silt and clay to silty sand and clayey 
gravel to cobbles. No soil discoloration or odors were observed in the drill cuttings from either 
boring. All of the PID readings were non-detect. No groundwater was encountered in any 
formations during drilling. A detailed description of the soils encountered in each borehole is 
presented on the boring logs (Appendix A-2). Table 2-1 and Figures 2-4 and 2-5 show the grain 
size distribution for soils encountered during boring completion and Figure 2-6 shows a 
lithologic cross-section based on these data and existing data (Aerojet, 2000). These data indicate 
that soil is generally coarse-grained and supportive of gas injection with the exception of shallow 
soil (i.e., 15 ft bgs) in boring CDM-INJ1. 
 

Table 2-1 Soil Grain Size Analysis Results 
       
   Sample Sieve Slot Size Weight Retained Cumulative Retained 

 Well Date Depth Type (mm) (grams) (%) 
CDM-INJ1 7/31/2006 15 Sample < 0.075 77 77 
CDM-INJ1 7/31/2006 15 Sample 0.075 18 95 
CDM-INJ1 7/31/2006 15 Sample 0.106 4.4 99.4 
CDM-INJ1 7/31/2006 15 Sample 0.25 0.4 99.8 
CDM-INJ1 7/31/2006 15 Sample 0.425 0.1 99.9 
CDM-INJ1 7/31/2006 15 Sample 0.85 0.2 100.1 
CDM-INJ1 7/31/2006 15 Sample 2 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 4.75 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 9.5 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 19 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 25 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 37.5 0 100.1 
CDM-INJ1 7/31/2006 15 Sample 50 0 100.1 
CDM-INJ1 7/31/2006 20 Sample < 0.075 30 30 
CDM-INJ1 7/31/2006 20 Sample 0.075 9 39 
CDM-INJ1 7/31/2006 20 Sample 0.106 31 70 
CDM-INJ1 7/31/2006 20 Sample 0.25 14 84 
CDM-INJ1 7/31/2006 20 Sample 0.425 16 100 
CDM-INJ1 7/31/2006 20 Sample 0.85 0 100 
CDM-INJ1 7/31/2006 20 Sample 2 0 100 
CDM-INJ1 7/31/2006 20 Sample 4.75 0 100 
CDM-INJ1 7/31/2006 20 Sample 9.5 0 100 
CDM-INJ1 7/31/2006 20 Sample 19 0 100 
CDM-INJ1 7/31/2006 20 Sample 25 0 100 
CDM-INJ1 7/31/2006 20 Sample 37.5 0 100 
CDM-INJ1 7/31/2006 20 Sample 50 0 100 
CDM-INJ1 7/31/2006 35 Sample < 0.075 5.2 5.2 
CDM-INJ1 7/31/2006 35 Sample 0.075 2.1 7.3 
CDM-INJ1 7/31/2006 35 Sample 0.106 11 18.3 
CDM-INJ1 7/31/2006 35 Sample 0.25 4.9 23.2 
CDM-INJ1 7/31/2006 35 Sample 0.425 6.5 29.7 
CDM-INJ1 7/31/2006 35 Sample 0.85 7.5 37.2 
CDM-INJ1 7/31/2006 35 Sample 2 13 50.2 
CDM-INJ1 7/31/2006 35 Sample 4.75 15 65.2 
CDM-INJ1 7/31/2006 35 Sample 9.5 30 95.2 
CDM-INJ1 7/31/2006 35 Sample 19 6 101.2 
CDM-INJ1 7/31/2006 35 Sample 25 0 101.2 
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Table 2-1 Soil Grain Size Analysis Results (cont.) 
       
   Sample Sieve Slot Size Weight Retained Cumulative Retained 

Well  Date Depth Type (mm) (grams) (%) 
CDM-INJ1 7/31/2006 35 Sample 37.5 0 101.2 
CDM-INJ1 7/31/2006 35 Sample 50 0 101.2 
CDM-INJ1 7/31/2006 50 Sample < 0.075 14 14 
CDM-INJ1 7/31/2006 50 Sample 0.075 8.1 22.1 
CDM-INJ1 7/31/2006 50 Sample 0.106 22 44.1 
CDM-INJ1 7/31/2006 50 Sample 0.25 13 57.1 
CDM-INJ1 7/31/2006 50 Sample 0.425 18 75.1 
CDM-INJ1 7/31/2006 50 Sample 0.85 9.7 84.8 
CDM-INJ1 7/31/2006 50 Sample 2 7.8 92.6 
CDM-INJ1 7/31/2006 50 Sample 4.75 7.9 100.5 
CDM-INJ1 7/31/2006 50 Sample 9.5 0 100.5 
CDM-INJ1 7/31/2006 50 Sample 19 0 100.5 
CDM-INJ1 7/31/2006 50 Sample 25 0 100.5 
CDM-INJ1 7/31/2006 50 Sample 37.5 0 100.5 
CDM-INJ1 7/31/2006 50 Sample 50 0 100.5 
CDM-INJ1 7/31/2006 70 Sample < 0.075 5.6 5.6 
CDM-INJ1 7/31/2006 70 Sample 0.075 3.4 9 
CDM-INJ1 7/31/2006 70 Sample 0.106 9.1 18.1 
CDM-INJ1 7/31/2006 70 Sample 0.25 5.5 23.6 
CDM-INJ1 7/31/2006 70 Sample 0.425 9.7 33.3 
CDM-INJ1 7/31/2006 70 Sample 0.85 7.4 40.7 
CDM-INJ1 7/31/2006 70 Sample 2 11 51.7 
CDM-INJ1 7/31/2006 70 Sample 4.75 13 64.7 
CDM-INJ1 7/31/2006 70 Sample 9.5 15 79.7 
CDM-INJ1 7/31/2006 70 Sample 19 20 99.7 
CDM-INJ1 7/31/2006 70 Sample 25 0 99.7 
CDM-INJ1 7/31/2006 70 Sample 37.5 0 99.7 
CDM-INJ1 7/31/2006 70 Sample 50 0 99.7 
CDM-INJ1 7/31/2006 70 Duplicate < 0.075 7 7 
CDM-INJ1 7/31/2006 70 Duplicate 0.075 6 13 
CDM-INJ1 7/31/2006 70 Duplicate 0.106 9.5 22.5 
CDM-INJ1 7/31/2006 70 Duplicate 0.25 5.7 28.2 
CDM-INJ1 7/31/2006 70 Duplicate 0.425 13 41.2 
CDM-INJ1 7/31/2006 70 Duplicate 0.85 14 55.2 
CDM-INJ1 7/31/2006 70 Duplicate 2 15 70.2 
CDM-INJ1 7/31/2006 70 Duplicate 4.75 6 76.2 
CDM-INJ1 7/31/2006 70 Duplicate 9.5 30 106.2 
CDM-INJ1 7/31/2006 70 Duplicate 19 0 106.2 
CDM-INJ1 7/31/2006 70 Duplicate 25 0 106.2 
CDM-INJ1 7/31/2006 70 Duplicate 37.5 0 106.2 
CDM-INJ1 7/31/2006 70 Duplicate 50 0 106.2 
CDM-P1 7/27/2006 15 Sample < 0.075 8 8 
CDM-P1 7/27/2006 15 Sample 0.075 3.8 11.8 
CDM-P1 7/27/2006 15 Sample 0.106 14 25.8 
CDM-P1 7/27/2006 15 Sample 0.25 6.7 32.5 
CDM-P1 7/27/2006 15 Sample 0.425 10 42.5 
CDM-P1 7/27/2006 15 Sample 0.85 14 56.5 
CDM-P1 7/27/2006 15 Sample 2 25 81.5 
CDM-P1 7/27/2006 15 Sample 4.75 19 100.5 
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Table 2-1 Soil Grain Size Analysis Results (cont.) 
       
   Sample Sieve Slot Size Weight Retained Cumulative Retained 

 Well Date Depth Type (mm) (grams) (%) 
CDM-P1 7/27/2006 15 Sample 9.5 0 100.5 
CDM-P1 7/27/2006 15 Sample 19 0 100.5 
CDM-P1 7/27/2006 15 Sample 25 0 100.5 
CDM-P1 7/27/2006 15 Sample 37.5 0 100.5 
CDM-P1 7/27/2006 15 Sample 50 0 100.5 
CDM-P1 7/27/2006 25 Sample < 0.075 3.3 3.3 
CDM-P1 7/27/2006 25 Sample 0.075 1.4 4.7 
CDM-P1 7/27/2006 25 Sample 0.106 4.7 9.4 
CDM-P1 7/27/2006 25 Sample 0.25 2.4 11.8 
CDM-P1 7/27/2006 25 Sample 0.425 3.8 15.6 
CDM-P1 7/27/2006 25 Sample 0.85 11 26.6 
CDM-P1 7/27/2006 25 Sample 2 22 48.6 
CDM-P1 7/27/2006 25 Sample 4.75 15 63.6 
CDM-P1 7/27/2006 25 Sample 9.5 31 94.6 
CDM-P1 7/27/2006 25 Sample 19 5.5 100.1 
CDM-P1 7/27/2006 25 Sample 25 0 100.1 
CDM-P1 7/27/2006 25 Sample 37.5 0 100.1 
CDM-P1 7/27/2006 25 Sample 50 0 100.1 
CDM-P1 7/27/2006 25 Sample < 0.075 10 10 
CDM-P1 7/27/2006 35 Sample 0.075 5.3 15.3 
CDM-P1 7/27/2006 35 Sample 0.106 16 31.3 
CDM-P1 7/27/2006 35 Sample 0.25 5.6 36.9 
CDM-P1 7/27/2006 35 Sample 0.425 8 44.9 
CDM-P1 7/27/2006 35 Sample 0.85 15 59.9 
CDM-P1 7/27/2006 35 Sample 2 18 77.9 
CDM-P1 7/27/2006 35 Sample 4.75 15 92.9 
CDM-P1 7/27/2006 35 Sample 9.5 8.1 101 
CDM-P1 7/27/2006 35 Sample 19 0 101 
CDM-P1 7/27/2006 35 Sample 25 0 101 
CDM-P1 7/27/2006 35 Sample 37.5 0 101 
CDM-P1 7/27/2006 35 Sample 50 0 101 
CDM-P1 7/27/2006 45 Sample < 0.075 7 7 
CDM-P1 7/27/2006 45 Sample 0.075 4.1 11.1 
CDM-P1 7/27/2006 45 Sample 0.106 14 25.1 
CDM-P1 7/27/2006 45 Sample 0.25 15 40.1 
CDM-P1 7/27/2006 45 Sample 0.425 38 78.1 
CDM-P1 7/27/2006 45 Sample 0.85 21 99.1 
CDM-P1 7/27/2006 45 Sample 2 1.8 100.9 
CDM-P1 7/27/2006 45 Sample 4.75 0 100.9 
CDM-P1 7/27/2006 45 Sample 9.5 0 100.9 
CDM-P1 7/27/2006 45 Sample 19 0 100.9 
CDM-P1 7/27/2006 45 Sample 25 0 100.9 
CDM-P1 7/27/2006 45 Sample 37.5 0 100.9 
CDM-P1 7/27/2006 45 Sample 50 0 100.9 
CDM-P1 7/27/2006 70 Sample < 0.075 9.4 9.4 
CDM-P1 7/27/2006 70 Sample 0.075 4.6 14 
CDM-P1 7/27/2006 70 Sample 0.106 13 27 
CDM-P1 7/27/2006 70 Sample 0.25 9.6 36.6 
CDM-P1 7/27/2006 70 Sample 0.425 17 53.6 
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Table 2-1 Soil Grain Size Analysis Results (cont.) 
       
   Sample Sieve Slot Size Weight Retained Cumulative Retained 

 Well Date Depth Type (mm) (grams) (%) 
CDM-P1 7/27/2006 70 Sample 0.85 8.2 61.8 
CDM-P1 7/27/2006 70 Sample 2 2.8 64.6 
CDM-P1 7/27/2006 70 Sample 4.75 2.1 66.7 
CDM-P1 7/27/2006 70 Sample 9.5 20 86.7 
CDM-P1 7/27/2006 70 Sample 19 14 100.7 
CDM-P1 7/27/2006 70 Sample 25 0 100.7 
CDM-P1 7/27/2006 70 Sample 37.5 0 100.7 
CDM-P1 7/27/2006 70 Sample 50 0 100.7 

       
Notes:       
bgs = below ground surface      
mm = millimeters      

 
Figure 2-4 CDM-INJ1 Grain Size Distribution 
 

 

 

 

 

 

 

Figure 2-5 CDM-P1 Grain Size Distribution 
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2.6 Analytical Chemistry 
The results for soil samples that were collected are presented in Table 2-2. Data for perchlorate, 
nitrate/nitrite, and moisture are graphically presented in Figures 2-7 and 2-8.  
 
For soil from boring CDM-INJ1, the data indicate that nitrate/nitrite concentrations were less 
than 5 mg-N/kg and perchlorate ranged from 3.7 to 59 mg/kg based on field screening analyses. 
Field screening results generally correlated to laboratory confirmatory analyses. Perchlorate was 
present in greater concentrations at shallower depths and was associated with the finer grained 
soils based on comparison to Figure 2-4. Greater concentrations of perchlorate were also 
associated with greater moisture contents. The maximum moisture content in soil from CDM-
INJ1 was 34 percent and the minimum moisture content was 6.5 percent.  
For soil from boring CDM-P1, nitrate/nitrite concentrations were similar but perchlorate was 
nondetectable at shallow depths and ranged from 0.45 to 9.8 mg/kg at greater depths. Field 
screening results for perchlorate correlated generally well with laboratory results except at 
concentrations near the limit of detection for the ion-selective probe (about 0.2 mg/kg). Moisture 
ranged from 6.9 to 18 percent. For soil from both borings, soil moisture ranged from 6.9 to 16 
percent in the more permeable soils (i.e., not silt or clay).  
Total organic carbon (TOC) was generally nondetectable or near the limit of detection (0.2 to 0.3 
mg/kg) and pH ranged from 6.9 to 8.1. 
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Table 2-2 Soil Analytical Chemistry Results 
                

 
 

        CDM Analysis Laucks Analysis 

Well Date Depth Sample Perchlorate  Moisture USCS Moisture Perchlorate Difference Moisture Difference pH 
Nitrate & Nitrite 

as Nitrogen TOC 
Total 
Solids 

    (bgs) Type (mg/kg) (%)   Non-Clay Silt (mg/kg) (%) (%) (%)   (mg/kg) (%) (%) 
CDM-P1 7/27/2006 5 sample 0.15 18.1 ML -- -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 5 duplicate 0.12 -- ML -- -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 10 sample 0.17 7.5 GM 7.5 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 15 sample 0.12 8.4 GM 8.4 < 0.011 991.0 10.1 -16.0 8.1 3.2 < .21 89.9 
CDM-P1 7/27/2006 15 duplicate -- 8.3 GM -- -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 20 sample 0.079 9.4 GM 9.4 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 25 sample 0.45 9.0 GC 9.0 1.3 -65.0 12.6 -29.0 7.7 4 < .23 87.4 
CDM-P1 7/27/2006 30 sample 0.45 7.5 GC 7.5 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 35 sample 0.69 6.9 GC/SP 6.9 5 -86.0 6.9 0.0 7.8 1.8 <.21 93.1 
CDM-P1 7/27/2006 40 sample 3.6 13.9 GC 13.9 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 45 sample 7.3 9.5 GC/SM 9.5 8.5 -14.0 10.8 -12.0 7.5 2.2 0.24 89.2 
CDM-P1 7/27/2006 50 sample 9.0 11.8 SM 11.8 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 55 sample 6.2 12.0 SM 12.0 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 55 duplicate -- 10.7 SM -- -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 60 sample 5.0 7.1 SM 7.1 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 65 sample 3.2 15.9 SC/SM 15.9 -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 65 duplicate 3.1 -- SC/SM -- -- -- -- -- -- -- -- -- 
CDM-P1 7/27/2006 70 sample 9.8 13.3 SM 13.3 12 -18.0 16.7 -20.0 7.4 1.3 <.22 83.3 

CDM-INJ1 7/31/2006 5 sample 59 25.7 ML -- -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 10 sample 49 32.9 ML/CL -- -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 15 sample 30 18.5 ML -- 41 -27.0 19.9 -7.0 7 5.2 0.34 80.1 
CDM-INJ1 7/31/2006 20 sample 58 34.3 CL/GC -- 73 -21.0 34.6 -1.0 6.9 10 <.3 65.4 
CDM-INJ1 7/31/2006 25 sample 18 13.2 GC/SM 13.2 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 30 sample 10 10.2 SM 10.2 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 35 sample 5.6 11.2 SM 11.2 17 -67.0 13.7 -18.0 7.6 2.3 <.23 86.3 
CDM-INJ1 7/31/2006 40 sample 6.7 11.9 SM 11.9 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 45 sample 4.9 7.9 SM 7.9 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 45 duplicate 4.2 -- SM -- -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 50 sample 5.6 8.8 SM 8.8 7.7 -27.0 13.2 -33.0 7.8 2.2 <.22 86.8 
CDM-INJ1 7/31/2006 55 sample 4.6 7.6 SM 7.6 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 60 sample 4.1 7.4 SM 7.4 -- -- -- -- -- -- -- -- 
CDM-INJ1 7/31/2006 65 sample 3.7 6.5 SM 6.5 -- -- -- -- -- -- -- -- 

 

92.2 CDM-INJ1 7/31/2006 70 sample 4.1 6.5 SM 6.5 5.7 -28.0 7.8 -17.0 7.7 1.6 <.21 
0.9 CDM-INJ1 7/31/2006 70 duplicate -- 7.5 SM -- -- -- 8 -0.1 7.7 -- -- 

 

 
 
 

Notes:               
bgs = below ground surface  GM = silty           
mg/kg = milligrams per kilogram  GL = clayey           

ML = silt    CL = clay           

<20 = Not detected at indicated detection limit SP = poorly graded sand          
TOC = Total organic   SL = clayey sand           
-- = Not analyzed   SM = silty sand           
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gure 2-7 CDM-INJ1 Contaminant and Moisture Distribution 

 

 
 
 
 
 
 

 
Figure 2-8 CDM-P1 Contaminant and Moisture Distribution 
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3.0 Microcosm Tests

3.1 Abstract 
Sacrificial batch microcosm tests were used to rapidly assess the ability of gaseous electron 
donors and various moisture contents to achieve optimal perchlorate remediation in vadose zone 
soil taken from the Aerojet Propellant Burn Area site in California. The electron donor 
candidates tested were hydrogen, 1-hexene, ethyl acetate, and liquefied petroleum gas (LPG) 
also known as propane. Each electron donor was tested at two different concentrations under two 
different soil moisture contents that were representative of minimum and maximum site moisture 
contents at the site. No perchlorate reduction occurred in low moisture (7%) bottles after an 
incubation time of 125-187 days, and all bottles except ethyl acetate achieved complete or partial 
perchlorate reduction in high moisture (16%) bottles. Results from these microcosm tests 
indicate that hydrogen is the most promising of the tested electron donors for the treatment of 
perchlorate in vadose zone soil, achieving complete perchlorate degradation within 35-42 days, 
with a perchlorate reduction rate of 0.1327-0.1894 d-1. LPG promoted complete perchlorate 
reduction at the high LPG dose and 1-hexene promoted partial perchlorate reduction at both 
doses; however, when compared to hydrogen, these donors had more significant lag periods of 
21 - 49 days and lower perchlorate reduction rates of 0.0083-0.0326 d-1 and 0.0079-0.0161 d-1, 
respectively. 
 
3.2 Materials and Methods 
3.2.1 Soil Characterization 
The soil used in this test was collected using sonic drilling methods from the site and shipped to 
The Pennsylvania State University in six 5-gallon buckets in August 4, 2006.  The day after 
arrival, the soil was processed as follows. After removing large stones by hand and passing the 
soil through a ½ inch sieve, all of the soil was well mixed together in a large container and then 
transferred to four buckets, sealed, and stored at room temperature. The following day, duplicate 
grab samples were taken from each bucket and tested for perchlorate, nitrate, pH, and soil 
moisture. The resulting standard deviation of perchlorate concentration was approximately 41% 
of the average concentration, so the soil was remixed and redistributed to four buckets again and 
retested for perchlorate, nitrate, pH, and soil moisture, as well as for total nitrogen and total 
carbon. The remaining soil was stored at room temperature in the sealed buckets for 10 days 
until the experiments were performed. 
 
3.2.2 Experimental Design and Setup 
The microcosm tests were performed in a standard statistical factorial design (Table 3-1). Soil 
moisture content, electron donor type, and electron donor concentration were the variables 
evaluated in the test. According to the lowest and highest moisture level naturally present at the 
field site, the moisture contents tested were 7 and 16%. The electron donors tested were 
hydrogen, ethyl acetate, 1-hexene, and commercial liquid petroleum gas (LPG), the main 
component of which is propane. These electron donors were selected because of their high vapor 
pressures and high Henry’s constants (Table 3-2), making them well-suited to transport in the 
vadose zone. Low and high electron donor concentrations were designed to be three and ten 
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times the quantity required to stoichiometrically reduce all of the oxygen, nitrate, and perchlorate 
present in the soil. The concentrations listed in Table 3-1 reflect these stoichiometric calculations 
based on the actual nitrate and perchlorate concentrations, and conservatively assume that the 
entire headspace is air. A negative control containing no electron donor and a positive control 
containing ethanol, which was previously shown by CDM to give positive perchlorate 
degradation results, were also tested. 
 
For each test condition shown in Table 3-1, nine replicate bottles were established to enable 
periodic sacrificial analysis of the soil, and half of the active tests (tests 1, 2, 6, 7, 11, 12, 13, and 
16) were randomly selected to be run in duplicate. To setup the 234 microcosms, soil from the 
field site was transferred in 10-gram (g) aliquots to 150-mL glass serum bottles. After the bottles 
were sealed with thick butyl rubber stoppers and aluminum crimp tops, the gas in the bottles was 
purged with 10-psi ultra-high purity nitrogen gas for at least 15 minutes to remove oxygen and 
maintain anoxic conditions. Ten percent (10%) of the bottles were randomly chosen for 
headspace oxygen analysis. Greater than 1% oxygen was detected in one of the bottles in the 
Test 5 set, so all nine bottles in Test 5 were re-purged with nitrogen, retested for oxygen, and 
passed. After degassing all of the bottles, one of the candidate electron donors and de-ionized 
water were injected into the bottles to achieve the desired test conditions. During the injection, 
liquid electron donors (ethyl acetate and 1-hexene) were dropped onto the wall of the bottles and 
allowed to completely vaporize into the gaseous phase rather than injecting the electron donor 
liquid directly onto the soil. Prior to injecting the gaseous electron donors (hydrogen and LPG), 
an equivalent volume of nitrogen gas was withdrawn from the bottles to avoid increasing 
pressure. Carbon dioxide at 748 and 2508 mg/kg was added as a carbon source to microcosms 
containing hydrogen. The amount of carbon dioxide needed in the hydrogen microcosms was 
conservatively assumed to be half of the electron donor concentration (in mol/L), in order to 
ensure that lack of carbon would not be a limiting factor for bioremediation.  See Appendix A-3 
for additional details about the microcosm setup.  
 
The total setup time for all 234 bottles was 48 days (extended due to an instrumentation problem) 
during which time the bottles were stored at room temperature on the open bench. After adding 
the electron donor and shaking to facilitate homogeneous headspace-soil contact, the first bottle 
of each test condition was sacrificed immediately as the time zero measurement. The remaining 
bottles were incubated in the dark at room temperature for a total of two to three months and 
were shaken about 3 times per week to help gaseous electron donor distribution and increase 
headspace-soil contact.  
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Table 3-1 Matrix of Experimental Conditions Tested in the Microcosm Experiments

Test 
Number 

Electron donor concentration 
(mg/kg soil) Electron Donor Soil moisture 

1 H2 (+CO2) 34 (+374) 7% 
2 Ethyl acetate 150  7% 
3 1-Hexene 80 7% 
4 LPG 75 7% 
5 H2 (+CO2) 114 (+1254) 7% 
6 Ethyl acetate 501 7% 
7 1-Hexene 165 7% 
8 LPG 250 7% 
9 H2 (+CO2) 34 (+374) 16% 
10 Ethyl acetate 150 16% 
11 1-Hexene 80 16% 
12 LPG 75 16% 
13 H2 (+CO2) 114 (+1254) 16% 
14 Ethyl acetate 501 16% 
15 1-Hexene 165 16% 
16 LPG 250 16% 
17 Negative Control 0 16% 
18 Positive Control 436 (Ethanol) 16% 

Table 3-2 Properties of Tested Electron Donors in Microcosm Tests 
 

 
 
 

Electron donor 
Candidates 

Molecular 
formula 

Formula weight H Psat
(atm-m3/mol)(g/mol) (mm Hg) 

Hydrogen H2 2 1.28E+00  760 

 
 
 
 
 

Ethyl Acetate CH3CH2COOCH3 88.11 1.34E-04 60 

1-Hexene CH3(CH2)3CHCH2 84.16 4.17E-01 100 

 
 
 
 

 
During the incubation, one of the replicates of each test condition was analyzed every one to four 
weeks, the frequency depending on the observed rate of perchlorate degradation. During the 
analysis process, the headspace electron donor concentration, O2, and CO2 were tested first, and 
then the bottles were sacrificed (i.e., opened) to test the soil for perchlorate, nitrate, nitrite, 

LPG 
(Liquefied Petroleum 
Gas, 90% propane) 

CH3CH2CH3 44.1 6.00E-01 5700 

Ethanol C2H5OH 46.07 5.00E-06 40 
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chlorate, chlorite, and chloride concentration, moisture content, and pH. Between every two 
sampling points, the concentration of electron donor in the headspace was tested weekly. 
 
3.2.3 Chemical Analyses 
An Agilent model 6890N gas chromatograph (GC) equipped with a DB-624 column and a flame 
ionization detector (FID) was used to test the electron donors (ethyl acetate, 1-hexene, propane, 
and ethanol). Headspace samples (1000 µL) were transferred from the microcosm bottles in a 
gas-tight locking syringe to the injector which was held at a temperature of 150°C. Helium was 
used as the carrier gas at a flow rate of 0.2 mL/min. The oven temperature was held at 45°C for 4 
minutes, and then ramped to 60°C at a rate of 10°C /min, ramped to 100°C at a rate of 20°C /min 
and then held at 100°C for 1 minute, giving a total run time of 8.5 minutes. The detector was 
held at 240°C where hydrogen, air, and nitrogen (as make up gas) supplied the flame at flow 
rates of 32, 400, and 30.7 mL/min, respectively. 
 
Hydrogen and oxygen concentrations were quantified using a SRI 8610 B gas chromatograph 
(GC) equipped with a thermal conductivity detector (TCD) and a Molesieve 5A molecular sieve 
column (Alltech). Argon was used as the carrier gas at a pressure of 20 psi and the oven was held 
isothermally at 73°C. Carbon dioxide concentration in headspace of samples was measured using 
a SRI GC (Model 310) equipped with a TCD and a Porapak Q column. Helium was used as the 
carrier gas at a pressure of 20 psi and the oven was held isothermally at 83°C. 
 
Perchlorate, chlorate, chlorite, chloride, nitrate, and nitrite were extracted from 5-g soil by 
vortexing for 1 minute in a 50-mL centrifuge vial containing 20-mL deionized water. A 
preliminary experiment conducted in triplicate demonstrated that 106.58±6.1% of perchlorate 
was recovered from the soil after only 0.5 minutes of vortexing. After vortexing, the extracts 
were centrifuged at 5000 rpm for 15 minutes and the supernatant filtered through a 0.2-um-pore-
diameter filter to remove soil particles. The anion concentrations were measured using a DX-500 
ion chromatograph (Dionex), equipped with an AS-11 column, and an ED40 Electrochemical 
Detector. A sodium hydroxide solution eluent with a flow rate of 1 mL/min was used to separate 
the species over a 30 minute run time. The eluent was composed of 98.7% DI water and 1.3% 
200 mM sodium hydroxide at the beginning of each run and held for 10 minutes, then ramped to 
96.4% DI water and 3.6% 200 mM sodium hydroxide and held until the time was 17.4 min, 
ramped to 65.5% DI water and 34.5% 200 mM sodium hydroxide and held from 18.8 min to 23 
min, then ramped back to 98.7% DI water and 1.3% 200 mM sodium hydroxide and held until 
the run ended. The detection limit of nitrate was determined according to the procedure in 
USEPA Definition and Method for MDL (USEPA, 1986) and was found to be 150 ppm. 
 
Soil moisture content was determined gravimetrically according to D 2216-98 Standard Test 
Method for Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass 
(ASTM, 1999), and the pH of the extracts after centrifuging was measured with a Fisher 
Accumet AB 15 pH meter equipped with an Orion Thermo Electron combination pH electrode.  
Total carbon and total nitrogen were determined using a Combustion-Fisons NA 1500 Elemental 
Analyzer by the Agricultural Analytical Services Laboratory at The Pennsylvania State 
University. 
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3.3  Microcosm Test Results 
Before the microcosms were initiated, the homogenized soil from the Aerojet site was 
chemically characterized. The results of the soil characterization are provided in the column 
marked “original” in Table 3-3.  The percentage of total nitrogen of the soil sample was 0.016% 
± 0.006% and total carbon was 0.037% ± 0.021% (triplicate averages).  
 
During the microcosm tests, the soil moisture content remained relatively constant in both the 
low and high soil moisture sets. The soil pH remained near 7. No intermediate perchlorate 
reduction products (chlorate and chlorite) were detected during the treatment. The nitrate 
concentration was reduced below the detection limit (150 ppb) at the time zero sampling point in 
all microcosms at both moisture levels.  Nitrite (NO2

-), the intermediate product of nitrate 
reduction, was also below detection (Appendix A-3).  This high rate of denitrification indicates 
that anoxic conditions were achieved in the microcosms and that electron donor was available 
throughout the soil.  The average final conditions of all the analytes in the soil after 125-187 days 
of treatment with the different electron donors under high soil moisture content are summarized 
in Table 3-3. Complete data sets and profiles for each test condition are provided in Appendix 
A-3. 
 
Table 3-3 Original and Final Conditions of the Aerojet Site Soil after 125-187 Days of 
Treatment Using Different Electron Donors at 16% Soil Moisture. (Table Shows Duplicate 
Averages Except where Noted.)

Perchlorate reduction was not observed in any of the 7% soil moisture sets (Appendix A-3), 
regardless of which electron donor was present. Under high soil moisture (16%), the 
bioremediation of perchlorate was supported by all the electron donors tested except ethyl 
acetate (Figure 3-1). Complete perchlorate removal was achieved in 35 and 42 days with 
hydrogen at high and low concentration, respectively. After 184 days of incubation, perchlorate 
concentration was reduced to less than detectable concentrations in high LPG concentration 
bottles, but had a residual of 2.71 ppm in low LPG concentration bottles. The concentration of 
perchlorate was reduced to 1.96 ppm and 5 ppm in high and low 1-hexene concentration bottles, 
respectively. The 1-hexene bottles were only incubated for 125 days in total due to the higher 

       

  Original Ethyl Acetate 1-hexene LPG Hydrogen 
 mg/kg - 150 501 80 265 75 250 34 114 

Soil moisture % 8±0.6* 15 15.4 14.72 15.6 12.9 13.85 15.21 15.31 
Soil pH - 6.85±0.3* 6.82 6.58 6.97 6.97 7.84 7.56 7.15 6.38 

perchlorate mg/kg 8.2±1.3* 8.53 9.52 5 1.96 2.71 ND ND ND 
chloride mg/kg - 2.93 3.36 6.21 4.26 6.85 6.03 7.27 8.12 
nitrate mg/kg 2.1±0.3* ND ND ND ND ND ND ND ND 

electron 
donor ND mg/kg - ND 68.07 121 142.5 491.35 56.98 83.33  

* =  average of soil from 4 buckets after the second time of mixing with two duplicate measurements each. 
ND = non-detect 
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frequency of sacrificing at the beginning of the test. Complete perchlorate reduction occurred 
within 77 days in the positive control and 183 days in the negative control, both of which were 
only run at 16% soil moisture.  The interesting implications of perchlorate reduction in the 
absence of an external electron donor are explored further in the Discussion section that follows. 
 
Figure 3-1 Perchlorate Degradation in Microcosm Tests with Different Electron Donors at 
16% Soil Moisture.
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Although the rates of perchlorate degradation are difficult to accurately quantify in this 
experiment due to the observed shouldering (lag) effect and relatively low sampling frequency, it 
does appear that perchlorate reduction followed a first order decay (Figure 3-2).  First order 
perchlorate reduction has been observed by others (Logan et al., 2001), so this result is not 
unexpected.  Average first order rate constants for perchlorate reduction were estimated for each 
electron donor based on the slopes of the curves of each profile past the shoulder in Figure 3-
2 (i.e., the slopes of negative ln([ClO4

-]/[ClO4
-]0) vs. time), with the exception of hydrogen and 

the positive control, which were determined based on the initial straight portion of the curve past 
the shoulder. Maximum rates of perchlorate degradation were also estimated for each electron 
donor by choosing the maximum slopes in Figure 3-2.  The resulting estimated first-order rates 
of perchlorate degradation, kClO4-(average) and kClO4-(maximum), for each electron donor are provided 
in Table 3-4. The highest rates of perchlorate reduction, kClO4- (maximum), were found for ethanol 
and hydrogen (high concentration), followed by hydrogen (low concentration); 1-hexene (high 
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2.0 Technology Description 

 
GEDIT involves injection of gaseous electron donors into the soil with the purpose of promoting 
anaerobic bioremediation of perchlorate to water and chloride ion.  This technology can be 
viewed as bioventing in reverse as illustrated in Figure 1.  Bioventing, a proven bioremediation 
technology, involves the injection of a gaseous electron acceptor (e.g., oxygen) into the vadose 
zone resulting in the biodegradation of an electron donor (e.g., hydrocarbons).  In the present 
application, the electron acceptor and donor are reversed with the gaseous electron donor being 
injected in order to biodegrade the electron acceptor.   
 
Bioventing is an effective technology because it relies on the excellent mass transfer 
characteristics of gases and their ability to distribute oxygen through the vadose zone.  Similarly, 
the injection of gaseous electron donors for perchlorate biodegradation in vadose zone soil 
benefits from these same gas mass transfer and distribution characteristics.  The superior mass 
transfer and distribution of gases as compared to liquids is the major advantage of this 
technology over current attempts to introduce liquids into the vadose zone.  Diffusion of gases in 
the vadose zone improves the ability to deliver the electron donor throughout the soil volume and 
helps to overcome problems associated with liquid flow through preferential pathways.  
Additionally, gaseous electron donor technology does not require the capture and treatment of 
infiltrated liquids that could otherwise adversely impact groundwater.  

 
GEDIT involves injection of gaseous electron donors into the soil using injection wells in 
combination with optional soil vapor extraction wells. These gaseous electron donors can include 
hydrogen, propane, or volatile organic compounds such as methanol, ethanol, butanol, acetic 
acid, ethyl acetate, butyl acetate, hexene, etc.  The injected concentration of the electron donor is 
less than its saturation vapor pressure so that the injected electron donor truly exists as a gas and 
not as a mist.  As the gaseous electron donor material is injected into the vadose zone it partitions 
between soil moisture and the vadose zone pore space.  After it has partitioned into the soil 
moisture, anaerobic, perchlorate-reducing bacteria can use the electron donor to reductively 

 
Figure 1 – Comparison of Bioventing and Gaseous Electron Donor Injection 
Technology 
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degrade perchlorate.  Any soil nitrate or oxygen that is present in the pore space will first be 
reduced using the injected gaseous electron donor.  The remaining electron donor will be 
available for use by perchlorate-reducing bacteria.  The rate at which the gaseous electron donor 
is transported through the vadose zone is primarily a function of soil moisture, electron donor 
Henry’s constant, void volume, bulk soil density, bulk gas velocity, soil permeability, and 
biodegradation rate (Evans and Trute, 2006). GEDIT is similar to anaerobic bioventing (U.S. 
EPA, 2006b). Anaerobic bioventing has been described to involve injection of hydrogen and 
carbon dioxide into soil to promote anaerobic biodegradation of organic contaminants including 
chlorinated hydrocarbons and dichlorodiphenytrichloroethane (DDT). GEDIT can include use of 
hydrogen/carbon dioxide and can additionally use liquid electron donors that can be vaporized 
into a gaseous carrier stream. In addition, GEDIT was developed specifically for treatment of 
perchlorate.  
 
GEDIT can be implemented in various configurations two of which are illustrated in Figures 2 
and 3. In the gas injection configuration, nitrogen from a generator or a liquid nitrogen supply is 
amended with gaseous electron donor and then injected into the perchlorate-impacted vadose 
zone.  The presence of nitrogen serves to flush oxygen from the soil gas, enhancing conditions 
for the degradation of perchlorate.  In the SVE configuration, soil vapor is extracted, amended 
with gaseous electron donor, and then injected back into the perchlorate-impacted vadose zone.  
As the reductive degradation of perchlorate progresses, the oxygen content of the extracted soil 
is reduced, thereby facilitating further perchlorate degradation. Well spacing for both of the 
configurations will depend on the pneumatic radius of influence and the specific gaseous 
electron donor selected for use.   
 
Potential applications of GEDIT include treatment of a wide variety of oxidized contaminants in 
soil.  A partial list of oxidized contaminants that are potentially treatable using GEDIT include: 
 

• Perchlorate  
• Chlorate 
• Nitrate  
• Nitrite 
• Selenate 
• Arsenate 
• Chromate and dichromate (i.e., hexavalent chromium) 
• Uranylate 
• Pertechnetate 
• N-Nitrosodimethylamine (NDMA) 
• Trichloroethene (TCE) 
• Trichloroethane (TCA) 
• Highly energetic compounds including nitro-aromatics such as TNT, RDX, and HMX. 
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Figure 2 – Example Gas Injection GEDIT Process and Instrumentation Diagram



 

5 

  

 

 
Figure 3 – Example SVE GEDIT Process and Instrumentation Diagram 
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3.0 Engineering Design  
 
This section includes engineering design considerations for injection wells, monitoring 
piezometers, process equipment, and instrumentation and controls. It also includes a description 
of pre-design data and testing requirements.  

3.1 General Design Considerations and Approach 

The GEDIT process should be designed with the objective of minimizing oxygen concentrations 
and distributing sufficiently high concentrations of the gaseous electron donor(s) throughout the 
vadose zone. The absolute concentrations of oxygen and electron donors that are required are 
dependent on the particular contaminant of concern.  
 
In general, contaminants that have a greater free energy for reduction (e.g., nitrate and chromate) 
will require lower oxygen concentrations than contaminants with a lower free energy for 
reduction (e.g., perchlorate, selenate, and uranylate). With respect to perchlorate, oxygen 
concentrations less than 1 percent appeared to be sufficient to promote biological reduction 
based on demonstration results. With respect to nitrate, greater concentrations – 10 percent or 
greater – were sufficiently low to support biological reduction. 
 
The particular electron donor type and concentration are also dependent on the particular 
contaminant of concern. Hydrogen was determined to be required for perchlorate reduction 
whereas liquefied petroleum gas (LPG) was sufficient for nitrate reduction. The minimum 
concentration of hydrogen necessary to support perchlorate reduction was 0.5 percent. Carbon 
dioxide may also be required to support growth of autotrophic bacteria during contaminant 
degradation with the electron donor hydrogen. The requirement for carbon dioxide is site-
specific and depends in part on the natural alkalinity (i.e., bicarbonate and carbonate) present in 
site soil. The minimum concentration of LPG necessary to support nitrate reduction was not 
determined but may be as low as 1 percent.  
 
Achieving these concentrations of oxygen and electron donor(s) requires injection of the electron 
donor(s) and possibly other gases such as nitrogen and/or carbon dioxide. Reduction of oxygen 
concentrations in the vadose zone can occur via two processes: displacement and aerobic 
biodegradation. Displacement can be accomplished using any gas though certain gases are more 
effective than others. For example, because of varying densities, hydrogen floats, LPG sinks, and 
nitrogen does neither. Thus injection of nitrogen is effective at oxygen displacement horizontally 
from the point of injection, hydrogen is effective at oxygen displacement vertically upward from 
the point of injection, and LPG is effective at oxygen displacement vertically downward from the 
point of injection. Gaseous electron donors such as hydrogen and LPG can also remove oxygen 
when they are biodegraded by aerobic bacteria. These bacteria use hydrogen and LPG as electron 
donors and consume oxygen during the biodegradation process.  
 
Other general considerations include soil lithology, permeability, and moisture content. The 
lithology and permeability will affect bulk transport of gas and diffusive transport of the electron 
donor. Permeability will also affect the rate of back diffusion or advection (e.g., barometric 
pumping) of oxygen into the treatment zone. Hydrogen is a small molecule with high diffusivity. 
Thus it has greater potential to diffuse into low permeability soils. Based on demonstration 
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results, GEDIT was determined to be effective in both low and high permeability soil types. 
Therefore, GEDIT is applicable to all soil lithologies; however, the design and operating 
conditions will likely vary and be site-specific. Moisture content often correlates with soil 
lithology. Moisture can affect permeability and also affects biological activity. Very low 
moisture contents can be inhibitory to biological activity. Based on demonstration results, 
acceptable perchlorate biodegradation was observed with soil moisture as low as 7 percent. This 
concentration may not be translatable to other sites and the minimum moisture content may be 
dependent on the soil lithology. Thus the minimum moisture content must be determined 
experimentally in a treatability test. This test will also serve to determine if other inhibitory 
compounds are present in the soil.  
 
Recommended approaches to GEDIT design based on these general guidelines are described in 
the following sections.  

3.2 Pre-Design Testing and Data Requirements  

Laboratory treatability testing and field pilot testing are recommended as part of the GEDIT 
design process. Laboratory treatability testing is used to select electron donors, electron donor 
concentrations, and determine soil moisture limits. Field pilot testing is used to determine site 
permeability and gas flow rate requirements. 
 
3.2.1 Laboratory Testing 
 
Soil microcosms are recommended to determine electron donor requirements and soil moisture 
limitations. In addition, microcosms can give an indication of the potential rate and extent of 
contaminant degradation. Detailed procedures for conducting the microcosms are included in the 
ESTCP Final Report. The general approach for conducting testing is presented here.  
 
Prior to conducting the laboratory testing it is helpful to have an indication of the range of 
lithologies and moisture contents in vadose zone soil at the site and the range of contaminant 
concentrations. In addition, since contaminant concentration can be correlated with lithology 
and/or moisture content (e.g., perchlorate being associated with finer grained soil that also have 
higher moisture content), an understanding of such a correlation is helpful. The variation in soil 
lithology, moisture content, and contaminant concentration will determine the number of soil 
types and moisture contents that should be evaluated during the treatability test. Testing a 
minimum of two moisture contents is recommended. These ideally would be representative of 
low and high moisture contents in soil at the site where contaminant concentrations are well in 
excess of cleanup levels.  
 
Soil for the microcosms is preferably collected by drilling or excavation immediately prior to 
setup of the treatability test. Soil is then homogenized and moisture content is adjusted if 
necessary. Increasing moisture is conducted by adding distilled water to the soil followed by 
homogenization. Soil drying in air can be conducted if the soil is too moist, however, collection 
of soil that is representative of low moisture content conditions is preferable. Following 
adjustment of moisture and homogenization the soil is placed in serum bottles (e.g., 50 grams in 
a 250-mL serum bottle) or other air-tight container with septa. Thick butyl rubber septa are 
inserted into the serum bottles and a gas manifold is used to replace the air in the serum bottle 
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headspace with the desired gas mixture. The number of gas mixtures to be tested will be 
dependent on contaminant of concern and the desired scale of the study. For perchlorate the 
minimum recommended gas compositions are 1) 100 percent nitrogen (control), 2) 1 percent 
hydrogen in nitrogen, 3) 1 percent hydrogen plus 1 percent carbon dioxide in nitrogen), 4) 10 
percent hydrogen in nitrogen, and 5) 10 percent hydrogen plus 1 percent carbon dioxide in 
nitrogen). Multiple bottles are setup for each condition to allow sacrificial sampling and 
replication. At a minimum 10 bottles should be setup for each condition.  
 
Sampling and analysis of the headspace is conducted for oxygen (i.e., to verify its absence) and 
electron donor(s). Sampling and analysis of soil contaminants requires sacrificial sampling of the 
microcosms and analysis using standard analytical methods such as distilled water extraction and 
ion chromatography for perchlorate.  
 
Results are evaluated with respect to rate and extent of contaminant degradation relative to the 
control. If multiple experimental conductions are capable of promoting contaminant degradation, 
then economic and engineering analyses are recommended to identify which electron donor 
should be used in the field. 
 
3.2.2 Field Pilot Testing 
 
Field pilot testing is recommended to determine optimal operating conditions for gas injection 
and quantify radius of influence. In addition, pilot testing can be conducted to evaluate different 
injection well designs. The demonstration included a pilot test to evaluate soil pneumatic 
permeability and an optimization test to evaluate different well designs and injection 
configurations. Detailed procedures for conducting these tests are included in the ESTCP Final 
Report. The general approach for conducting testing is presented here and is based on lessons 
learned from the demonstration.  
 
The optimized injection well design for the ESTCP demonstration is shown in Figure 4.5 This 
design is based on use of 6-inch porous vapor probes embedded in sand packs and located every 
10 feet of boring depth. This design is recommended as a starting point but may not be optimal 
for all sites. The injection well design is also recommended for the soil gas monitoring 
piezometers. This approach allows use of piezometers as injection wells if desired. Injection 
wells and piezometers should be installed in different lithologic zones to allow assessment of soil 
types on gas injection. A minimum of one injection well and two piezometers is recommended 
for the pilot test. The depth and number of vapor probes will be dependent on site lithology and 
heterogeneity but a minimum of four probes per well/piezometer is recommended.  
 
The recommended basic pilot test approach involves injection of nitrogen. Nitrogen can be 
supplied using a nitrogen generator, in liquefied form, or in multiple cylinders. Nitrogen is 
injected at one or more depths in the injection well at pre-determined flow rates and oxygen is 
monitored in the piezometers at all depths. A recommended starting flow rate is 50 ft3/min at 
each injection well depth. Oxygen is monitored in the piezometers to determine which operating 
conditions result in the maximal reduction of oxygen concentration. Analytical equipment for 
monitoring oxygen is discussed in Section 5.2. Various conditions are tested to identify the 
                                                 
5 Note that for the ESTCP demonstration the injection well (i.e., P4) was called a piezometer. 
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optimal operating condition that maximizes the radius of influence for oxygen displacement and 
minimizes gas flow. Pressures are also measured at the injection well and at the piezometer. 
 
The next recommended level of pilot testing involves use of selected gaseous electron donors in 
addition to nitrogen. This level of pilot testing can be important because of the tendency of 
certain electron donors to float (e.g., hydrogen) or sink (e.g., LPG). A manifold will be necessary 
to adjust flow rates of each gas and mix the gases prior to injection. Monitoring of individual 
gases at the piezometers may require additional analytical equipment. Analytical equipment for 
monitoring electron donors is discussed in Section 5.2.  
 
Analysis of pilot test results will involve determination of the optimal operating conditions (e.g., 
flow rate, injection pressure, gas composition, injection depths, etc.) required to maximize the 
radius of influence and minimize gas flow rate. The radius of influence is the maximum distance 
from point of the injection where oxygen and electron donor concentrations are acceptable based 
on laboratory test results or other pertinent data.  

3.3 Wells and Piezometers 

Design of gas injection wells and monitoring piezometers will be based on pilot test results, 
standard practices for well design, and applicable regulations. Figure 4 illustrates the injection 
well/piezometer design used for the ESTCP demonstration. This design is recommended as a 
starting point but site specific lithology and advances in understanding of gas injection for 
GEDIT will likely lead to modifications of this design. 
 
The number and location of injection wells will be dependent on the area and depth requiring 
treatment, pilot test results, and economic evaluations. Pilot test results will establish the radius 
of influence for injection using a single well unless a multiple-well pilot test is conducted. A 
single well pilot test does not account for potential efficiencies of using multiple wells. 
Nevertheless, conservative well spacing based on the experimentally determined radius of 
influence is recommended. Potential for gas migration along subsurface utilities or into 
basements and buildings should also be considered when selecting injection well and piezometer 
placement. 
 
The number and location of piezometers will be based on pilot test results, site heterogeneity, 
regulatory requirements, and cost. Piezometers in general should be located equidistant from 
injection wells. At a minimum, the number of piezometers should be selected to allow 
monitoring of site heterogeneity effects on gas transport.  
 
The ESTCP demonstration design included 1/2-inch and 3/8-inch diameter (OD) poly tubing 
with 1/2-inch diameter by 6-inch long stainless steel vapor sampling probes. This design was 
used for gas injection and monitoring. The tubing diameter for injection wells may need to be 
increased if flows significantly greater than 50 scfh are used.  

3.4 Process Equipment 

GEDIT process equipment includes the gas supply, the gas mixing manifold, and the gas 
distribution system. Each of these process equipment categories are discussed below. The 
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process and instrumentation diagram (P&ID) for the ESTCP demonstration is presented in 
Figure 5. This P&ID illustrates the three process equipment categories that are described in detail 
in the following sections. 
 
3.4.1 Gas Supply 
 
Gas supply equipment will be dependent on the particular gas mixture composition and flow 
rate. Depending on the total flow rate required, some supply configurations will be more 
appropriate and cost-effective than others. For example, relatively low flow rates of gases will be 
better suited through use of gas cylinders or liquefied gases. Relatively greater flow rates will be 
better suited through the use of gas generators. The best gas supply configuration will be 
determined by conducting an engineering analysis of alternatives.  
 
Nitrogen can be supplied as a compressed gas, a liquefied gas, or via various air separation 
systems. Compressed nitrogen is typically provided in cylinders that contain about 228 (K 
cylinder) or 304 (T cylinder) cubic feet of gas each. These cylinders can be manifolded together 
but in general will not be capable of supplying sufficient nitrogen for most GEDIT applications. 
Liquefied nitrogen was used during the ESTCP demonstration and was contained in a portable 
trailer with a capacity of 150,000 standard cubic feet. Larger liquefied nitrogen storage systems 
are available (e.g., 1.2 million standard cubic feet) but these are not portable. Nitrogen generators 
can be used to produce high purity nitrogen from air. Two primary types of generators are 
available: pressure swing adsorption (PSA) and membrane. PSA generators use two alternating 
trains of molecular sieves to separate nitrogen from oxygen. One train is separating the gases 
while the other is being regenerated. Membrane separators continuously generate nitrogen via 
diffusive separation in specialty membranes. Both of these nitrogen generators are capable of 
generating high flow rates of high purity nitrogen but require electricity to operate. They also 
require air compressors to operate. The nitrogen purity is also dependent on the design and 
operation of each system. Greater nitrogen purity will require more costly equipment and will 
increase operating costs. 
Hydrogen can be supplied as a compressed gas, a liquefied gas, or via various generation 
systems. Compressed hydrogen is typically provided in cylinders that contain about 195 (K 
cylinder) or 261 (T cylinder) cubic feet of gas each. These cylinders can be manifolded together 
and 18-packs of K cylinders were used in the ESTCP demonstration. Larger volumes of 
hydrogen can be supplied using compressed hydrogen tube trailers or liquefied hydrogen tanks. 
Hydrogen can also be generated electrolytically or via reformation. Electrolytic hydrogen 
generators convert distilled water to hydrogen and oxygen using electricity. The hydrogen and 
oxygen are separated. Hydrogen reformers use a fuel such as methane or propane to produce 
hydrogen under high temperature and pressure. These systems require the fuel and electricity.  
 
Liquefied petroleum gas (LPG) can be used as a gaseous electron donor and/or as a carrier gas. 
LPG is commonly available and typical odorized organosulfur compounds such as ethyl 
mercaptan. LPG cylinders are available in a variety of volumes. 
 
Other electron donors are conceivable and may include organic compounds that are liquid at 
room temperature such as ethyl acetate or 1-hexene and can be supplied in drums. These liquids 
would be vaporized in a nitrogen carrier gas prior to injection. Carbon dioxide may be required 
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as a carbon source when using hydrogen as an electron donor. Carbon dioxide is available in 
cylinders and is liquid at room temperature when compressed. A K cylinder of carbon dioxide 
contains 560 standard cubic feet of gas. 
 
A major consideration in evaluation of gas supply options is availability of utilities. Compressed 
and liquefied gases do not require electricity or water. This is an advantage for implementation at 
remote sites that do not have ready access to utilities. Electricity can be generated but may 
require significant fuel (e.g., diesel) storage. Distilled water can be generated from groundwater 
following pretreatment (e.g., ion exchange, reverse osmosis) but may necessitate brine disposal. 
 
The gas supply configuration that was used for the ESTCP demonstration is shown in Figure 6. 
This configuration included liquefied nitrogen (150,000 standard cubic feet capacity), three 18-
packs of hydrogen K cylinders, one 18-pack of carbon dioxide K cylinders, and a 120-gallon 
tank of LPG. This configuration was used to supply 100 standard cubic feet per minute of a gas 
mixture comprised of 89 percent nitrogen, 10 percent hydrogen, 10 percent LPG, and 1 percent 
carbon dioxide. A cylinder of helium is also shown in Figure 6 but this was used only for initial 
tracer tests and is not considered part of the standard gas supply configuration.  

 
3.4.2 Gas Mixing Manifold 
 
A gas mixing manifold is required to allow control of individual gas flow rates and generate a 
gas mixture of the desired composition at the desired total flow rate. The manifold design will be 
dependent on the specific gas mixture and flow rates but will in most cases include the following 
elements: 

Figure 6 – Gas Supply for the Demonstration

  LPG                           H2                   CO2       He                                          N2 
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• Connections from the gas 

supplies to the manifold 
• On-off valves to control flow 

of the gas supplies 
• Flow meters to monitor flow 

rate of individual gases and 
gas mixtures 

• Pressure gauges to monitor 
pressures of individual gases 
and gas mixtures 

• A static mixer or other device 
to ensure the gases are well 
mixed prior to distribution to 
the injection wells 

• A sample valve to allow 
collection of samples for on-
site or off-site gas analysis 

• Connections from the 
manifold to the gas 
distribution system  

 
Figure 7 includes photographs of the 
front and back of the manifold used 
for the ESTCP demonstration. This 
design is based on the P&ID 
presented in Figure 5. Alternative 
designs including use of non-metallic 
tubing suitable for compressed gases 
(i.e., not PVC) may be appropriate. 
The design of the ESTCP 
demonstration manifold piping was 
based on the Compressed Gas 
Association (CGA) Standard for 
Hydrogen Piping Systems at 
Consumer Locations (G-5.4-2005) 
which states that 300 series stainless 
or carbon steel shall be used for 
piping. A professional engineer 
should be consulted with regard to 
local code requirements and whether this particular standard applies to a specific application and 
in particular to gas mixtures containing low percentages of hydrogen.  
 
  

 

 

Figure 7 – Gas Supply Control Panel
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Other considerations for gas mixing manifold design include: 
 

• Installation location – Locate the manifold outside rather than inside a building or 
container so potential gas leaks have a greater potential for dispersion. 

• Automation – Consider whether manual or automatic monitoring and control is desired. 
One factor that will affect the need for automation is whether the gaseous electron donor 
will be injected continuously or pulsed. Automatic monitoring and control of flow will 
increase capital costs but has the potential to reduce operating costs. Also, use of 
electronic sensors and controls while using a potentially flammable electron donor gas 
mixture will need to comply with electrical classification requirements under the National 
Electrical Code.   

• Rotameter correction – Ensure that readings from variable area flow meters – also known 
as rotameters – are appropriately compensated for pressure and gas composition. Most 
rotameters are calibrated for air at ambient pressure.  

• System pressure – Calculate the saturation pressure for gas mixtures containing 
condensable gases (e.g., LPG) and ensure that the operating manifold system pressure is 
less than the saturation pressure to prevent condensation.   

• Multiple gas mixtures – Determine during pilot testing whether different gas 
compositions will be injected at different depths. For example, it may be desirable to 
inject hydrogen at deeper locations and LPG at shallower locations. With this approach 
hydrogen can float up through the zone of influence and LPG can sink. Multiple gas 
mixtures will require multiple gas mixing manifolds. 

 
3.4.3 Gas Distribution System 
 
The gas distribution system is used to transfer the gas mixture from the gas mixing manifold to 
the injection well(s) in a GEDIT design based on gas injection only. A GEDIT design that is 
based on soil vapor extraction, electron donor amendment, and re-injection will have additional 
requirements. The ESTCP demonstration was based on the gas injection approach and this 
section addresses this approach. The design of this system will depend on gas flow rates, the 
distance from the gas mixing manifold to the injection wells, and site-specific constraints such as 
vehicle traffic and security.  
 
The ESTCP demonstration used 3/8-inch diameter tubing for the distribution system with 
pneumatic quick-connect fittings for connection to wellhead tubing. The tubing was laid on the 
ground which may not be applicable for all sites. Alternatively, tubing can be run through 
metallic or plastic pipe or conduit for greater security. If necessary the tubing can be buried. 
Regardless, pressure drop is a primary consideration and must be calculated to determine the 
appropriate tubing size. The pressure drop must be sufficiently low to prevent too high a gas 
pressure at the gas distribution system (see Section 3.4.2) and sufficiently high to ensure delivery 
to each well point (see Section 3.2.2). Gas distribution tubing or piping materials must be 
suitable for use with compressed gases. For example, PVC pipe should never be used with 
compressed gas systems.  
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4.0 Operations  
 
Operational requirements of the GEDIT system will be specific to the particular design. 
However, several operational considerations can be generalized for most systems and are 
described below. These considerations are focused on optimization of operating conditions to 
minimize gas use and ensure that subsurface conditions are suitable. 
 
Operating variables for a GEDIT system associated with process optimization include the 
following: 
 

• Injection wells where gas is injected 
• Depths in each well where gas is injected 
• Gas flow rate for each injection location 
• Gas composition for each injection location 
• Gas injection strategy – continuous or pulsed 
• Total time that gas is injected at each point 

 
Other operating considerations include the following: 
 

• Ensuring that gas supplies are sufficient and refilled or maintained accordingly 
• Maintaining the system to ensure that leaks are identified and repaired 
• Adjusting flow rates and gas compositions as necessary to ensure that the actual values 

are in line with the target values 
 
Process optimization will necessitate monitoring of operating conditions and sampling and 
analysis of soil vapor and soil (see Section 5.0 for details on monitoring, sampling, and analysis). 
The objective of process optimization is to minimize gas use while ensuring that the soil vapor 
composition meets pre-determined specifications. The gas composition specifications will be 
determined during bench-scale and field-scale testing (see Section 3.2). In general, operating 
conditions will be adjusted to ensure that, at each monitoring location, oxygen concentrations 
will be less than a specified maximum value and electron donor concentration(s) will be greater 
than a specified minimum value. Additionally, operating conditions will be optimized to 
minimize gas use while meeting these specified gas concentrations at all piezometer locations. 
Analytical data from individual piezometer gas samples will be used to identify specific injection 
wells and depths where gas flow rates and/or compositions should be adjusted to meet gas 
composition specifications. The number and locations of installed piezometers will directly 
affect the extent to which process optimization can be accomplished. 
 
Sampling and analysis of soil gas is conducted to determine whether the soil gas composition is 
supportive of contaminant biodegradation. It is not a direct measurement of contaminant 
biodegradation. For nonvolatile contaminants (e.g., perchlorate) collection of soil samples is the 
only means to assess contaminant biodegradation.6 Sampling of soil requires drilling and must be 
conducted judiciously. Heterogeneity can also complicate data analysis. Nevertheless, analysis of 

                                                 
6 In situ microcosms can be considered but representativeness of the results would need to be established. 
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soil samples and comparison to cleanup goals will ultimately determine whether GEDIT 
operation is complete or continued gas injection is necessary. 
 
  



 

16 

5.0 Monitoring, Sampling, and Analysis 

5.1 Process Monitoring  

Process monitoring variables will include at a minimum flow rates, pressures, and gas 
composition being delivered to the injection wells. Additional process monitoring variables, 
depending on the GEDIT design, will include gas supply pressures or tank levels, fuel levels in 
the case of on-site power generation, and likely other parameters.  
 
Monitoring of flow rates will depend on the actual flow meter being used. In the case of 
rotameters, corrections for gas composition and pressure may be necessary. Rotameters are 
typically calibrated for air at atmospheric pressure. Rotameter readings are affected by gas 
pressure and density. The rotameter readings must be corrected when measuring the flow rate of 
gases other than air and at pressures other than atmospheric. The following equation7 can be used 
to make these corrections: 
 

ܳ௜ ൌ ௜ܳప෡ܨܥ ට௉೔
௉

 ,   

where,  
 
 ;is the actual flow rate of gas i (i.e., H2, N2, CO2, or LPG) in units of scfm or scfh ࢏ࡽ
 
 is the correction factor for gas i and is based on the relative densities of gas I and the ࢏ࡲ࡯
rotameter calibration gas (i.e., air). The values of  ࢏ࡲ࡯ are specific to the gas composition and the 
rotameter and are presented in Table 1;   
 
 ;ଙ෢ is the rotameter reading for gas i in units of scfm or scfhࡽ
 
 is the absolute pressure of gas i at the rotameter; and ࢏ࡼ
 
 .is the atmospheric pressure (1 atmosphere or 14.696 psia) ࡼ
 

Table 1 – Correction Factors for Key Instruments Rotameters 
 

i   CFi 
N2   1.02 
Propane (LPG) 0.80 
H2   3.81 
CO2  0.81 

 
Monitoring of pressure can be conducted using standard pressure gauges. Monitoring of gas 
composition in the gas mixing manifold is described in Section 5.2.  
 

                                                 
7 Provided by Key Instruments. 
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Process monitoring can be conducted manually as described above or automatically using flow 
and pressure transmitters. These will increase capital costs but have the potential to decrease 
lifecycle costs through more cost-effective monitoring and control. These transmitters may need 
to be intrinsically safe or enclosed in explosion proof housings depending on the electrical 
classification of the area.  

5.2 Gas Sampling and Analysis 

Gas samples from the gas mixing manifold and the piezometer can be manually collected and 
analyzed using field instruments. Alternatively, samples can be submitted to a laboratory for 
analysis. Specialized instruments can also be used to continuously monitor gas composition.  
 
The ESTCP demonstration involved manual sampling and use of field instruments. Figure 8 is a 
photograph of the field sampling and analysis equipment used for the demonstration. This 
equipment was suitable for sample collection and analysis of oxygen, propane, hydrogen, 
temperature, and relative humidity. Oxygen, propane, and carbon dioxide were monitored using 
an RKI Eagle gas monitor. This instrument included a gas sampling pump that drew soil gas 
from the piezometers and had the following sensors: 
 

• Oxygen was measured using an electrochemical cell.  
• Propane was quantified using an infrared sensor which allowed specific quantification 

without interference from hydrogen.  
• Carbon dioxide was measured using an infrared sensor.  

 
Hydrogen was monitored using a H2SCAN HY-ALERTA 500. This instrument is specific for 
hydrogen. Relative humidity and temperature were monitored using Vaisala HMT360 meter.  
 
The RKI Eagle was determined to be a robust and cost-effective field instrument capable of 
measuring multiple gasses during GEDIT operation. Alternative portable instruments are also 
available. When selecting an instrument for use it is important to determine the effect of varying 
oxygen concentrations on the quantification of electron donor concentrations. For example, use 
of a flammability sensor that measures percentage of the lower explosion limit (LEL) might be 
considered for use. However, most of these sensors employ catalytic bead technology which 
requires the presence of oxygen to function. Since depletion of oxygen is necessary for GEDIT, 
this type of an instrument in not suitable for electron donor analysis. Use of an infrared sensor 
for measurement of hydrocarbons is suitable and is unaffected by oxygen. Use of a hydrogen-
specific sensor such as the H2SCAN HY-ALERTA 500 is suitable for hydrogen measurement 
and was determined to be minimally affected by oxygen.  
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5.3 Soil Sampling and Analysis 

Soil sampling and analysis is required for overall determination of GEDIT effectiveness unless 
the contaminant of concern is volatile. Methods for conducting soil sampling and analysis are 
well established and are not discussed further. On the other hand, soil heterogeneity is an 
important consideration when selecting soil sampling locations. If calculation of percent 
contaminant removal is of interest then it is important to collect before and after samples as close 
to each other as possible. The reason for this approach is to minimize effects of heterogeneity on 
data interpretation. If determination of whether soil concentrations are below a cleanup level then 
grid sampling or other standard sampling techniques are appropriate.  
 
When collecting samples for analysis, discrete samples are recommended. Analysis of these 
samples for the contaminant(s) of concern and moisture is recommended to allow determination 
of the effects of moisture on contaminant removal. In addition, the soil type should be 
characterized using the Unified Soil Classification System (USCS) or a grain size analysis 
should be conducted.  
 
  

 Figure 8 – Gas Sampling and Analysis Train
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6.0 Health and Safety 
 
Health and safety considerations must be addressed during design, construction, and operation 
phases. Issues that must be considered include but are not limited to: 
 

• Flammability hazards including requirements for electrical classification 
• Energy hazards including pressure 
• Cold exposure hazards when handling liquefied gases  
• Vapor intrusion issues when injecting gases into the subsurface 
• Oxygen deficient atmosphere hazards  
• Drilling hazards 
• Construction hazards 
• Secondary containment requirements 
• Contaminant exposure hazards 

 
These and other issues as appropriate must be addressed early on during the design process. 
Design of the process by a licensed professional engineer is required. Depending on local 
regulatory requirements, a hazardous materials plan may be required. During operation, regular 
monitoring of the working environment for oxygen and LEL will be necessary and should be 
specified in the site health and safety plan. Regular checking of the GEDIT process equipment 
and piping for leaks using suitable instruments is also necessary. 
 
Factors that affect this optimization will include: 
 

• Number of injection wells – The optimal number of injection wells will be a balance of 
well installation costs and gas consumption. More wells spaced closely together will 
allow use of lower gas flow rates. While this plan specifies the number and placement of 
wells based on pneumatic air injection tests, the data obtained during this demonstration 
will be used to develop optimization strategies for well placement in future applications 
of the technology. 

• Gas flow rate – Increasing gas flow rates will maximize radius of influence but will result 
in greater costs because of greater gas consumption rates. 

• Oxygen infiltration rate – The rate of oxygen infiltration will be influenced by variations 
in barometric pressure, soil permeability, and diffusion. 

• Electron donor consumption rate – The rate of electron donor consumption will be 
influenced by the rate of oxygen infiltration, soil moisture, and biological activity. 

• Gas injection pulsing duration and frequency – Gas injection pulsing will minimize costs 
by allowing use of greater gas flow rates while minimizing gas consumption. However, 
the rate of electron donor consumption and the rate of oxygen infiltration will limit the 
duration between pulses.  

• Soil drying – Prolonged gas injection may result in soil drying which may inhibit 
microbial activity. 

• Injection gas composition – Greater concentrations of electron donor in nitrogen will 
promote increased perchlorate biodegradation but will result in greater costs. The 
composition used in this demonstration is based on the treatability studies. 
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• Electron donor injection volume – The injected electron donor volume must be sufficient 
to result in perchlorate biodegradation but should not be in great excess to minimize 
costs. 
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