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SECTION 1 

Introduction 

This document presents the Bench-Scale Study Work Plan for Operable Unit (OU) No. 15, 
Site 88, Marine Corps Base (MCB) Camp Lejeune, Jacksonville, North Carolina. This Work 
Plan is prepared under the Naval Facilities Engineering Command (NAVFAC)—Mid-
Atlantic, Comprehensive Long-term Environmental Action—Navy (CLEAN) 1000 Contract 
N62470-08-D-1000, Contract Task Order (CTO) 071. 

The Draft Feasibility Study, Site 88, OU No. 15, Marine Corps Base Camp Lejeune, Jacksonville, 
North Carolina (CH2M HILL, 2008a) evaluated potential remedial alternatives to address 
groundwater impacts identified at Site 88. Enhanced reductive dechlorination (ERD) and 
chemical oxidation were examined in the Feasibility Study (FS) both individually and with 
an injection-extraction delivery system for the treatment of tetrachloroethene (PCE) and its 
daughter products; trichloroethene (TCE), cis-1,2-dichloroethene (cis-1,2-DCE), and vinyl 
chloride in groundwater. Both ERD and chemical oxidation were determined to be 
potentially viable. In May 2008, the Partnering Team agreed to conduct Pilot Studies at Site 
88 to evaluate the site-specific effectiveness of ERD and chemical oxidation and to further 
refine the treatment alternatives in the FS. The purpose of the Bench-Scale Study is to 
evaluate the potential effectiveness and reagent types/dose requirements for chemical 
oxidation and ERD using aquifer material from the site. As part of the Bench-Scale Study, 
aquifer modeling will be conducted to assist in evaluation of regent delivery alternatives. 
Results of the Bench-Scale Study and aquifer modeling will be used as the basis for design 
of the Pilot Studies.  

This Work Plan is organized as follows: 

• Section 1, Introduction—Presents an overview of the project and Work Plan. 

• Section 2, Site Background—Presents the general site background and descriptions of 
the Pilot Study areas.  

• Section 3, Remedial Technology Description—Presents descriptions of the treatment 
technologies.  

• Section 4, Bench-Scale Study Objective—Provides the objective of the Bench-Scale 
Study. 

• Section 5, Bench-Scale Testing—Presents the sample collection and preparation, 
experiment setup, and test monitoring for each Bench-Scale Study. 

• Section 6, Aquifer Modeling—Describes how the groundwater flow model will be 
calibrated and utilized. 

• Section 7, Data Management and Evaluation – Outlines how data will be managed and 
evaluated. 
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• Section 8, Health and Safety and Residuals Management—Outlines issues to be 
presented in the Health and Safety Plan (HSP) for the project and presents the process 
for managing investigation-derived waste (IDW). 

• Section 9, Reporting—Describes the reporting that will occur for the Bench-Scale study. 

• Section 10, Project Management—Provides the project schedule and organization. 

• Section 11, References—Provides the references used in this document. 

Tables and figures accompanying the main text of this plan are included at the end of each 
section. A Health and Safety Plan (HSP) specific to the Bench-Scale Study will be issued 
under separate cover. 
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SECTION 2 

Site Background 

Information concerning site history, contaminant concentrations, plume distribution, and 
subsurface geology/hydrogeology is documented in the Final Remedial Investigation Report 
Site 88 - OU No. 15 Building 25, Marine Corps Base Camp Lejeune, Jacksonville, North Carolina 
(CH2M HILL, 2008b) and the Draft FS (CH2M HILL, 2008a). This information is 
summarized below for the Pilot Study areas. 

2.1 Site Description 
Site 88 is the former Base Dry Cleaning Facility (former Building 25; Figure 2-1). The site is 
located in a developed part of the Base and is surrounded by buildings, parking lots, streets, 
and sidewalks.  

Building 25 was used as a dry cleaning facility from the 1940s to 2004 when operations 
ceased and the building was demolished to slab. In 2005, the source area beneath and 
around the building was treated using soil mixing with zero valent iron (ZVI) and clay 
addition. The Site 88 investigative area encompasses a larger area, which includes area to 
the west, northeast, and south of the former Building 25 location. The RI has identified 
groundwater contamination approximately a half mile from the former Building 25. The 
pilot study is targeted for areas in the central and downgradient portion of the groundwater 
contaminant plume. 

2.2 Description of Pilot Study Areas 
In the Draft FS (CH2M HILL, 2008a), the plume was divided into three zones (Zones 1, 2, 
and 3) and treatment alternatives were developed for each zone. Contamination within 
Zone 1 is limited to a shallow depth and the relatively high permeability soils present in 
Zone 1 are conducive to effective reagent distribution. Therefore, additional investigation is 
not necessary to evaluate the treatment alternatives within Zone 1. However, due to the 
vertical extent of contamination, uncertainty of reagent distribution, and complexity of 
treatment alternatives within Zones 2 and 3, pilot studies are proposed to refine the 
treatment alternatives evaluated in the FS. 

2.2.1 Zone 2 Pilot Study Areas 
Zone 2 is generally characterized as the portion of the Site 88 groundwater plume that is 
bounded by Virginia Dare Avenue, McHugh Boulevard, Post Lane Road, and the area 
around Building 43, as shown on Figure 2-2. Zone 2 extends west from Building 25 
approximately 600 feet towards the 88-MW16 and 88-MW18 well clusters. The vertical 
extent of impacts in this zone extends from approximately 50 to 175 feet below ground 
surface (bgs). The primary objective of treatment in this area is to reduce source area 
concentrations and contaminant mass.  
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Zone 2 Geology 
The Final RI Report (CH2M HILL, 2008b) provides details regarding regional geology at 
Site 88. Figure 2-3 illustrates the locations of geologic cross-sections in the vicinity of the 
pilot studies. Geologic cross-sections generated from the boring logs of monitoring well 
installations within Zone 2 are presented as Figures 2-4 and 2-5. 

At Site 88, the uppermost undifferentiated formation of Quaternary age sediments consists 
of mostly fine sand and silt. Thin discontinuous layers of silt and clay are found within the 
undifferentiated formation in Zone 2, including clayey silt and silty clay units ranging in 
thickness from five to seven feet, as shown on Figure 2-5. The undifferentiated formation 
overlies the Oligocene Age River Bend Formation, which is encountered at elevations of 
-27 to -34 feet above mean sea level (msl) in Zone 2. This contact is indicated by a significant 
increase in formation density. 

Within the River Bend Formation sediments, sand is dominant with minor amounts of silt 
and shell fragments. The River Bend Formation overlies the Eocene Castle Hayne 
Formation, which consists of fine-to-medium grained sand with minor amounts of silt and 
clay. This layer is generally encountered approximately 80 feet bgs in Zone 2.  

Zone 2 Hydrogeology 
The Final RI Report (CH2M HILL, 2008b) provides details regarding the occurrence of 
surface water and groundwater resources at Site 88. The following is a summary of the 
hydrogeology in Zone 2.  

In the vicinity of monitoring well clusters 88-MW16 and 88-MW18, groundwater in the 
intermediate and deep zones generally flows to the northwest toward the New River. The 
hydraulic gradients in the intermediate and deep zones in the vicinity of 88-MW16 and 
88-MW18 are approximately 0.0015 feet/foot (ft/ft), and 0.0022 ft/ft, respectively. The 
hydraulic conductivity in the intermediate wells ranged from 5.7 to 19.6 feet per day 
(ft/day) with a geometric mean of 11.1 ft/day. Hydraulic conductivity values derived from 
the deep wells ranged from 6.9 to 27.6 ft/day, with a geometric mean of 11.5 ft/day. 
Assuming an effective porosity of 0.20, average seepage velocities for the intermediate and 
deep wells in the vicinity of 88-MW16 and 88-MW18 are calculated to be 0.08325 ft/day and 
0.1265 ft/day, respectively.  

Zone 2 Groundwater Characterization 
Laboratory analytical data from the most recent groundwater monitoring event indicates 
that PCE is the primary contaminant in Zone 2, with the highest concentration reported to 
be 120,000 micrograms per liter (μg/L) in 88-MW39MP (depth of 100 feet bgs) in October 
2008. Several other monitoring wells contained PCE concentrations greater than 5,000 μg/L:  

• 88-MW16IW (60,000 μg/L at 45 feet bgs in August 2007) 
• 88-MW16DW2 (5,000 μg/L at 80 feet bgs in August 2007) 
• 88-MW18DW (5,300 μg/L at 80 ft bgs in August 2007) 

The deepest PCE concentrations are associated with multiport well (88-MW39MP). In this 
well, PCE was detected at 96 μg/L at a depth of 180 feet bgs in October 2008.  
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SECTION 2—SITE BACKGROUND 

As presented in the Draft FS (CH2M HILL, 2008a), geochemical data collected in Zone 2 
groundwater generally indicate favorable conditions for reductive dechlorination with 
increasing depth. These conditions include low dissolved oxygen (DO) and negative 
oxidation-reduction potential (ORP), the presence of methane, and ideal groundwater 
temperatures (Table 2-1). Groundwater samples collected from 88-MW16IW and 88-
MW18IW exhibited notably lower pH levels than all other Zone 2 wells, at 6.07 and 4.91 
standard units, respectively; approximately 1.5 to 3.5 standard units lower than other key 
monitoring wells in Zone 2. In addition, PCE daughter products including vinyl chloride 
and ethane indicate advanced reductive dechlorination has occurred in some areas of 
Zone 2. 

Low total organic carbon (TOC) concentrations observed in Zone 2 may inhibit reductive 
dechlorination. However, other indicator parameters suggest reductive dechlorination 
could be stimulated by addition of a carbon source. 

In 2006, several samples were collected for microbial analysis in groundwater and total 
oxidant demand (TOD) evaluation in soil. Microbial analysis of the groundwater sample 
collected from 88-MW16IW shows the presence of dehallococcoides (199 cells per milliliter 
[cells/mL]) and total methanotrophs (3.74×106), indicating that there is potential for 
enhanced dechlorination to be an effective treatment alternative. Soil samples collected at 
88-MW16 and from an area between the 88-MW16 and 88-MW18 well clusters at depths of 
30 and 45 feet were tested for TOD using permanganate. Testing indicated TOD demands of 
0.12 to 1.28 grams per kilogram (g/kg), suggesting that chemical oxidation is feasible.  

Based on this summary of data, the Pilot Study target areas for Zone 2 will focus on the 
88-MW16IW well cluster from 40 to 100 feet bgs and the 88-MW-18IW well cluster from 
65 to 100 feet bgs. 

2.2.2 Zone 3 Pilot Study Area 
Zone 3 is generally characterized as the lower concentration PCE plume that extends 
southwest from McHugh Boulevard and runs along C Street towards the 88-MW22 cluster, 
as shown on Figure 2-6. The vertical extent of impacts within Zone 3 extends from 
approximately 30 to 80 feet bgs. The primary objective of treatment in this area is to prevent 
impacts to the downgradient receptors while upgradient treatment is ongoing. 

Zone 3 Geology 
The Final RI Report (CH2M HILL, 2008b) provides details regarding regional geology at 
Site 88. Geologic cross-sections generated from the boring logs of monitoring well 
installations within Zone 3 are presented on Figures 2-4 and 2-7. 

A confining unit was not identified west of McHugh Boulevard in the vicinity of Zone 3. 
The undifferentiated formation overlying the Oligocene Age River Bend Formation was 
encountered at elevations of -20 to -30 feet msl in Zone 3.  

Sand is dominant within the River Bend Formation within Zone 3 and contains minor 
amounts of silt and shell fragments. The Eocene Castle Hayne Formation, consisting of fine-
to-medium grained sand with minor amounts of silt and clay is generally encountered 
approximately 50 feet bgs.  
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Zone 3 Hydrogeology 
Groundwater in the vicinity of monitoring well cluster 88-MW22IW generally flows to the 
west in the intermediate zone toward the New River. The hydraulic gradient in this area is 
approximately 0.002 ft/ft. The hydraulic conductivity in the intermediate wells ranged from 
5.7 to 19.6 feet per day (ft/day) with a geometric mean of 11.1 ft/day. Assuming an effective 
porosity of 0.20, the average seepage velocity for the intermediate wells in the vicinity of 
88-MW22 is calculated to be 0.111 ft/day. 

Zone 3 Groundwater Characterization 
Based upon the August 2007 groundwater monitoring event, PCE is the primary 
contaminant in Zone 3, with generally consistent concentrations throughout the plume; 
180 μg/L in 88-MW15IW (depth of 45 feet bgs) and 170 μg/L in 88-MW22IW (depth of 
45 feet bgs). PCE was not detected in the shallow or deep wells located within Zone 3. 

As presented in the Draft FS (CH2M HILL, 2008a), geochemical data collected in Zone 3 
groundwater generally indicate favorable conditions for reductive dechlorination. These 
conditions include low DO and negative ORP, the presence of ferrous iron and methane, 
and ideal groundwater temperatures (Table 2-1). In addition, PCE daughter product TCE 
indicates reductive dechlorination is occurring or has occurred to some extent in Zone 3 
groundwater. 

The low TOC concentrations observed in Zone 3 may inhibit reductive dechlorination. 
However, other indicator parameters suggest reductive dechlorination could be stimulated 
by addition of a carbon source. 

Based on this summary of the data, the Pilot Study target area for Zone 3 will focus on the 
88-MW22IW well cluster from 35 to 55 feet bgs.  
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Site 88 Bench-Scale Study Work Plan

Natural Attenuation 
Indicator Parameter

Range of Results
(August 2007)

Condition Needed for Reductive 
Dechlorination Favorable / Unfavorable

ORP -301 mV to +19 mV Less than +50 mV (favorable)
Less than -100 mV (ideal)

Favorable to Ideal

Dissolved Oxygen <0.01 mg/L to 0.23 mg/L Less than 1.0 mg/L Favorable

Nitrate <0.05 mg/L to 0.68 mg/L Less than 1.0 mg/L Favorable

Ferrous Iron <0.4 mg/L to 13 mg/L Measurable Levels Favorable

Sulfate 11.2 mg/L to 360 mg/L Less than 20 mg/L 
Unfavorable; reduction from 
background not observed; may 
compete in some areas

Methane <0.001 mg/L to 0.015 mg/L Measurable Levels Favorable

Total Organic Carbon <5 mg/L to 49.7 mg/L Greater than 20 mg/L Unfavorable; Greater than 20 mg/L at 
only one location

Chloride 4.83 mg/L to 21.1 mg/L Greater than the background concentration Unfavorable

Temperature 21.4 C to 22.9 C Greater than 20 C Favorable

ORP -145 mV to +269 mV Less than +50 mV (favorable)
Less than -100 mV (ideal)

Favorable

Dissolved Oxygen 0.19 mg/L to 0.39 mg/L Less than 1.0 mg/L Favorable

Nitrate <0.05 mg/L to 1.27 mg/L Less than 1.0 mg/L Favorable

Ferrous Iron <0.4 mg/L to 0.42 mg/L Measurable Levels Favorable

Sulfate 13.9 mg/L to 37.5 mg/L Less than 20 mg/L Unfavorable; may compete in some 
areas

Methane Not Detected Measurable Levels Unfavorable

Total Organic Carbon Not Detected Greater than 20 mg/L Unfavorable
Chloride 7.85 mg/L to 12.2 mg/L Greater than the background concentration Unfavorable

Temperature 20.5 C to 21.2 C Greater than 20 C Ideal

ORP -250 mV to +14 mV Less than +50 mV (favorable)
Less than -100 mV (ideal)

Favorable to Ideal

Dissolved Oxygen <0.01 mg/L to 0.4 mg/L Less than 1.0 mg/L Ideal

Nitrate Not Detected Less than 1.0 mg/L Inconclusive

Ferrous Iron 0.19J mg/L to 3.46 Measurable Levels Favorable

Sulfate 1.23 mg/L to 53.5 mg/L Less than 20 mg/L 
Unfavorable; reduction from 
background not observed; may 
compete in some areas

Methane 0.002 mg/L to 0.04 mg/L Measurable Levels Favorable

Total Organic Carbon 3.77J Greater than 20 mg/L Unfavorable
Chloride 3.43 mg/L to 32.7 mg/L Greater than the background concentration Unfavorable

Temperature 20.34 C to 24.72 C Greater than 20 C Ideal

Notes:
mV - millivolts
mg/L - milligrams per liter
ORP - Oxidation-Reduction Potential
< - less than
* Background concentrations are not available for this evaluation.

Zone 2 - Intermediate/Deep Near Source Area Zone

Zone 3 - Downgradient Intermediate Zone

TABLE 2-1
Summary of Natural Attenuation Indicator Parameters 

MCB Camp Lejeune, North Carolina

In the vicinity of 88-MW18

In the vicinity of 88-MW16 
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!A Intermediate Monitoring Well Location

!< Deep Monitoring Well Location

!P Very Deep Monitoring Well Location

Site 88 Boundary

1 inch = 100 feet

Depth (ft bgs) PCE TCE

76-81 2,600 90 J

96-101 73 6.8

116-121 23 < 13

136-141 19 1.2 J

156-161 12 0.82

171-176 3.8 0.64

IR88-MW40MP

PCE         4.8

IR88-MW16DW

Depth (ft bgs) PCE TCE cis-1,2-DCE

76-81 1,700 70 490

96-101 120,000 3,000 J 1,600 J

116-121 3,600 280 1,700

136-141 29 ND 600

156-161 270 19 J 770

171-176 96 11 J 480

IR88-MW39MP

PCE         14

TCE             13

IR88-MW11DW

PCE         660

TCE             170

VC 0.28 J

IR88-MW33DW

PCE         24

TCE             6.5

IR88-MW36DW

TCE         23

IR88-MW07IW

PCE         12

TCE             10

IR88-MW18IW

PCE         140

TCE             34

IR88-MW33IW

PCE         60,000

TCE             1,300

cis-1,2-DCE   1,300

1,4-DCB   60 J

IR88-MW16IW

All values in µg/L
J - Reported value is estimated
Reported concentrations exceed NC 2L Standards
PCE - Tetrachloroethene
TCE - Trichloroethene
cis-1,2-DCE - cis-1,2-Dichloroethene
VC - Vinyl Chloride
1,4-DCB - 1,4-Dichlorobenzene
* - Higher value of duplicate sample
Data shown for IR88-MW39MP was collected
in Oct. 2008

180 J

PCE         5,300

TCE             340 J

IR88-MW18DW

PCE         5,000

TCE             290

cis-1,2-DCE   170

IR88-MW16DW2
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FIGURE 2-4 
Geologic Cross Section A-A’

Site 88 Bench-Scale Study Work Plan
MCB Camp Lejeune

North Carolina
Horizontal : 1'' = 200'
Vertical: 1'' = 40'
V.E. = 10x
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Notes:
1. The depth and thickness of the subsurface 
strata indicated on this section (profile) were 
generalized from and interpolated between 
test locations. Information on actual 
subsurface conditions applies only to the 
specific locations and dates indicated. 
Subsurface conditions and water levels at 
other locations may differ from conditions 
occurring at the indicated location.

2. Analytical results are from the August 2007
 remedial investigation. (in black)

3. Constituent concentrations for
tetrachlorethene (PCE), 
trichloroethene (TCE), 
cis-1,2-dichloroethene (c-DCE), 
and vinyl chloride (VC) are presented in ug/L.

4. J - Reported value is estimated.

5. October 2008 Data (in blue)
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PCE: <0.5
TCE: 4.5
c-DCE: 16
VC: <0.5

PCE: <0.5
TCE: <0.5
c-DCE: <0.5 J
VC: <0.5

PCE: <0.5
TCE: <0.5
c-DCE: <0.5
VC: <0.5

PCE: 170
TCE: 55
c-DCE: 39
VC: <2.5

PCE: <0.5
TCE: <0.5
c-DCE: <0.5
VC: <0.5

PCE: <0.5
TCE: <0.5
c-DCE: 0.91
VC: <0.5

PCE: <0.5
TCE: <0.5
c-DCE: 0.91
VC: <0.5

PCE: 1.4
TCE: 1.3
c-DCE: 0.37 J
VC: <1.3

PCE: 1.8 J
TCE: <2.5
c-DCE: <2.5
VC: <2.5

PCE: 180
TCE: 9.6
c-DCE: 11
VC: <8.4

PCE: 1.3
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VC: <0.5

PCE: 1 J
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c-DCE: <1.3
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PCE: 0.78 J
TCE: <0.84
c-DCE: <0.84
VC: <0.84

PCE: 1100
TCE: 110
c-DCE: 88
VC: <63

PCE: 7700
TCE: 290
c-DCE: 290
VC: <63

PCE: 2400
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PCE: 29
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c-DCE: 770
VC: <25



ES012009013MKE Site_88_Figure_2-4 cross section B-B’_v2.ai  04.22.09 sls

Horizontal : 1'' = 200'
Vertical: 1'' = 40'
V.E. = 10x
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Notes:
1. The depth and thickness of the subsurface 
strata indicated on this section (profile) were 
generalized from and interpolated between 
test locations. Information on actual 
subsurface conditions applies only to the 
specific locations and dates indicated. 
Subsurface conditions and water levels at 
other locations may differ from conditions 
occurring at the indicated location.

2. Analytical results are from the August 2007
 remedial investigation.

3. Constituent concentrations for
tetrachlorethene (PCE), 
trichloroethene (TCE), 
cis-1,2-dichloroethene (c-DCE), 
and vinyl chloride (VC) are presented in ug/L.

4. J - Reported value is estimated.

FIGURE 2-5
Geologic Cross Section B-B'

Site 88 Bench-Scale Study Work Plan
MCB Camp Lejeune

North Carolina
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VOC Exceedances in Zone 3 Monitoring Wells
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!A Intermediate Monitoring Well Location
!< Deep Monitoring Well Location

1 inch = 100 feet

PCE         170*
TCE             55*

IR88-MW22IW
PCE         180*
TCE             9.6*

IR88-MW15IW

All values in µg/L
J - Reported value is estimated
Reported concentrations exceed NC 2L Standards
PCE - Tetrachloroethene
TCE - Trichloroethene
cis-1,2-DCE - cis-1,2-Dichloroethene
VC - Vinyl Chloride
1,4-DCB - 1,4-Dichlorobenzene

* - Higher value of duplicate sample
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section (profile) were generalized 
from and interpolated between test 
locations. Information on actual 
subsurface conditions applies only 
to the specific locations and dates 
indicated. Subsurface conditions 
and water levels at other locations 
may differ from conditions occurring 
at the indicated location.

2. Analytical results are from the 
August 2007 remedial investigation.

3. Constituent concentrations are 
presented in ug/L.

4. J - Reported value is estimated.
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SECTION 3 

Remedial Technology Description 

This section comprises a brief technical overview of the methodology associated with each 
of the technologies to be employed during the Site 88 Pilot Study.  

3.1 Enhanced Reductive Dechlorination 
3.1.1 Removal Process 
ERD is a bioremediation technology used for treating chlorinated hydrocarbons with the 
addition of organic compounds (electron donors) such as molasses, sodium lactate, 
vegetable oil, and other commercially available carbon sources. ERD accelerates the 
naturally occurring process of reductive dechlorination, wherein chlorinated hydrocarbons 
in groundwater are biodegraded by indigenous anaerobic microbes. Anaerobic microbes 
take electrons from small organic compounds and produce hydrogen (fermentation). Next, 
dechlorinating microbes use the electrons in the hydrogen to replace a chlorine atom in the 
chlorinated hydrocarbons. 

The principal anaerobic biodegradation pathway for reductive dechlorination of chlorinated 
ethenes is: 

PCE → TCE → cis-1,2-DCE → vinyl chloride → ethene 

The transformation rates for each step vary but tend to become slower with progress along 
the breakdown sequence, often resulting in accumulation of cis-1,2-DCE and vinyl chloride. 
Further breakdown from cis-1,2-DCE and vinyl chloride to ethene varies and is based on 
site-specific conditions.  

If the site soil and groundwater contain sufficient organic electron donors, reductive 
dechlorination can proceed until all of the chlorine atoms are removed, and the chlorinated 
hydrocarbons are completely degraded to ethylene gas, a harmless end product. In most 
natural systems, organic electron donors are in short supply. By adding such donors, 
natural biodegradation is enhanced. However, insufficient or inappropriate indigenous 
microbial population can prevent the complete biodegradation of the chlorinated 
hydrocarbons.  

3.1.2 Amendments 
Emulsified Vegetable Oil  
Emulsified vegetable oil (EVO) is a common substrate utilized for ERD. EVO degrades to 
fatty acids, which are then fermented to hydrogen. Oil is a long-lasting, slow release 
substrate, as it is relatively insoluble, and produces low concentrations of hydrogen. EVO 
has a low viscosity, which makes it more mobile, allowing for more uniform distribution in 
the aquifer. For optimal oil distribution in the subsurface, the emulsion employed should 
have a uniform, small droplet size and surface characteristics that reduce its potential to 
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flocculate (EOS Remediation, 2009). EVO peak activity is typically observed 3 years after 
injection and may be active as a slow-release donor for up to 5 years (Remediation and 
Natural Attenuation Services, 2009).  

EVO does not have any significant health and safety (H&S) concerns; however, it is 
recommended that eye protection and impervious gloves be donned to avoid irritation 
(Remediation and Natural Attenuation Services, 2009).  

Lactate 
Lactate is another common substrate utilized for ERD. Lactate is more soluble than oil; 
therefore, it releases hydrogen more quickly. This is commonly implemented using lab-
grade sodium lactate. Lactate will typically enhance biological activity for approximately 
2 months (Terra Systems Incorporated, 2009). Like EVO, sodium lactate has a low viscosity 
and will move readily throughout the aquifer. 

Sodium lactate does not have any significant H&S concerns; however, it is recommended 
that eye protection and impervious gloves be donned to avoid irritation.  

Three-Dimensional Microemulsion  
Three-dimensional Microemulsion (3DMe) is a form of Hydrogen Releasing Compound 
(HRC) Advanced produced by Regenesis. 3DMe is comprised of lactate, polyactate esters, 
free fatty acids and free fatty esters. 3DMe was designed to achieve rapid and sustained 
reductive dechlorination with continuous distribution and staged hydrogen release. 3DMe 
provides three stages of electron donor release: immediate, mid-range, and long-term 
hydrogen production, as achieved by free lactic acid, controlled-release lactic acid, and long 
release fatty acids, respectively. The immediately available free lactic acid is fermented 
rapidly while the controlled-release lactic acid is metabolized at a more controlled rate. The 
fatty acids are converted to hydrogen over a long-range timeline. 3DMe was designed so 
that single application longevity is rated at periods up to 3 to 5 years (Regenesis, 2009).  

Unlike oil products, 3DMe forms micelles, groups of molecules with the hydrophilic group 
facing out to the water. The micelles are mobile in groundwater and are intended to enhance 
electron donor distribution after injection (Regenesis, 2009).  

Exposure to 3DMe during injection may be harmful if inhaled, ingested, or absorbed by 
skin. Exposure can result in irritation, behavioral and gastrointestinal malady, and paternal 
and fertility effects (Regenesis, 2009). 

Bioaugmentation 
Bioaugmentation is the introduction of microorganisms into the subsurface for the treatment 
of contaminated soil or groundwater. Bioaugmentation is used to ensure that contaminants, 
particularly chlorinated solvents, are completely degraded. Dehalococcoides bacteria are the 
only known organisms capable of dechlorination of PCE to ethane. Without dehalococcoides, 
dechlorination of PCE typically only progresses to cis-1,2-DCE (SiREM, 2009). 
Microorganisms can be added to the subsurface as a culture injection and can migrate with 
groundwater flow. Bioaugmentation has been demonstrated to work with most commonly 
used electron donors, including lactate, vegetable oils, and slow release compounds.  
Bioaugmentation can be inhibited by aerobic conditions, high sulfate concentrations, 
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moderate concentrations of chloroform, and extremely low groundwater temperatures 
(SiREM, 2009).  

3.1.3 Application 
Zone 2 
During the Pilot Study, ERD will be implemented on a small scale within Zone 2 to evaluate 
its potential effectiveness. It is anticipated the substrate (selected based on the results of the 
bench-scale testing) will be injected at even intervals and depths around 88-MW18IW using 
permanent injection wells. Bioaugmentation may be used in conjunction with ERD to 
further assist reductive dechlorination. The use of an injection-extraction system will be 
evaluated for the purposes of achieving greater distribution of the ERD substrate and 
increasing mass removal.  

Zone 3  
During the Pilot Study, ERD will be implemented on a small scale within Zone 3 to evaluate 
its effectiveness in a barrier configuration. It is anticipated that substrate will be injected 
around 88-MW22IW using permanent vertical wells with offset rows at slightly different 
depths. Bioaugmentation may be used in conjunction with ERD to further assist reductive 
dechlorination.  

3.2 Chemical Oxidation 
3.2.1 Removal Process 
Chemical oxidation involves delivering chemical oxidants into the groundwater so that 
contaminants are completely oxidized into carbon dioxide or converted into innocuous 
compounds. There are a number of chemicals that successfully degrade chlorinated solvents 
via chemical oxidation. A key factor in the effectiveness of chemical oxidation is contact 
between the contaminant and the oxidant. 

3.2.2 Amendments 
Permanganate 
Permanganate (MnO4) is a common chemical oxidizing agent with strong oxidation 
potential, predictable chemistry, stability, and non-toxic byproducts. Chemical oxidation 
using permanganate is achieved primarily through direct electron transfers, as shown in the 
following reaction (USEPA, 2006): 

MnO4- + 4H+ + 3e- → MnO2(s) + 2 H2O 

Permanganate is limited in terms of which contaminants it is able to degrade. Permanganate 
has a unique affinity for organic compounds containing carbon double bonds. 
Contaminants that may be degraded using permanganate include phenols, polycyclic 
aromatic hydrocarbons (PAHs), chlorinated ethenes, and explosives (USEPA, 2006).  

There are two forms of permanganate: sodium permanganate, a liquid, and potassium
permanganate, a solid powder. Aggressive reactions are possible when high concentrations 
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of sodium permanganate are utilized, with potential for exothermic release, indicating that a 
rapid increase in temperature may be observed. Dust hazards may exist when handling 
potassium permanganate (ITRC, 2005).  

Degradation of chloroethenes is achieved using permanganate by adding to the alkene 
bond, as shown below in the reactions of PCE and TCE with potassium permanganate 
(USEPA, 2006): 

 4 KMnO4 + 3 C2Cl4 + 4 H2O → 6 CO2 + 4 MnO2 + 4 K+ + 8 H+ + 12 Cl- 
 2 KMnO4 + C2HCl3 → 2 CO2 + 2 MnO2 + 2 K+ + H+ + 3 Cl- 
 8 KMnO4 + 3 C2H2Cl2 → 6 CO2 + 8 MnO2 + 8 K+ + 2 OH- + 6 Cl- + 2 H2O
 10 KMnO4 + 3 C2H3Cl → 6 CO2 + 10 MnO2 + 10 K+ + 7 OH- + 3 Cl- + H2O 

The greatest advantage of permanganate is its stability. Persisting for 3 months or more, the 
use of permanganate enables long contact times and transport distances (USEPA, 2006). The 
oxidation strength and specificity of the permanganate ion improves its longevity, relative 
to non-specific oxidizers, such as hydroxyl radicals and ozone. However, MnO2 precipitates 
as a solid, which can reduce subsurface permeability (ITRC, 2005).  

Persulfate 
Persulfate is the newest oxidant to emerge for chemical oxidation applications. Persulfate 
salts (such as sodium persulfate [Na2S2O8]]) dissociate in aqueous solutions to form the 
persulfate anion (S2O82-). Persulfate is a strong oxidant; however, it is kinetically slow in 
degrading many organic contaminants. Persulfate can be catalyzed to form highly reactive 
free radicals, which can then degrade a wide variety of organic compounds. Activation of 
persulfate can be accomplished by heating (to approximately 30 to 40 degrees Celsius [°C]), 
addition of a basic chemical such as sodium hydroxide, or catalysis by transition metals 
(natural occurring iron may be sufficient). Most commonly, catalysis of persulfate is 
achieved by chelated iron. These reactions are summarized below (USEPA, 2006): 

 S2O82- → 2 SO4-*  
 S2O82- + Fe+2 → Fe+3 + SO4- *+ SO42-  
 S2O82- → 2 SO4-* 
 SO4-*+ H2O → OH*+ HSO4-  
 SO4-*+ Fe+2 → Fe+3 + SO4- *+ SO42- 

Persulfate radicals react with target contaminants through direct electron transfer. 
Contaminants that may be degraded using activated persulfate include benzene, phenols, 
methyl tert-butyl ether (MTBE), chlorinated ethenes, chlorobenzene, and explosives. 
Persistence of the persulfate radicals can range from hours to weeks, promoting longer 
contact times relative to hydrogen peroxide (USEPA, 2006).  

Sodium persulfate, a solid powder, is the most common and most practical form of chemical 
oxidation used for chemical oxidation applications (ITRC, 2005). 

Hydrogen Peroxide 
Hydrogen peroxide is another reagent that can be injected to stimulate degradation of 
contaminants. Hydrogen peroxide alone is an oxidant, but is not kinetically fast enough to 
degrade many organic contaminants before decomposition occurs (ITRC, 2005). When 
catalyzed in water, oxidation of hydrogen peroxide produces Fenton’s Reagent, which 
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yields highly reactive, unstable free hydroxyl radicals. Hydroxyl radicals react with a wide 
variety of organic and inorganic compounds through three mechanisms: hydrogen 
abstraction, addition to multiple bonds, and direct electron transfer. Contaminants that may 
be degraded using hydrogen peroxide, including benzene, toluene, ethylbenzene, and 
xylenes (BTEX), phenols, PAHs, MTBE, chlorinated ethenes, methylene chloride, 
chlorobenzene, explosives, and dioxins (ESTCP, 2008). Hydrogen peroxide is known to have 
short oxidant persistence in the subsurface. This short persistence, often minutes to several 
hours, can limit the contact time within the subsurface.  

Hydrogen peroxide can be catalyzed by ferrous and ferric iron and various iron and 
manganese minerals (ESTCP, 2008). Catalysis of hydrogen peroxide is most commonly 
achieved by chelated iron. The reaction chemistry of this oxidant is known to be complex. 
Iron catalyzed decomposition of hydrogen peroxide is summarized by the following 
reactions (USEPA, 2006): 

Fe2+ + H2O2 → Fe3+ + OH- + OH* 
Fe3+ + H2O2 → Fe2+ O2-* + 2H+

O2-* + Fe3+ → Fe2+ + O2(g) + 2H+

OH* + target contaminant → reaction byproducts 
OH* + H2O2 → H2O + HO2* 
2 H2O2 → 2H2O +O2

Fenton chemistry is exothermic, indicating that heat is a byproduct of these reactions. Rapid 
temperature increases have been observed in some cases. The combination of oxygen gas 
and heat can cause burns, fires, and explosions (ESTCP, 2008).  

3.2.3 Application 
During the Pilot Study, chemical oxidation will be applied within Zone 2 to evaluate its 
potential effectiveness. It is anticipated the reagent (selected based on results of the bench-
scale testing) will be injected at even intervals and depths around 88-MW16IW using 
permanent injection wells. The use of an injection-extraction system will be evaluated for 
the purposes of achieving greater distribution of the chemical oxidation reagent and mass 
removal.  
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SECTION 4 

Bench-Scale Study Objective 

Prior to implementation of the Pilot Studies, bench-scale studies and aquifer modeling will 
be conducted. The objective of each bench-scale study is to:

• Obtain information on effectiveness and design parameters for the Pilot Studies.  

Bench-scale testing will include microcosm studies from soil and groundwater samples 
collected from Zones 2 and 3. The studies will be performed separately for each zone, with 
the goal of selecting the most effective substrate or reagent and optimizing dosage rates 
and/or bioaugmentation.  

The objectives for the aquifer modeling include:  

• Provide a quantitative framework for evaluating the rate and direction (vertical and 
horizontal) of groundwater flow at the site 

• Evaluate various remedial concepts including injection/extraction scenarios 

• Predict the subsurface distribution of substrate under different designs and spacing of 
injection and extraction wells; and 

• Use modeling to support Pilot Study design. 
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SECTION 5 

Bench-Scale Testing 

Bench-Scale testing will consist of a series of tests using aquifer material from the site to 
evaluate the potential effectiveness and reagent types/dose requirements for ERD and 
chemical oxidation. ERD Bench-Scale testing will be conducted on soil and groundwater 
collected from Zones 2 (MW-18 cluster) and 3. Chemical Oxidation Bench-Scale testing will 
be conducted on materials collected from Zone 2 (MW-16 cluster). This testing involves 
constructing batch reactors containing soil and groundwater with selected reagents and 
monitoring the reactors over time to track treatment performance. Details of sample 
collection and characterization, ERD testing, and chemical oxidation testing are provided 
below.  

5.1 Sample Collection and Characterization 
5.1.1 Groundwater 
Groundwater samples will be collected from representative monitoring wells in each zone 
for use in Bench-Scale testing, as shown on Figures 5-1 and 5-2. For ERD testing in Zones 2 
and 3, 15 liters each of groundwater will be collected from monitoring wells 88-MW18IW 
and 88-MW22IW, respectively. A total of 30 liters of groundwater will be collected from 
monitoring well 88-MW16IW for chemical oxidation testing in Zone 2. 

The wells will be purged and sampled using a bladder pump and the low-flow 
purging/sampling methods presented in Section 3.11, Groundwater Sample Collection, of the 
Master Sampling and Analysis Plan (SAP) (CH2M HILL, 2008c). Groundwater samples will 
be collected in flexible polyethylene containers (e.g., Cubitainers) with zero headspace. All 
samples will be packed in coolers with ice and shipped by express courier to the 
CH2M HILL Applied Sciences Laboratory.  

Upon receipt at the laboratory, groundwater will be analyzed for the following parameters 
(see Table 5-1 for analytical methods):  

• Chlorinated volatile organic 
compounds (VOCs) 

• Acetone 
• Methyl ethyl ketone (MEK) 
• Alkalinity 
• Chloride 
• Nitrate 

• Sulfate 
• Methane 
• Ethene 
• Ethane 
• Dissolved metals 
• Dissolved organic carbon (DOC) 
• pH 
• ORP 

All sample preparation and handling will be conducted inside an anaerobic glove box. 

In addition, groundwater samples will be split from each monitoring well to evaluate 
current in situ concentrations. These samples will be packed in coolers with ice and shipped 
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by express courier to a North Carolina certified laboratory for analysis of chlorinated VOCs 
by USEPA Method 8260B.  

5.1.2 Soil 
Soil samples will be collected from representative areas in each zone for use in the Bench-
Scale testing, as shown on Figures 5-1 and 5-2. Three borings will be advanced using sonic 
drilling techniques. Continuous soil cores will be collected from 85 to 100 feet bgs in the 
vicinity of the 88-MW18 well cluster and from 45 to 60 feet bgs in the vicinity of the 
88-MW22 well cluster for ERD testing in Zones 2 and 3, respectively. Continuous soil cores 
will be collected from 35 to 60 feet bgs in the vicinity of the 88-MW16 well cluster for 
chemical oxidation testing in Zone 2.  

Soil samples will be collected in sleeves and then capped and taped with minimal headspace 
immediately after retrieval. Soil samples will be intact, packed in coolers with ice, and 
shipped by express courier to the CH2M HILL Applied Sciences Laboratory. 

Upon receipt at the laboratory, each soil sample will be tested for bulk density, then 
transferred from the sleeves to clean stainless steel bowls, and composited and thoroughly 
mixed. All sample preparation and handling will be conducted inside an anaerobic glove 
box. Subsamples of the three soil composites will be collected for analysis of the following 
parameters (see Table 5-1 for analytical methods):  

• Chlorinated VOCs 
• TOC 
• Moisture content 
• Particle size distribution 
• Soil oxidant demand (SOD) 
• Substrate sorption testing (ERD tests only) 

In addition, soil samples will be split from each boring to evaluate current in situ 
concentrations. These samples will be packed in coolers with ice and shipped by express 
courier to a North Carolina certified laboratory for analysis of chlorinated VOCs by USEPA 
Method 8260B.  

5.2 Enhanced Reductive Dechlorination Testing 
Seven test conditions will be evaluated for each ERD study, resulting in a total of 14 tests for 
the two sample locations. ERD test conditions, detailed in Table 5-2, include: 

• EVO with and without bioaugmentation 
• Sodium lactate with and without bioaugmentation 
• 3DMe with and without bioaugmentation 
• Control 

5.2.1 Substrate Dosing 
When a substrate is injected into the subsurface to stimulate in situ bioremediation, a certain 
amount of the amendment is retained by the soil due to sorption and capillary forces. This 
retention quantity can be expressed as the mass of substrate per mass of dry soil, and this 
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ratio is commonly used to determine dosage. EOS Remediation, Inc. has published a test 
procedure for evaluating substrate retention. This lab testing method yields the maximum 
potential retention. The effective retention in the field is typically lower than the maximum 
value determined through lab testing by approximately 40 to 50 percent because of shorter 
exposure time, lower injection concentrations, and less thorough distribution in the field. 
This test will be conducted on each of the soil samples collected for ERD evaluation to assist 
with substrate dosing calculations.  

EVO 
As shown on Table 5-2, EVO will be evaluated in two tests for each Zone 2 and Zone 3. The 
concentration of EVO (e.g., EOS, Newman Zone, or SRS) added to each test will be selected 
based on the soil sorption testing described above and published values employing a simple 
EVO to soil weight ratio. It is assumed that approximately 1.5 milligrams (mg) to 2.0 mg of 
EVO (as oil) per gram of soil (dry weight) will be added to each test; however, this dose may 
be modified based on VOC, nitrate, sulfate, and dissolved oxygen concentrations detected 
during sample characterization. 

Lactate 
As shown on Table 5-2, sodium lactate will be evaluated in two tests for each Zone 2 and 
Zone 3. The concentration of sodium lactate added to each test will be selected based on soil 
sorption testing as described above and stoichiometric calculations with a multiplier to 
account for substrate demands, as determined during sample characterization. Based on 
vendor recommendation, it is assumed that 500 mg carbon per liter of groundwater, or the 
equivalent of 2.2 milliliters (mL) of 60 percent sodium lactate per liter of groundwater for 
each test; however this dose may be modified based on sample characterization. 

3DMe 
As shown on Table 5-2, 3DMe will be evaluated in two tests for each Zone 2 and Zone 3. 
3DMe is a form of HRC Advanced, a Regensis product. The concentration of 3DMe added to 
each test will be selected based on soil sorption testing as described above, the results of the 
groundwater analysis specified in Section 5.1.1, and vendor recommendations. It is assumed 
that approximately 1,500 mg to 2,000 mg of 3DMe concentrate per liter of water will be 
added to each test. This dose may be modified based on sample characterization.  

Bioaugmentation 
As shown on Table 5-2, bioaugmentation will be evaluated in three tests for each Zone 2 
and Zone 3 through the addition of microbial culture. The concentration of microbial culture 
added to each test will be selected based on vendor recommendations (for example, 
Regenesis, Terra Systems, or SiREM). Culture doses are normally designed to provide 
approximately 106 to 108 cells/mL.  

5.2.2 Experimental Setup 
A repetitive sampling approach will be used during the bench-scale study. A test reactor 
will be set up for each test condition and location and will be monitored repeatedly over the 
study period. The test reactors will consist of 1-liter glass bottles (reactors) with Teflon-lined 
silicone septa and plastic screw-caps. The reactors will be loaded with approximately 
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400 grams (as-received wet weight) of soil, approximately 750 milliliters (mL) of 
groundwater (enough to fill the vessel), and substrate amendments in accordance with the 
test conditions. The microbial culture for bioaugmentation will not be added to the 
microcosms at setup; rather it will be added to the designated reactors after deeply 
anaerobic conditions have been established. This is intended to maximize survival of the 
strict anaerobes comprising the culture. All test setup activities will be conducted inside an 
anaerobic glove box. 

If initial sample characterization indicates that the chlorinated VOC concentration in the 
groundwater is significantly different (an order of magnitude) than the split sample, spiking 
with PCE will be considered. This is intended to create initial concentrations that are 
representative of site conditions and sufficiently high to facilitate discrimination and 
evaluation of reductions achieved by treatment.  

After setup, each reactor will be tightly capped and well-mixed by hand-shaking. The test 
systems will be incubated in the dark at room temperature (21 to 22°C) under static 
conditions.  

5.2.3 Test Monitoring 
The ERD tests will be monitored five times: once immediately following test setup (baseline) 
and then monthly for 4 months. This schedule may be revised if early monitoring results 
indicate faster reactions. In addition to these monitoring events, the reactors intended to 
receive bioaugmentation will be monitored for ORP two weeks after setup. If ORP is 
strongly negative (less than -100 millivolts [mV]), the reactors will be inoculated with the 
microbial culture. However, if ORP is greater than -100 mV, inoculation will be delayed 
until after the 1-month monitoring event (predicated on strongly negative ORP). The 
monitoring schedule is summarized in Table 5-3.  

One day before each monitoring event, the test systems will be mixed by overturning the 
reactor by hand to promote representative sampling. Microcosm sampling will consist of 
withdrawing aliquots of water using a syringe without removing the receptor cap and 
transferring samples to appropriate containers for analysis. Sample collection will be 
conducted in a manner intended to minimize aeration and volatilization. Syringes will be 
changed out between bottles. All ERD test sampling will be done inside of an anaerobic 
glove box. Analytical parameters are specified in Table 5-1. 

5.3 Chemical Oxidation Testing 
Thirteen test conditions will be evaluated for each chemical oxidation study. Chemical 
oxidation test conditions, detailed in Table 5-4, include:  

• Four doses of permanganate (low, medium-low, medium-high, and high) 
• One un-activated and three activated persulfate doses (low, medium, and high) 
• One un-catalyzed and three catalyzed hydrogen peroxide doses (low, medium, and high) 
• Control 
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5.3.1 Reagent Dosages 
Permanganate 
As shown on Table 5-4, permanganate will be evaluated in four tests for Zone 2. The 
permanganate doses will be selected based on the results of SOD testing conducted during 
soil sample characterization. Typical dosage concentrations range from 3 to 5 g of 
permanganate per kg of soil. The medium-low dose will be chosen based on the best 
estimate or oxidant demand from SOD testing, and the other doses will be chosen to bracket 
this dose (e.g., 50%, 150%, and 200% of the best estimate value). 

Persulfate 
As shown on Table 5-4, persulfate will be evaluated in four tests for Zone 2. The low, 
medium, and high dosage concentrations will be selected based on the results of the soil and 
groundwater analysis specified under Section 5.1 and vendor recommendations (e.g., FMC 
Corporation). The dosage calculated by the vendor will be the medium dose. The low dose 
will be half the medium dose and the high dose will be twice the medium dose. Based on 
known site conditions and vendor recommendations, it is expected that doses of 
approximately 1.05, 2.1 g, and 4.2 g persulfate/kg soil may be appropriate; however, this 
may be modified based on the sample characterization results. 

Persulfate will be activated in three of the four tests for Zone 2. To achieve persulfate 
activation, it is assumed that 250 parts per million (ppm) of iron chelate (Fe-EDTA) will be 
added to each test, correlating to 1,923 milligrams of Fe-EDTA per liter of water 
(mg Fe-EDTA/L water).  Fe-EDTA was selected based on ease of implementation. 

Hydrogen Peroxide 
As shown on Table 5-4, hydrogen peroxide will be evaluated in four tests for Zone 2. The 
low, medium, and high dosage concentrations will be selected based on vendor 
recommendations (e.g., Isotec). Based on known site conditions, it is expected that doses of 
approximately 2, 5, and 10 percent of the sample by weight may be appropriate; however, 
this may be modified based on the VOC, sulfate, chloride, and TOC concentration 
determined during sample characterization results.  

Hydrogen peroxide will be catalyzed in three of the four tests for Zone 2. To obtain 
catalyzed peroxide, it is assumed that Isotec’s patented chelated iron catalyst will be added 
to each test at a ratio of 1:2 catalyst to peroxide. The final dose will be based on vendor 
recommendations. 

5.3.2 Experimental Setup 
As with the ERD tests, a repetitive sampling approach will be used. For this study, the test 
apparatus will consist of a 1 L glass bottle (reactor) connected via a top port to a Tedlar® 
bag, to capture any off-gas generated. Batch reactors will be loaded with approximately 
400 g (as-received wet weight) of soil and approximately 750 mL of groundwater (enough to 
fill the vessel). Before capping the reactors, the treatment reagents will be added in 
accordance with the test conditions.  
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If initial sample characterization indicates that the chlorinated VOC concentration in the 
groundwater is significantly different (an order of magnitude) than the split sample, spiking 
with PCE will be considered. This is intended to create initial concentrations that are 
representative of site conditions and sufficiently high to facilitate discrimination and 
evaluation of reductions achieved by treatment.  

After setup, each reactor will be well-mixed, either on a magnetic mixer (if feasible) or by 
hand-shaking. The test systems will be incubated in the dark at room temperature (21 to 
22 °C) under static conditions.  

5.3.3 Test Monitoring 
The chemical oxidation tests will be monitored six times over a period of 2 to 6 weeks 
(selected based on typical reaction rates for the different reagents). The permanganate and 
control tests will be monitored immediately following test setup (baseline) and after 3, 7, 14, 
28, and 42 days. The persulfate tests will be monitored immediately following test setup 
(baseline) and after 1, 3, 7, 14, and 28 days. The peroxide tests will be monitored 
immediately following test setup (baseline) and after 1, 3, 7, and 14 days. The monitoring 
schedule is summarized in Table 5-5. If analytical data and/or physical observations 
suggest that the oxidant is not depleted, then additional monitoring will be conducted. 
Similarly, if analytical data and/or physical observations suggest that the reactions are 
complete, monitoring will be discontinued.  

One day before each monitoring event, the test systems will be mixed by overturning the 
reactor by hand to promote representative sampling. Test reactor sampling will consist of 
withdrawing aliquots of water using a syringe without removing the reactor cap and 
transferring samples to appropriate containers for the analyses. Sample collection will be 
done in a manner intended to minimize aeration and volatilization. Syringes will be 
changed out between bottles. Since these tests will have generally oxidizing conditions, 
monitoring can be conducted in the lab atmosphere. Any off-gas generated and collected in 
the Tedlar® bags will be sampled for VOCs. On the final monitoring event, after water 
sampling is completed, soil samples will be collected using a spoon or spatula after first 
removing the overlying water by decanting, siphoning, and/or pipetting. Analytical 
parameters are specified in Table 5-1.  



Site 88 Bench-Scale Study Work Plan

Parameter Analytical Method Method Description

pH EPA 150.1 Meter

ORP SM 2580B Meter

Alkalinity EPA 310.1 Titration

Chloride, nitrate, sulfate EPA 300.0 IC

Chlorinated VOCs, acetone, MEK EPA 8260B GC/MS

Methane, ethane, ethene EPA RSK-175 GC

Dissolved metals (As, Cr, Fe, Mn) EPA 6010B ICP

Dissolved organic carbon EPA 9060 TOC analyzer

Permanganate Spectophotometer

Persulfate EPA 300M IC

Hydrogen peroxide Spectophotometer

Volatile fatty acids (VFAs) EPA 300M IC

Chlorinated VOCs EPA 8260B GC/MS

TOC EPA 9060 TOC analyzer

Soil Oxidant Demand MOD-48 Test Kit

Moisture content EPA 160.3 Gravimetric

Particle size analysis ASTM D422 Sieves, hydrometer

Substrate sorption EOS test procedure

Bulk density Weight/volume

Chlorinated VOCs TO 15 GC/MS
Off-gas

TABLE 5-1
Analytical Methods

MCB Camp Lejeune, North Carolina

Soil 

Groundwater
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Test ID Description Amendments Dose
Zone 2 
ERD-A1 Unamended control None NA

ERD-A2 Lactate without bioaugmentation C3H5O3Na 2.2 mL of 60% C3H5O3Na / L of groundwater

ERD-A3 Lactate with bioaugmentation C3H5O3Na; culture 2.2 mL of 60%  C3H5O3Na / L of groundwater;
106 to 108 culture cells/mL water

ERD-A4 EVO without bioaugmentation EVO 1.5 mg to 2.0 mg EVO /mg soil (dry)

ERD-A5 EVO with bioaugmentation EVO; culture 1.5 mg to 2.0 mg EVO /mg soil (dry);
106 to 108 culture cells/mL water

ERD-A6 3DMe without bioaugmentation 3DMe 1,500 mg to 2,000 mg 3DMe/L water

ERD-A7 3DMe with bioaugmentation 3DMe; culture 1,500 mg to 2,000 mg 3DMe/L water;
106 to 108 culture cells/mL water

Zone 3
ERD-B1 Unamended control None NA

ERD-B2 Lactate without bioaugmentation C3H5O3Na 2.2 mL of 60% C3H5O3Na / L of groundwater

ERD-B3 Lactate with bioaugmentation C3H5O3Na; culture 2.2 mL of 60% C3H5O3Na / L of groundwater;
106 to 108 culture cells/mL water

ERD-B4 EVO without bioaugmentation EVO 1.5 mg to 2.0 mg EVO /mg soil (dry)

ERD-B5 EVO with bioaugmentation EVO; culture 1.5 mg to 2.0 mg EVO /mg soil (dry);
106 to 108 culture cells/mL water

ERD-B6 3DMe without bioaugmentation 3DMe 1,500 mg to 2,000 mg 3DMe/L water

ERD-B7 3DMe with bioaugmentation 3DMe; culture 1,500 mg to 2,000 mg 3DMe/L water;
106 to 108 culture cells/mL water

Notes:
Amendment doses may be modified based on initial sample characterization results
Amendments:
C3H5O3Na = sodium lactate, lab grade.
EVO = emulsified vegetable oil. Options include EOS (EOS Remediation, Inc.), SRS (Terra Systems) and 
    Newman Zone (RNAS, Inc.).
3DMe = 3D Microemulsion, a form of HRC-Advanced (Regenesis)
Culture = chlorinated ethene degrading bacterial culture. Options include KB-1 (SiREM) 
   and Biodechlor INOCULUM (Regenesis)
NA = not applicable
mg = milligrams
mL = milliliter
L = liter

TABLE 5-2
ERD Test Conditions

MCB Camp Lejeune, North Carolina
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Parameter Monitoring Events Test Systems
pH Baseline/Monthly for 4 Months 

(0, 1, 2, 3, and 4 months)
ERD-A1 through ERD-A7
ERD-B1 through ERD-B7

Baseline/Monthly for 4 Months 
(0, 1, 2, 3, and 4 months)

ERD-A1 through ERD-A7
ERD-B1 through ERD-B7

Two Weeks After Setup ERD-A3, ERD-A5, and ERD-A7
ERD-B3, ERD-B5, and ERD-B7

Chlorinated VOCs, acetone, MEK Baseline/Monthly for 4 Months 
(0, 1, 2, 3, and 4 months)

ERD-A1 through ERD-A7
ERD-B1 through ERD-B7

Chloride, sulfate, nitrate 2 Months/4 Months ERD-A1 through ERD-A7
ERD-B1 through ERD-B7

Methane, ethane, ethene 2 Months/4 Months ERD-A2 through ERD-A7
ERD-B2 through ERD-B7

Volatile fatty acids (VFAs) 2 Months/4 Months ERD-A2 through ERD-A7
ERD-B2 through ERD-B7

Dissolved metals (Fe, Mn, As) 2 Months/4 Months ERD-A1 through ERD-A7
ERD-B1 through ERD-B7

This plan is tentative, and could be modified if indicated by the test results
All analyses conducted on water samples

TABLE 5-3
ERD Monitoring Plan

MCB Camp Lejeune, North Carolina

ORP
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Test ID Description Reagent Dose
ISCO-1 Unamended control None NA

ISCO-2 Permanganate dose 1 KMnO4 or NaMnO4 Low Dose
50% of best estimate value 

ISCO-3 Permanganate dose 2 KMnO4 or NaMnO4 Medium-Low Dose
Best estimate value

ISCO-4 Permanganate dose 3 KMnO4 or NaMnO4 Medium-High Dose
150% of best estimate value 

ISCO-5 Permanganate dose 4 KMnO4 or NaMnO4 High Dose
200% of best estimate value 

ISCO-6 Persulfate-only Na2S2O8 Medium Dose
2.1 g Na2S2O8 / kg soil

ISCO-7 Activated persulfate dose 1 Na2S2O8, Fe-EDTA activator Low Dose
1.05 g Na2S2O8 / kg soil;
1,923 mg/L Fe-EDTA

ISCO-8 Activated persulfate dose 2 Na2S2O8, Fe-EDTA activator Medium Dose
2.1 g Na2S2O8 / kg soil;
1,923 mg/L Fe-EDTA

ISCO-9 Activated persulfate dose 3 Na2S2O8, Fe-EDTA activator High Dose
4.2 g Na2S2O8 / kg soil;
1,923 mg/L Fe-EDTA

ISCO-10 Peroxide-only H2O2 Medium Dose
5% by weight

ISCO-11 Catalyzed peroxide dose 1 H2O2, chelated Fe catalyst Low Dose
2% by weight;
1:2 ratio catalyst to peroxide

ISCO-12 Catalyzed peroxide dose 2 H2O2, chelated Fe catalyst Medium Dose
5% by weight;
1:2 ratio catalyst to peroxide

ISCO-13 Catalyzed peroxide dose 3 H2O2, chelated Fe catalyst High Dose
10% by weight;
1:2 ratio catalyst to peroxide

Reagent doses may be modified based on initial sample characterization results
KMnO4 = potassium permanganate
NaMnO4 = sodium permanganate
Na2S2O8 = persulfate
Fe = iron
Fe-EDTA = iron chelate
ASTM D7262-07 = American Standard Test Method for Estimating the Permanganate Natural Oxidant Demand of Soil and Aquifer Solids
NA = not applicable
g = gram
kg = kilogram
mg = milligram
L = liter
% = percent

TABLE 5-4
Chemical Oxidation Test Conditions

MCB Camp Lejeune, North Carolina
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Parameter Monitoring Events Test Systems
Water
pH Baseline and after 3, 7, 14, and 28 days ISCO-1 through ISCO-5

Baseline and after 1, 3, 7, and 14 days ISCO-6 through ISCO-13

ORP Baseline and after 3, 7, 14, and 28 days ISCO-1 through ISCO-5

Baseline and after 1, 3, 7, and 14 days ISCO-6 through ISCO-13

Chlorinated VOCs, acetone, MEK Baseline and after 3, 7, 14, and 28 days ISCO-1 through ISCO-5

Baseline and after 1, 3, 7, and 14 days ISCO-6 through ISCO-13

Chloride Baseline and after 3, 7, 14, and 28 days ISCO-1 through ISCO-5

Baseline and after 1, 3, 7, and 14 days ISCO-6 through ISCO-13

Baseline and 28 days ISCO-1 through ISCO-5

Baseline and 14 days ISCO-6 through ISCO-13

Permanganate Baseline and after 3, 7, 14, and 28 days ISCO-2 through ISCO-5

Persulfate Baseline and after 1, 3, 7, and 14 days ISCO-6 through ISCO-9

Hydrogen peroxide Baseline and after 1, 3, 7, and 14 days ISCO-10 through ISCO-13

Soil
Chlorinated VOCs 28 days ISCO-1 through ISCO-5

14 days ISCO-6 through ISCO-13

Moisture content 28 days ISCO-1 through ISCO-5

14 days ISCO-6 through ISCO-13

Off-gas
Chlorinated VOCs Baseline and after 3, 7, 14, and 28 days

(as generated)
ISCO-1 through ISCO-5

Baseline and after 1, 3, 7, and 14 days
(as generated)

ISCO-6 through ISCO-13

This plan is tentative, and could be modified if indicated by the test results

TABLE 5-5
Chemical Oxidation Monitoring Plan

MCB Camp Lejeune, North Carolina

Dissolved chromium (Cr)
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SECTION 6 

Aquifer Modeling 

A groundwater flow model will be developed using site data to evaluate injection and 
extraction scenarios within the pilot study areas. The full model will cover over 10,000 acres. 
This is significantly larger than the areas of interest, which prevents the model boundaries 
from affecting the results. A coarse grid with approximately 50-meter node spacing will be 
utilized in conjunction with a finer grid with approximately 3-meter node spacing in the 
target areas for the Pilot Study. Node spacing may be modified during model development. 
Three-dimensional particle tracking and travel time computations will be used to forecast 
the subsurface distribution of injected substrate.   

The model will be calibrated and run under steady-state groundwater flow conditions. 

6.1 Groundwater Modeling Code 
MicroFEM© (Hemker, 2009), an integrated groundwater finite element modeling package 
developed in The Netherlands, will be used to simulate the groundwater flow system for 
this project. The current version of the program (4.10) has the ability to simulate up to 
25 layers and 250,000 nodes in each model layer. MicroFEM© is capable of modeling 
saturated, single-density groundwater flow in layered systems.  

MicroFEM© was the chosen modeling platform for the Site 88 model for the 
following reasons: 

• The finite-element scheme allowed the construction of a model grid covering large 
geographic areas (over 10,000 acres) with a coarse node spacing outside of the area of 
interest and a finer node spacing in areas of interest (e.g., Site 88 and the pilot study 
areas). The finer node spacing in the area of interest provides greater resolution of the 
details of the subsurface flow pattern in the areas planned for the pilot study. 

• MicroFEM© includes an inverse modeling option that will facilitate model calibration. 
Inverse modeling is the process of using the model to compute the aquifer properties 
and recharge quantities that result in a best fit to the observed water levels in site 
monitoring wells. Typically, groundwater models are calibrated by manually adjusting 
the aquifer properties and recharge rates to match the observed water levels. Inverse 
modeling automates this process, resulting in more efficient model calibration. 
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6.2 Data Requirements 
The model will incorporate the available hydrogeologic and groundwater level data for the 
site. These data include: 

• Topographic Data 

• Stratigraphic Data on the thickness and material properties of the aquifers and aquitards 
that underlie Site 88 and surrounding areas. 

• Aquifer Test Data 

• Groundwater Level Data 

• Groundwater Quality Data 

• Precipitation Data 

• Tidal Data 

6.3 Model Calibration 
The groundwater flow model will be calibrated against the following targets: 

• Measured groundwater levels – The principal target will be either a snapshot of water 
levels or average groundwater levels over several measuring periods. 

• Groundwater flow directions – The general shapes and extent of the plume will be used 
to disclose the subsurface flow directions. 

• Aquifer test results - Past aquifer testing performed at the site will be re-evaluated to 
develop estimates of the vertical hydraulic conductivity between the various aquifer 
layers. 

• Location of simulated and observed groundwater discharge areas – The groundwater 
flow directions within the area may be partially controlled by the location of areas of 
discharging groundwater. 

The overall goal of model calibration is to develop a set of aquifer properties and model 
boundary conditions that result in a reasonable simulation of groundwater conditions in the 
Site 88 area. 

6.4 Use of the Model to Assist in Pilot Study Design 
There are three separate zones that will be the target of the Pilot Study: the areas 
surrounding wells 88-MW16IW, 88-MW18IW and 88-MW22IW.  The model will be used to 
evaluate various configurations of injection and extraction wells with the goal of 
determining an array of injection and extraction wells and a schedule of extraction and 
injection that will maximize the delivery of substrate within each target zone for the pilot 
test. The model will account for lateral and vertical groundwater flow, substrate retardation 
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and substrate degradation. The principal result of the modeling will be a forecast of the 
three dimensional distribution of substrate for a given array of injection and extraction 
wells. The model will be run repeatedly, with differing assumptions of the location, depth 
and pumping rates of the injection and extraction wells.  

The alternative configurations determined to be the most effective as indicated by the model 
will be used to design the Pilot Study.
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SECTION 7 

Data Management and Evaluation 

7.1 Data Management 
It is anticipated that data management activities will consist primarily of tabulating field 
and analytical results for preparation of the report. Analytical data will not be validated.  

7.2 Data Evaluation 
Once the bench-scale data is received from the laboratory, an evaluation will be completed. 
This task involves the evaluation of field-generated data including laboratory analytical 
data, water quality measurements, and other field notes. Efforts under this task will include 
the generation of diagrams/figures/tables associated with field notes or data received from 
the laboratory (e.g., sampling location maps).  

Laboratory analytical results will be compared to baseline concentrations observed at the 
start of each Bench-Scale Study to evaluate the potential effectiveness and reagent types/
dose requirements of ERD and chemical oxidation.  

Results of the Bench-Scale testing will be used in conjunction with the results of the 
groundwater model to design the Pilot Study. The ERD substrate and bioaugmentation 
method determined to be most effective during the Bench-Scale testing will be selected for 
the Zone 2 (88-MW18IW) and Zone 3 (88-MW22IW) Pilot Studies. Similarly, the chemical 
oxidation reagent and dose determined to be most effective during the Bench-Scale Studies 
will be selected for the Zone 2 (88-MW16IW) Pilot Study.  

The results of the groundwater model will be used to support the Pilot Study designs, 
including the spacing and depths of the injection wells, and will determine if an injection-
extraction system will improve substrate/reagent distribution. 
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SECTION 8 

Health and Safety and Residual Management 

8.1 Health and Safety 
The HSP will address the potential hazards associated with the field activities and Bench-
Scale Study.  

Subcontractors are responsible for H&S procedures specific to their particular work 
components and are required to develop and submit an Activity Hazard Analysis (AHA) to 
CH2M HILL for review prior to the start of field work. Subcontractors must comply with 
the established HSP and CH2M HILL must monitor and enforce compliance with the 
established HSP.  

8.2 Residuals Management 
Wastes generated during the investigation of potentially contaminated sites are classified as 
IDW and will be managed to protect the public and the environment. Section 3.13, 
Investigation-derived Waste Handling, of the Master SAP provides general information for the 
characterization, handling, and disposal of contaminated wastes, expected to be 
encountered or generated during this work (CH2M HILL, 2008c). 

8.2.1 Waste Streams 
The waste streams associated with this scope of work may include: 

• Soil cuttings from the installation of soil borings 
• Decontamination fluid 
• Development/purge water from the monitoring wells 
• Personal protective equipment (PPE) 
• Used sampling supplies 
• Uncontaminated general debris 

8.2.2 Waste Management 
All IDW management actions will be documented in the field notes. Specific waste 
management procedures are documented in the IDW standard operating procedure (SOP) 
(CH2M HILL, 2008c).  

Decontamination Fluids/Development Water 
Decontamination fluids and development water from the monitoring wells will be 
containerized in bulk containers that will be provided by CH2M HILL. The CH2M HILL 
Field Team Leader (FTL) will coordinate the transportation of all IDW fluids to the wet well 
located at Lot 203 on Piney Green Road for disposal. A CH2M HILL representative will 
provide oversight when transferring IDW fluids to Lot 203. Adequate time will be allotted 
to allow for any solids to settle from the fluids prior to discharging to the wet well. 
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Soil Cuttings 
Soil cuttings will be containerized in drums. The drilling subcontractor will move the drums 
to a temporary storage area located on Parachute Tower Road, where the containers will be 
stored until disposal.  

Soil IDW is expected to be characterized as non-hazardous. However, if soil IDW is 
characterized as hazardous, then the drums will be marked with pre-printed hazardous 
waste labels that include the following information: accumulation start date, generator 
name, USEPA identification (ID) number, applicable waste codes and the manifest number. 
The drums will be moved by a licensed hazardous waste transporter to the less-than-90-day 
storage facility located in Building S962. Within 90 days from the accumulation start date, 
the soil will be transported offsite for disposal at a properly permitted Resource 
Conservation and Recovery Act (RCRA) Subtitle C treatment, storage, or disposal facility.  

The FTL will coordinate and oversee placement of IDW. 

PPE, Used Sampling Supplies, and General Debris 
PPE and used sampling supplies associated with the generation of non-hazardous wastes 
and general debris will be collected in black, non-translucent trash bags and disposed of in a 
dumpster aboard MCB Camp Lejeune. PPE and used sampling supplies associated with the 
generation of hazardous waste will be properly contained and disposed of at an offsite, 
permitted RCRA Subtitle C treatment, storage, or disposal facility.  
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SECTION 9 

Reporting 

A Bench-Scale Study Summary Report will be prepared to summarize sample collection, 
testing protocols, results, conclusions, and recommendations. A draft report will be issued 
to allow for a comment period. Any comments received will be addressed in the final 
version.  
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SECTION 10 

Project Management 

10.1  Project Schedule 
The proposed schedule for implementing the Bench-Scale Study at Site 88 is presented in 
Figure 10-1. The tasks presented in the Bench-Scale Study schedule correspond to the tasks 
identified in this Work Plan.  

10.2  Project Organization 
The project organization is presented in Figure 10-2. The Partnering team includes 
representatives from CH2M HILL, NAVFAC, MCB Camp Lejeune, North Carolina 
Department of Environment and Natural Resources (NCDENR), and USEPA Region 4. 

Ms. Keri Hallberg, P.E. will serve as the Project Manager (PM) for the Bench-Scale Study. 
The PM is responsible for overall project management and the overall quality 
assurance/quality control (QA/QC) of project deliverables. 

Mr. Christopher Bozzini, P.E., will serve as the Senior Consultant for the Bench-Scale Study. 
He will work with the PM to ensure the quality of project execution and will review the 
technical aspects of the work from project scoping to project completion. 

The project team will include:  

• Project Engineer/Hydrogeologist 
• FTL 
• Field support staff 
• Technical project staff 

All field and subcontractor activity will be under the direction of the FTL. 
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ID Task Name Duration Start Finish

1 Bench-Scale Study Work Plan 104 days Tue 3/10/09 Fri 7/31/09

2 Draft Work Plan 57 days Tue 3/10/09 Wed 5/27/09

3 Partnering Team Review 32 days Thu 5/28/09 Fri 7/10/09

4 Final Work Plan 15 days Mon 7/13/09 Fri 7/31/09

5 Bench-Scale Studies 90 days Mon 8/3/09 Fri 12/4/09

6 Sample Collection 5 days Mon 8/3/09 Fri 8/7/09

7 Sample Reciept and Study Set Up 5 days Mon 8/10/09 Fri 8/14/09

8 ERD Study 4 mons Mon 8/17/09 Fri 12/4/09

9 ISCO Study 30 days Mon 8/17/09 Fri 9/25/09

10 Modeling 45 days Mon 8/3/09 Fri 10/2/09

11 Bench-Scale Study Summary Report 100 days Mon 11/16/09 Fri 4/2/10

12 Draft Summary Report 60 days Mon 11/16/09 Fri 2/5/10

13 Partnering Team Review 30 days Mon 2/8/10 Fri 3/19/10

14 Final Report 10 days Mon 3/22/10 Fri 4/2/10
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13 Partnering Team Review 30 days Mon 2/8/10

14 Final Report 10 days Mon 3/22/10
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