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1.0 INTRODUCTION
11 BACKGROUND

Chlorinated solvents are present in groundwater at an overwhelming number of Department
of Defense (DoD), Department of Energy (DoE), and related contractor sites. A significant
number of these sites have VOCs present as free-phase dense non-aqueous phase liquids
(DNAPLs) that will act as a long-term source of VOCs to groundwater. Due to the slow
dissolution of solvents from residual or pooled DNAPL source areas, conventional treatments
such as pump-and-treat serve solely as containment technologies and require long operational
periods (i.e., decades or longer) to satisfy the need for protection of human health and the
environment, incurring high operation and maintenance (O&M) costs over that period.

Significant attention has been devoted in the past few years to research and field
applications of source treatment technologies, as they have the potential to lower the overall cost
and time required for remediation of contaminated aquifers. Recently, a small-scale field pilot
test of emulsified zero-valent iron (EZVI) was conducted under the National Aeronautics and
Space Administration (NASA) Small Business Technology Transfer (STTR) program to assess
the ability of this technology to treat a Trichloroethene (TCE) DNAPL source zone. The pilot
test showed promising results as a method for significantly reducing both mass and flux from
DNAPL source zones. However, additional field demonstration research is required to improve
the EZVI delivery approach, clarify the relative degradation contributions of the zero-valent iron
(ZVI) versus biodegradation promoted by the emulsifying agents (completed laboratory
evaluation; [Geosyntec, 2006a]), and validate the technology for widespread use for DNAPL
source zone treatment at DoD and related private sectors sites. NASA holds the patent for this
technology and, as a United States Government technology, no fees for the use of EZVI will be
levied on any federal facility.

Through funding provided by the Department of Defense’s Environmental Securities
Technology Certification Program (ESTCP), and with support from the United States
Environmental Protection Agency (USEPA) National Risk Management Research Laboratory,
Geosyntec Consultants Inc. (Geosyntec) and NASA conducted a technology demonstration
program evaluating the use of EZVI, an innovative remediation technology, to remediate
chlorinated solvent DNAPL source zones. The field Demonstration/validation (Dem/Val) was
conducted at the Solid Waste Management Unit (SWMU) 45 (Site 45) — Former Morale,
Welfare, and Recreation (MWR) Dry Cleaning Facility, Marine Corps Recruit Depot (MCRD),
Parris Island, South Carolina. The goal of the program was to evaluate degradation that is
occurring due to abiotic and biological components as well as demonstrate the efficacy of EZVI
at a scale that is large enough to generate accurate full-scale design and cost information for
widespread technology consideration and application at DoD and related sites. This Final
Technical Report presents the approach, methodology and results of the EZVI field Dem/Val.
The laboratory treatability tests conducted to evaluate the biological and abiotic components of
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degradation are presented in the Final Laboratory Treatability Report For: Emulsified Zero
Valent Iron Treatment of Chlorinated Solvent DNAPL Source Areas (Geosyntec, 2006a).

1.2  OBJECTIVES OF THE DEMONSTRATION

The objectives of the field demonstration were to:

1. Evaluate the ability of the two most promising injection technologies to evenly distribute
the EZVI in a controlled manner;

2. Evaluate the ability of EZVI to significantly reduce the mass flux of dissolved-phase
VOCs from a DNAPL source zone and to reduce the DNAPL mass in the source;

3. Provide reliable technical data relevant to field-scale EZVI trials, including documenting
the benefits of the technology in terms of expected reduction in the duration and cost of
remediation of DNAPL sites, and develop a Guidance Manual to assist DoD managers
and practitioners with appropriate selection and implementation of the EZVI technologys;
and

4. Provide information to the MCRD Partnering Team for use in the Feasibility Study for
Site 45.

The field Dem/Val was conducted at SWMU 45 (Site 45) — Former MWR Dry Cleaning
Facility, MCRD, Parris Island, South Carolina. This site has a relatively well-characterized
DNAPL source area (primarily Tetrachloroethene [PCE]), and appropriate site conditions and a
suitable on-site support network for execution of the Dem/Val. The rationale for the selection of
the site is presented in the Draft Site Selection Memorandum For: Emulsified Zero-Valent Nano-
Scale Iron Treatment of Chlorinated Solvent DNAPL Source Areas (Geosyntec, 2005).

1.3 REGULATORY DRIVERS

The USEPA maximum contaminant level (MCL) for PCE and TCE in drinking waters is 5
micrograms per liter (ug/L). This concentration is considerably less than the concentrations
present in groundwater at many sites throughout the United States. The MCLs for vinyl chloride
(VC) and cis-1,2-dichloroethene (¢cDCE) are 2 pg/L and 70 pg/L, respectively. A significant
number of sites have VOCs present as free-phase DNAPLs that will act as a long-term source of
VOCs to groundwater. In situ technologies for treatment of these contaminants often focus on
the groundwater plume and not the source of the contamination. Due to the slow dissolution of
solvents from residual or pooled DNAPL source areas, conventional treatments serve solely as
containment technologies and require long operational periods to remove significant amounts of
DNAPL. Therefore, this demonstration seeks to further improve upon a more cost-effective
technology that can meet these regulations and remediate DNAPL source areas.

ESTCP Final Report
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20 TECHNOLOGY

The following sections provide a description of the technology (Section 2.1); discuss the
technology development (Section 2.2); and outline the advantages and limitations of the
technology (Section 2.3).

21  TECHNOLOGY DESCRIPTION

Significant laboratory and field research has demonstrated that zero-valent metals will
reductively dehalogenate dissolved chlorinated solvents such as PCE and TCE to ethene.
Permeable reactive barriers (PRBs) containing ZVI as the reactive material have been shown to
be effective in treating plumes of dissolved chlorinated solvents. PRB technology is passive and
requires no energy; however, it still relies on DNAPL dissolution and transport of dissolved
chlorinated solvents to the barrier for treatment, and therefore PRBs do little to reduce the clean
up time for the site.

EZVI can be used to enhance the destruction of chlorinated DNAPL in source zones by
creating intimate contact between the DNAPL and the ZVI particles. The EZVI is composed of
food-grade surfactant, biodegradable oil, water, and ZVI particles (either nano- or micro-scale
iron), which form emulsion particles (Figure 2-1). Each emulsion particle or droplet contains
Z VI particles in water surrounded by an oil-liquid membrane. Since the exterior oil membrane
of the emulsion droplet has hydrophobic properties similar to that of DNAPL, the droplets are
miscible with DNAPL. It is believed that as the oil emulsion droplets combine with DNAPL
TCE, for example, the TCE is sequestered in the oil and then dissolves into the aqueous droplet
containing ZVI that was within the oil emulsion droplet. It is also believed that the final
degradation by-products from the dechlorination reaction are driven by the increase in
concentration inside the aqueous emulsion droplet to diffusion into the non-aqueous phase (oil
and TCE) then out into the surrounding aqueous phase. While the ZVI in the aqueous emulsion
droplet remains reactive, the chlorinated compounds are continually degraded within the aqueous
emulsion droplets, thus maintaining a concentration gradient across the oil membrane and
establishing a driving force for additional TCE migration into the aqueous emulsion droplet
where additional degradation can occur.

The primary application of the EZVI technology is treatment of DNAPL source zones but it
is also capable of treating dissolved-phase chemicals. EZVI that is located near DNAPL will
also degrade the dissolved-phase chemicals that it comes in contact with. The reduction in
concentration of dissolved-phase chemicals in the vicinity of the DNAPL will enhance mass
dissolution from the DNAPL.

In addition to the abiotic degradation associated with the ZVI, the injection of EZVI
containing vegetable oil and surfactant will result in sequestration of the chlorinated ethenes into
the oil and biodegradation of dissolved chlorinated ethenes. Chlorinated solvents will
preferentially dissolve into the oil component of the EZVI thereby reducing the aqueous phase
concentrations. The chlorinated solvents may then be degraded by the ZVI in the EZVI. The
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vegetable oil and surfactant can also act as electron donors to promote anaerobic biodegradation
of the chlorinated solvents. Abiotic degradation resulting from the ZVI in the EZVI was shown
to be a very fast process in laboratory studies conducted at the University of Central Florida
(Quinn et al. 2005). If the amount of ZVI is not sufficient to completely degrade the TCE to
ethene then the vegetable oil and surfactant can act as a slow release electron donor for
biodegradation processes at the site (Major et al. 2002).

Another potential benefit of EZVI over ZVI for environmental applications is that the
hydrophobic membrane surrounding the ZVI protects it from other groundwater constituents,
such as some inorganic compounds, that might otherwise react with the ZVI. While the oil
membrane of the EZVI will allow organic constituents (TCE and other ethenes) to diffuse
through the liquid membrane and contact the ZVI, it may inhibit diffusion of other ionic
constituents that may passivate the ZVI surface and limit their contact with the ZVI. This
mechanism potentially reduces the mass of ZVI required for treatment relative to unprotected
ZVI.

2.2 TECHNOLOGY DEVELOPMENT

The first field demonstration of EZVI was conducted between 2001 and 2003 to treat a
chlorinated solvent source zone at NASA’s Launch Complex 34 (LC34) located on the 45th
Space Wing’s Cape Canaveral Air Force Station. The demonstration conducted at LC34
demonstrated that the addition of EZVI into a source area containing free-phase DNAPL could
reduce the mass flux of dissolved phase TCE from a DNAPL source zone, and reduce the
amount of free-phase DNAPL mass over time. Although the field demonstration at LC34 was
successful in showing a decrease in TCE mass flux and TCE DNAPL mass, there were issues
with the EZVI injection techniques and in obtaining a uniform distribution of EZVI in the areas
containing DNAPL.

NASA holds the patent on the technology and has successfully licensed the technology to
six companies. EZVI has been injected at over 16 sites in the U.S. from 2004 until present, in a
range of geologies including sandy site and fractured rock.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

Groundwater remediation approaches at DNAPL sites have historically employed
groundwater extraction and ex situ treatment (i.e., pump-and-treat [P&T]). Unfortunately, these
approaches have been demonstrated to be ineffective in significantly improving groundwater
quality, even after decades of continuous operation (National Research Council, 1994). As a
result, remediation technologies such as EZVI have received significant attention, as government
and industry struggle to develop remedial approaches for source treatment that are less intrusive,
more effective, and less costly. The main advantages of the EZVI technology over other
treatment technologies include:
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Potential for lower overall costs than alternative technologies such as groundwater pump-
and-treat with high O&M costs or thermal technologies with high capital costs;

An effective “one-two punch” of rapid abiotic degradation followed by the slower
biological degradation;

Contaminants will be destroyed rather than transferred to another medium; and

Ability to treat both DNAPL source zones and dissolved-phase chemicals to contain
plume migration.

The main limitations of using the EZVI technology are:

Difficulty in effectively distributing the viscous EZVI to all areas impacted with DNAPL,;

Potential to adversely impact secondary groundwater quality through mobilization of
metals and production of sulfides or methane if excess electron donor, in the form of the
vegetable oil, is added; and

Injection of EZVI may displace DNAPL away from the injection point; however, this
limitation can be remedied by strategic placement of the injection points.
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3.0 PERFORMANCE OBJECTIVES

The performance objectives are provided in Table 3-1. Each objective is discussed in detail
in the following sections.

3.1 REDUCTION IN MASS FLUX OF VOCs IN DOWNGRADIENT WELLS

A key performance objective is a reduction in mass flux of dissolved VOCs in downgradient
monitoring wells for areas in contact with EZVI. To evaluate this objective, groundwater and
soil samples were collected both before and after EZVI injection and analyzed by method
8260B. Data from the post-demonstration sampling event are compared to data from the pre-
injection (baseline) sampling event. Successful performance will be >75% decrease in mass flux
of dissolved VOCs based on groundwater samples from multilevel wells over the baseline
condition for areas in contact with EZVI.

This objective was met. There were significant reductions in the downgradient groundwater
mass flux values for parent compounds PCE (> 85 %) and TCE (> 85 %) and a significant
increase in the mass flux of ethene. These results are discussed further in Section 6.1.

3.2 REDUCTION IN TOTAL VOC AND DNAPL MASS

The amount of VOC and DNAPL reduction in the Pneumatic Injection test plot is assessed
by comparing results of pre-injection (baseline) and post-injection groundwater and soil core
samples. A successful performace will be >75% decrease in VOC and DNAPL mass over
baseline conditions in the Pneumatic Injection test plot.

This objective was met with a total VOC mass reduction of 81%; an estimated reduction of
61% reduction in the sorbed and dissolved phases and 91% reduction in the DNAPL mass.
These results are discussed further in Section 6.2.

3.3 RADIUS OF INFLUENCE

The radius of influence (ROI) of each injection technology was assessed through visual
inspection of soil cores collected post-injection. For the Pneumatic Injection and Direct Injection
test plots, success was marked by the presence of EZVI at distances greater than 5 feet (ft) and 1
ft, respectively.

This objective was met with measured ROIs of as much as 7 feet with pneumatic injection
and 2.5 ft with direct injection. These results are discussed further in Section 6.3.

3.4  ABILITY TO INJECT EZVI WITHOUT DAMAGING EMULSION STRUCTIRE

For this performance criterion, the injection technologies will be able to deliver the EZVI
within the source zone without damage to the emulsion structure.
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ER-0431 7 April 2010



TABLE 3-1: PERFORMANCE OBJECTIVES
Parris Island, South Carolina

Geosyntec Consultants

Type (gtf;ZZE)‘r:l s Primary Performance Criteria Expected Performance AC:;?J_LS;:{?;E ::f;ce
Qualitative 1) Ability to inject EZVI without damaging  [Injection technologies will be able to deliver

emulsion structure the EZVI within the source zone in a way that

will not damage the emulsion Objective Met
2) Ability to evenly distribute EZVI in Injection technologies will be able to deliver
controlled manner over an optimum radius of |the EZVI within the source zone in a way that
influence will allow some control of the direction of

EZVI injection so as to evenly distribute the

EZVI over the injection interval Objective Partially Met
3) Implementability EZVI will be relatively easy to handle and

inject in the field with proper operator training Objective Met
4) Versatility Technology can be applied in a variety of

2eological and hydrogeological settings where

DNAPL source areas are present Objective Met
5) Duration of Remediation Reduction of total VOC and DNAPL

concentrations can be achieved within a short

time frame (i.e., <9 months) Objective Met
6) Scale-up Constraints Technology can be implemented at full scale at

larger sites based on performance data from

small scale demonstration Objective Met

Quantitative 1) Reduction in mass flux of dissolved VOCs |+~75% decrease in mass flux of dissolved

in downgradient monitoring wells in the chlorinated ethenes based on groundwater
Pneumatic Injection test plot; degradation also |samples from multilevel wells over the
evaluated in the adjacent Direct Injection test |baseline condition for areas in contact with
plot, but this is secondary EZVI Objective Met
2) Reduction in the total VOC and DNAPL >75% decrease in VOC and DNAPL mass in
mass in the Pneumatic Injection test plot the Pneumatic Injection test plot over baseline

conditions based on groundwater samples and

post-demonstration core samples for areas in

contact with EZVI Objective Met
3) Radius of Influence (ROI) For the Pneumatic Injection technology a ROI

=5 ft. For the Direct Injection technology a

ROT of =1 ft Objective Met
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This objective was met with both technologies being able to inject the EZVI without damage
to the emulsion structure. These results are discussed in greater detail in Section 6.4.

3.5 ABILITY TO EVENLY DISTRIBUTE EZVI

The ability of each injection technology to evenly distribute EZVI in a controlled manner
over an optimum ROI was assessed by collecting groundwater and soil core samples from the
test plots. Success was marked by the ability of the injection technology to deliver the EZVI
within the source zone in a way that will allow some control of the direction of EZVI injection so
as to evenly distribute the EZVI over the injection interval.

This objective was partially met. There were complications with the shallow nature of the
target injection interval and preferential flow paths created by previous borings in the area
providing short circuit pathways for the EZVI to surface. These results are discussed in greater
detail in Section 6.5.

3.6 EASE OF IMPLEMENTATION
The ease of use of this technology was evaluated based on our experience in the field.

This objective was met with respect to both the ease of making the EZVI up on site and with
the handling and injection of the EZVI. These results are discussed in greater detail in Section
6.6.

3.7  VERSATILITY

For this performance criterion, the technology was deemed successful if it could be applied
in a variety of geological and hydrogeological settings were DNAPL source areas are present.

This objective was met although there are some restrictions to the depth and geological
settings in which the injection technologies tested can be applied. These results are discussed in
greater detail in Section 6.7.
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4.0 SITEDESCRIPTION

The field Dem/Val site selected by the screening process was Site 45 — Former MWR Dry
Cleaning Facility (Building 193), MCRD, Parris Island, South Carolina (the “Site”) (Figure 4-1).
The rationale for the selection of this site is presented in the Draft Site Selection Memorandum
For: Emulsified Zero-Valent Nano-Scale Iron Treatment of Chlorinated Solvent DNAPL Source
Areas (Geosyntec, 2005).

In the following sections, the site location and history (Section 4.1), site
geology/hydrogeology (Section 4.2), and contaminant distribution (Section 4.3) are discussed.
Information in the following sections is taken directly from the RI/RFI for Site/SWMU 45 report
(Tetra Tech NUS, 2004a) as well as the Site/SWMU 45 RI/RFI Addendum Work Plan report
(Tetra Tech NUS, 2004b).

41  SITE LOCATION AND HISTORY

The Site is located in the Main Post area of MCRD Parris Island, between Panama Street to
the north, Kyushu Street to the south, and Samoa Street to the east. The location of the pilot test
area (PTA) at the Site is shown in Figure 4-2.

West of the Site are other commercial establishments including a cobbler, a tailor, and a
coin-operated laundry facility. Four above ground storage tanks were situated along the northern
side of former Building 193. The capacities of these tanks are not known. These tanks were first
put into place in 1988 following the removal of an underground storage system where
hydrocarbon-cleaning solvents were previously stored. The location and capacity of the
underground storage system are not known. The new storage tanks were positioned within a
concrete catch basin used to contain any overflow during tank filling. It was reported that on
March 11, 1994, one of the tanks was overfilled with PCE. An unknown amount of the
contaminant flowed into the concrete catch basin. The PCE overflow was not collected at that
time, and heavy rainfall subsequently washed the contaminant onto the surrounding soil. The
dates of operation of former Building 193 are not known (Tetra Tech NUS, 2004b).

42  SITE GEOLOGY/HYDROGEOLOGY

Four geological units are present in the area of the Site (Beaufort-Jasper County Area).
These units from the oldest (Eocene age) to the youngest (Pleistocene age) are the Santee
Limestone, Cooper Marl, Hawthorn Formation, and Pleistocene sands and clays. The geology of
the Site is presented in further detail in the RI/RFI for Site/SWMU 45 report (Tetra Tech NUS,
2004a).

Two primary aquifers are present within the Beaufort-Jasper County Area: the surficial
aquifer and the Floridan Aquifer. These aquifers are generally separated by the Hawthorn
Formation and Cooper Marl, which act as confining units to the underlying Floridan Aquifer. In
the MCRD Parris Island area, the shallow, unconfined aquifer generally consists of permeable,
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fine to medium, Pleistocene age sand to a depth of 17 ft. Surface relief is relatively low. Thin,
discontinuous lenses of finer-grained silty clay and clayey sand were also encountered within the
predominantly sandy sediments.  During the Remedial Investigation/RCRA Facilities
Investigation (RI/RFI), this layer was further divided into an upper (SU) and lower (SL) portion.
A 1- to 3- foot thick layer of peat was encountered below the shallow aquifer sediments at depths
ranging from 17 to 21 feet below ground surface (ft bgs). The peat was directly underlain by a 3-
to 6-ft thick clay unit encountered at depths ranging from approximately 18 to 27 ft bgs. Beneath
this peat/clay layer, the deep surficial aquifer consisted of unconsolidated deposits of primarily
sand, clayey sand, and silty fine sand. The water table was observed at depths ranging from 3 to
5 ft bgs at monitoring wells during the RI/RFI investigation. Water-table elevations recorded
during the RI/RFI investigation ranged from 3 to 4.5 ft above mean sea level (amsl). The general
groundwater flow direction in the formation above the peat/clay layer is to the southeast.
Potentiometric maps for the upper and lower portions of the shallow aquifer are presented in
Figures 4-3 and 4-4, respectively. Estimates of the hydraulic gradient, hydraulic conductivity
and groundwater velocity for the shallow aquifer are 0.0023 to 0.0029 ft/ft, 15.3 ft/day, and 0.15
to 0.18 ft/day, respectively. The general groundwater flow direction in the formation below the
peat/clay layer is to the south-southwest, with a gradient of 0.0021. During the RI/RFI, the
vertical gradient between wells in a cluster was observed to be negligible, typically less than 0.1
ft. The nearest surface water body is Ballast Creek, which lies approximately 2,000 ft south-
southeast of the MWR Dry Cleaning Facility.

In the Beaufort-Jasper County Area, the Floridan Aquifer system occurs near land surface,
and confining beds vary from essentially 0 to more than 150 ft in thickness. Two hydrogeologic
zones within the Floridan Aquifer lie beneath the MCRD Parris Island area. These two
hydrogeologic units consist of a 200-ft thick Upper Hydrogeologic Unit that contains an upper
permeable zone and an 800-ft thick Lower Hydrogeologic Unit that has a somewhat lower
permeability compared to the Upper Unit. A generalized geologic cross section of the
subsurface geology at the Site is presented in Figure 4-5.

43 CONTAMINANT DISTRIBUTION

Based on the Site history, three locations were identified as possible sources of solvent
contamination in the soils and groundwater. One location is the secondary containment drain for
the raw PCE aboveground storage tanks (located north of the tanks). A documented spill of PCE
and an interim soil cleanup occurred at this location in 1994. The second location is in the rear
(west end) of former Building 193. Waste solvents may have been handled or accumulated in
this area. No documented leaks or spills occurred in this location. The third location is within
the northwestern corner of former Building 193, where the dry cleaning process was conducted.
A concrete floor that would serve as secondary containment was noted in this area prior to
building demolition. No documented leaks or spills occurred in this area.

PCE and its degradation products (TCE, cDCE, and 1, 2-dichloroethene [1,2-DCE] and VC)
were detected in surface and subsurface soils and groundwater above screening levels in all three
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identified potential source areas during investigation prior to June 2005. Polycyclic aromatic
hydrocarbons (PAHs) were detected in the soil sample locations across the Site but at relatively
low concentrations compared to human health screening criteria. Rather subjective analysis by
ultraviolet light for non-aqueous phase product was conducted for soils. The evaluation
indicated possible trace amounts in isolated areas. However, the presence of pure product was
not positively identified during site investigation prior to June 2005 and no further conclusions
were developed. Results of the field sampling and analytical program suggest that the inorganic
constituents detected in surface soils were similar to background conditions at MCRD Parris
Island or at levels below human health screening criteria. Temporary and permanent monitoring
well data indicate chlorinated VOC contamination in the surface and subsurface soil at the Site
has impacted the groundwater (i.e., groundwater contaminant concentrations above screening
levels) to depths ranging from the upper boundaries of the unconfined aquifer to approximately
19 ft bgs. Furthermore, investigations of the underlying deep aquifer found only limited VOC
contamination, suggesting that the contaminant plume may be contained within the surficial
aquifer. In other investigations (natural attenuation), elevated concentrations of some VOCs
were detected downgradient of the "non-detect" contour depicting the current results (Tetra Tech
NUS, 2004a).

In 1998, a groundwater pump-and-treat system was installed at the Site to prevent the
migration of groundwater contaminants until a comprehensive remedial investigation (RI) could
take place. The system consisted of three recovery wells located along the eastern side of the
site, adjacent to Samoa Street, a low-profile air stripper for removal of VOCs, and a pumping
system for discharging the treated groundwater to an adjacent sewer manhole for ultimate
discharge to the Depot’s wastewater treatment facility. Due to high maintenance requirements,
the system was taken out of service in early 2000, and is currently not in operation (Tetra Tech
NUS, 2004a; 2004b).

In June 2005, Geosyntec, NASA, the United States Naval Facilities Engineering Command's
Engineering Service Center (NAVFAC ESC), and the USEPA conducted a field investigation to
collect additional groundwater and soil data from the Site to confirm the results of the membrane
interface probe (MIP) logs collected during prior investigations of the source area (Tetra Tech
NUS, 2004b) and to confirm the presence of DNAPL concentrations of PCE and/or TCE in the
subsurface in the area of the former tanks. Groundwater samples were collected from temporary
monitoring wells that were installed at locations that had elevated electron capture detector
signals from the previous MIP survey (Figure 5-1). Groundwater samples were collected from
both the upper and lower portions of the shallow surficial aquifer above the peat/clay layer and
analyzed for VOCs. The temporary well results and previous MIP measurements were used to
select soil core locations (Figure 5-1). Soil cores from locations SC-1 through SC-8 were
collected from ground surface to a depth of 20 ft bgs and were analyzed for VOCs using the
methanol extraction procedure specified in Appendix D. Results of the June 2005 field
investigation are presented in Appendix E (Tables E-1 and E-3).
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Results of the June 2005 field investigation revealed PCE concentrations in soil cores that
exceeded the maximum possible dissolved and sorbed phase PCE concentrations (based on site
conditions), thereby indicating the presence of PCE DNAPL mass. Furthermore, visual
inspection of soil cores collected during the June 2005 field investigation indicated the presence
of DNAPL.
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5.0 TEST DESIGN
5.1 PRE-DESIGN SITE INVESTIGATIONS

As discussed in Section 4.3 above, Geosyntec, NASA, the United States NAVFAC ESC,
and the USEPA conducted a field investigation in June 2005 to collect additional groundwater
and soil data from the Site to confirm the presence of DNAPL concentrations of PCE and/or
TCE in the subsurface in the area of the former raw PCE aboveground storage tanks. Results of
the June 2005 field investigation revealed PCE concentrations in soil cores that exceeded the
maximum possible dissolved and sorbed phase PCE concentrations (based on site conditions),
thereby indicating the presence of PCE DNAPL in the area of soil cores SC-1 (6-8 ft bgs), SC-3
(4-6 ft bgs), SC-7 (4-10 ft bgs and 12-16 ft bgs), and SC-8 (12-16 ft bgs) (Figure 5-1 and Table
E-3).

5.2 PRE-DESIGN EVALUATION AND SELECTION OF INJECTION METHODS

A review of possible methods for injecting and distributing EZVI in the subsurface at the
Site was conducted to identify the optimal methods for use in the field Dem/Val. The review
included an evaluation of data from a field evaluation of different injection methods for EZVI
that was funded by NASA. The work for NASA involved evaluating four different injection
techniques  (pneumatic  fracturing/injection,  pressure  pulse  injection, hydraulic
fracturing/injection and direct injection using controlled pressures, seismic enhancement and
directional flow) to determine which techniques are best able to distribute the EZVI within a
shallow aquifer over a large area without damage to the structure of the EZVI emulsion. Based
on the results of these tests, pneumatic injection and direct injection were selected as the optimal
technologies for the field Dem/Val.

Pneumatic injection will often result in pneumatic fracturing in cohesive or consolidated
media. Pneumatic fracturing involves the injection of gas at high pressure and flow in order to
create fractures or fissures in soil or rock matrix. Fractures or fissures occur when the pressure
of injected gas exceeds the natural in situ stresses and the flow rate exceeds the natural
permeability of the soils. In soil formations, pneumatic fracturing enhances the permeability by
creating fracture networks. It was thought that the clay layers present at the Site may be
cohesive enough that the pneumatic injection will create fractures in these layers. In the sandier
formations, the pneumatic injection will result in a suspension of the soil particles in the nitrogen
stream rather than the propagation of fractures. This suspension of soil particles in the injected
nitrogen stream, referred to as fluidization, increases the size of the pore throats between
particles, which can aid in the injection and distribution of the EZVI.

5.3 PRE-DESIGN LABORATORY TREATABILITY STUDY

Laboratory experiments were conducted by SIREM Laboratories (a division of Geosyntec)
to evaluate the extent of DNAPL mass destruction that is due to abiotic and biological processes
with the application of EZVI.
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Three sets of experiments were performed as part of the pre-design laboratory study. These
included: 1) nano-scale ZVI (nZVI) activity assays; 2) treatability tests conducted in bench-scale
test reactors with dissolved phase TCE; and 3) treatability tests conducted in bench-scale test
reactors with TCE DNAPL. Activity assays with nZVI were conducted to evaluate potential
changes in the reactivity of the nZVI over time. Treatability tests were conducted to evaluate the
ability of different components of the EZVI to treat dissolved and pure phase (DNAPL) TCE.
Initial treatability tests were conducted using saturation concentrations of TCE (1,000 milligrams
per liter [mg/L] of TCE dissolved in water) with EZVI, nZVI and the oil emulsion components
without nZVI. A set of tests was also conducted using TCE DNAPL (10 times solubility of TCE
in the reactor bottle, present as a separate non-aqueous phase) with EZVI, nZVI and the oil
emulsion components without nZVI. All test treatments were constructed in triplicate sets of
reactor bottles. Details of these experiments are presented in the Final Laboratory Treatability
Report For: Emulsified Zero Valent Iron Treatment of Chlorinated Solvent DNAPL Source
Areas (GeoSyntec, 2005a). The following conclusions were made based on the results of the
laboratory treatability study:

1. Treatment of dissolved phase TCE with nZVI and EZVI can produce significant and
rapid decreases in TCE concentrations in the aqueous phase.

2. The DNAPL treatment tests demonstrate the advantages of EZVI relative to oil emulsions
or nZVI in situation where a DNAPL is present in the subsurface. The EZVI combines
the sequestration of the DNAPL with the degradation of the VOCs by the nZVI resulting
in an immediate reduction in the TCE flux from the source area as well as degradation
due to the nZVI. The EZVI provides degradation of the TCE to ethene in a similar time
frame as the nZVI and also provides sequestration of any potential untreated VOC:s.

3. The EZVI provides oil that should be able to act as an electron donor to promote
biodegradation of TCE which is not degraded by the nZVI, but this was not observed to a
significant degree in the lab tests because of the lack of microorganisms in the test
bottles.

54  CONCEPTUAL EXPERIMENTAL DESIGN

For this demonstration the site was instrumented to create two hydraulically independent
pilot test plots (Pneumatic Injection and Direct Injection test plots) in the existing Site DNAPL
source area in June 2006 by installing a network of monitoring wells (Figure 5-2). The
Pneumatic Injection test plot consists of five fully screened monitoring wells (PMW-2 through
PMW-6) and seven multilevel monitoring wells (ML-1 through ML-7). The fully screened wells
are screened between 4 and 19 ft bgs, while the multilevel wells each contain seven 3-inch
screened intervals positioned at 2.5-ft intervals from approximately 4 to 19 ft bgs. The Direct
Injection test plot consists of a single fully screened monitoring well (PMW-1) screened from 3.5
to 13.5 ft bgs.
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55 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS
5.,5.1 Construction and Installation of Wells

All wells were installed by the USEPA (National Risk Management Research Laboratory,
Ada, OK) using a hollow stem auger drill rig. The fully screened monitoring wells were
constructed using 2-inch diameter Schedule 40 polyvinyl chloride (PVC) screen (#10 slot) and
Schedule 40 PVC riser. A filter pack consisting of uniformly graded, rounded, clean silica sand
was installed in the annulus around the well screen for all fully screened wells. The multilevel
wells were constructed of 1.7-inch outside diameter (O.D.) continuous multichannel tubing
(CMT; Solinst Canada Ltd., Georgetown, Ontario, Canada) with seven 0.25- to 3.25-inch
screened intervals positioned at 2.5-ft intervals from 3.5 to 19 ft bgs. After placement of the
CMT within the borehole, the annular space around the CMT was filled with alternating lifts of
uniformly graded, rounded, clean silica sand (around the screened intervals) and coated bentonite
pellets (between the screened intervals). Each well was completed at surface with a steel, flush-
mount protective casing set in concrete. Well construction details are summarized in Table 5-1.

Following installation, the fully screened wells were developed by purging approximately
10 casing volumes of water from each well using a dedicated Waterra® pump system consisting
of a Delrin® foot-valve attached to rigid 5/8-inch O.D. high-density polyethylene (HDPE) tubing
equal in length to the depth of the well. Appendix D contains information on the Waterra®
pumps.

5.6 FIELD ACTIVITIES

The field events following the well installations consisted of groundwater sampling for
laboratory analysis, pump tests, and EZVI injection. A schedule of the demonstration field
activities is provided in Figure 5-3. A description of the samples collected during each phase of
the project, the number and type of samples collected, and the rationale for sample collection are
presented in Table 5-2. The field operations are described in the sections below with the
exception of field calibration procedures, quality assurance sampling, decontamination practices,
and sample documentation which are described in Appendix D.

5.6.1 Baseline Sampling

In June 2006, August 2006 and October 2006, prior to EZVI injection, groundwater
samples were collected from each of the fully screened and multilevel monitoring wells and
analyzed for baseline chemical characterization, including:

e Field parameters (dissolved oxygen [DO], oxidation-reduction potential [ORP], pH,
conductivity, temperature, turbidity, sulfide, ferrous iron);

e VOC:s (including PCE, TCE, cis-1,2-DCE, trans-1,2-dichloroethene [tDCE], 1,1-
dichloroethene [1,1-DCE], VC);
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TABLE 5-1: SUMMARY OF WELL CONSTRUCTION DETAILS Geosyntec Consultants
Parris Island, South Carolina

Maultilevel N Gromitd  |Top u-f Rajer Protective . - Total |Top of Sand| Top of Well| Bottom of | Midpoint of | Well

WellID | Channel DAt Northing Eastingl Surtace 1 Fipe 1 Surfac_e Casing Riser P_lpe Scree_n Screen Size | Depth Pack Screen | Well Screen| Well Screen | Diameter
Number Installed FElevation Flevation |Completion Material Material |Material
(ft) (ft) (ft amsl) (ft amsl) (ft bgs) (ft bgs) (ft bgs) (ft bgs) (ft bgs) (inches)
PMW-1 - 19-Tun-06 | 187398.77 | 2099302.37 7.09 6.88 Flush Ccs PVC PVC #10 slot 13.5 20 3.5 135 85 2.0
PMW-2 - 20-Jun-06 187390.02 | 2099301.14 7.14 6.99 Flush [ PVC PVC #10 slot 19.0 3.0 4.0 19.0 11.5 2.0
PMW-3 - 20-Jun-06 187375.36 | 2099296.32 7.14 698 Flush Cs PVC PVC #10 slot 19.0 3.0 4.0 190 11.5 2.0
PMW-4 - 20-Tun-06 187377.86 | 2099281.11 7.08 6.83 Flush cs PVC PVC #10 slot 19.0 3.0 4.0 190 11.5 20
PMW-5 - 23-Jun-06 187381.86 | 2099187.95 717 6.87 Flush Cs PVC PVC #10 slot 19.0 3.0 4.0 19.0 11.5 2.0
PMW-6 - 22-Tun-06 187385.51 209929428 7.08 6.89 Flush CS PVC PVC #10 slot 19.0 3.0 4.0 190 11.5 2.0
MIL-1-1 1 25-Jun-06 187391.91 2099290.09 7.00 6.67 Flush Cs LDPE 53 100 mesh 5.0 3.0 a a 4.0 0.4
ML-1-2 2 7.5 55 a a 6.5 0.4
MIL-1-3 3 10.0 8.0 a a 9.0 0.4
ML-1-4 4 125 10.5 a a 115 0.4
MIL-1-5 5 15.0 13.0 a a 14.0 0.4
ML-1-6 6 17.5 15.5 a a 16.5 0.4
MIL-1-7 T 19.5 18.0 a a 19.0 0.375
ML-2-1 1 26-Tun-06 | 187388.72 | 2099285.01 6.92 6.69 Flush Ccs LDPE 58 100 mesh 4.5 2.5 a a 35 0.4
MIL-2-2 2 7.0 5.0 a a 6.0 0.4
ML-2-3 3 9.5 7.5 a a 85 0.4
MIL-2-4 4 12.0 10.0 a a 11.0 0.4
ML-2-5 5 14.5 12.5 a a 135 0.4
ML-2-6 6 17.0 15.0 a a 16.0 0.4
ML-2-7 7 ] 19.5 17.5 a a 18.5 0.375
MIL-3-1 1 25-Jun-06 187381.15 2099300.00 7.20 6.90 Flush Cs LDPE S5 100 mesh 5.0 3.0 a a 4.0 0.4
ML-3-2 2 7.3 5.5 a a 6.5 0.4
MI-3-3 3 10.0 8.0 a a 9.0 0.4
ML-3-4 4 12.5 10.5 a a 11.5 0.4
MIL-3-5 5 15.0 13.0 a a 14.0 0.4
ML-3-6 6 17.5 15.5 a a 16.5 0.4
ML-3-7 7 19.5 18.0 a a 19.0 0.375
ML-4-1 1 25-Jun-06 187379.13 | 2099297.50 7.18 6.80 Flush Cs LDPE S8 100 mesh 5.0 3.0 a a 4.0 0.4
ML-4-2 2 7.5 55 a a 6.5 0.4
ML-4-3 3 10.0 8.0 a a 9.0 0.4
ML-4-4 4 12.5 10.5 a a 11.5 0.4
ML-4-5 5 15.0 13.0 a a 14.0 0.4
ML-4-6 6 17.5 15.5 a a 16.5 0.4
MIL-4-7 7 19.5 18.0 a a 19.0 0.375
Pagel of 2
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TABLE 5-1: SUMMARY OF WELL CONSTRUCTION DETAILS Geosyntec Consultants
Parris Island, South Carolina

Multilevel 1 Gronnd. | Tap o-f Rilget Protective . . Total |Top of Sand| Top of Well| Bottom of | Midpoint of | Well

Well ID | Channel Date Northing Eastingl Surface Fipe Surface Casin Riser Pipe | Screen Screen Size | Depth Pack Screen | Well Screen] Well Screen | Diameter
Installed Flevation® | Elevation' |Completion ' Material |Material P
Number Material
(ft) (ft) (ft amsl) (ft amsl) (ft bas) (Tt bes) (ft bgs) (Tt bgs) (fthgs) | (inches)
MIL-5-1 1 26-Tun-06 187377.87 2099294.45 711 6.78 Flush cs LDFE 55 100 mesh 5.0 30 a a 4.0 0.4
ML-5-2 2 Tl 55 a a 6.5 0.4
ML-5-3 3 10.0 8.0 a a 9.0 0.4
ML-5-4 4 12.5 10.5 a a 11.5 0.4
ML-5-5 5 15.0 13.0 a a 14.0 0.4
ML-5-6 6 17.5 15.5 a a 16.5 0.4
ML-5-7 7 19.5 18.0 a a 19.0 0.375
ML-6-1 1 26-Jun-06 187376.95 2099292.48 7.07 6.67 Flush (6~ LDFPE 5S 100 mesh 5.0 30 a a 4.0 0.4
MIL-6-2 2 T8 55 a a 6.5 0.4
ML-6-3 3 10.0 8.0 a a 9.0 0.4
ML-6-4 4 12.5 10.5 a a 11.5 0.4
ML-6-5 5 15.0 13.0 a a 14.0 0.4
ML-6-6 6 17.5 15.5 a a 16.5 0.4
ML-6-7 7 19.5 18.0 a a 19.0 0.375
ML-7-1 1 26-Tun-06 | 187374.69 | 2099289.62 7.12 676 Flush cs LDFE 55 100 mesh 4.5 Z8 a a 35 0.4
ML-7-2 2 7.0 5.0 a a 6.0 0.4
ML-7-3 3 95 TS a a 8.5 0.4
ML-7-4 4 12.0 10.0 a a 11.0 0.4
ML-7-5 5 14.5 12.5 a a 13.5 0.4
ML-7-6 6 17.0 15.0 a a 16.0 0.4
ML-7-7 7 19.5 17.5 a a 18.5 0.375
Notes:
1t - feet

ft amsl - feet above mean sea level
1t bgs - feet below ground surface
CS - cast steel

PVC - polyvinyl chloride

LDPE - low-density polyethylene
S5 - stainless steel

.8 Surveying by Palmetto Land Surveying, Inc. Horizontal datum referenced to NAD 83. Vertical datum referenced to NAVD 88. After the survey was completed, top of casing elevations were altered by the
addition of pressure fittings and have not vet been resurveyed. As such, top of casing elevations are not included in the table.

a Channels 1 to & have a screen length of 3.25-inches. Channel 7 has a screen Length of 0.25-inches.
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TABLE 5-2: TOTAL NUMBER AND TYPES OF SAMPLES COLLECTED

Parris Island, South Carolina

Geosyntec Consultants

Specific Parameter of

Number of

Component Matrix Analyte et Frequency Samplesl Location Rationale/Use
Pre-demonstration Groundwater VOCs PCE, TCE, ¢DCE, tDCE, 1,1 Once 13 TW-1 through TW-4, |Identify source zone
sampling DCE, VO AW-2, MW-08SU,
MW-225U0
Soil VOCs PCE, TCE, <DCE, tDCE, 1,1 Once 62 8C-1 through SC-8 |Identify source zone
DCE, VO
Integral Pump Tests Groundwater VOCs PCE, TCE, ¢DCE, tDCE, 1,1{ Pre-EZVI injection 16 PMW-3 Estimate the change n contaminant mass flux from the
DCE, VC and post- Pneumatic Injection test plot over the treatment duration
demonstration
DHGs methane, ethane, ethene, Pre-EZVT injection 16 PMW-3 Estimate the change in contaminant mass flux from the
acetylene and post- Pneumatic Injection test plot over the treatment duration
demonstration
Demonstration Sampling | Groundwater Field Parameters DO, ORP, pH, temperature, Baseline, 6 post- 357 Select fully screened |Primarily to monitor significant shifts in redox conditions
conductivity, turbidity, |injection events, post- and multilevel wells
sulfide, ferrous iron demonstration
VOCs PCE, TCE, ¢DCE,tDCE, 1,1 Baseline, 6 post- 317 Select fully screened | Assess the extent of VOC degradation in both injection
DCE, VC mjection events, post- and multilevel wells |plots and mass flux reduction in the Pneumatic Injection
dem onstration plot
DHGs methane, ethane, ethene, Baseline, 6 post- 308 Select fully screened | Assess the extent of VOC degradation and
acetylene injection events, post- and multilevel wells |methanogenesis in both injection plots
demonstration
VFAs acetic acid, butyric acid, Baseline, 4 post- 116 Select fully screened (Evaluate electron donor concentrations, monitor
lactic acid, propionic acid, |injection events, post- and multilevel wells |degradation of vegetable oil, and quantify the presence of
pyruvic acid demonstiration organic matter in groundwater
Alkalinity CaCoO, Baseline, 6 post- 318 Select fully screened (Monitor major shifts in buffering
injection events, post- and multilevel wells
demonstration
TOC TOC Baseline, 6 post- 332 Select fully screened |Evaluate electron donor concentrations, monitor
injection events, post- and multilevel wells |degradation of vegetable oil, and quantify the presence of
demonstration organic matter in groundwater
Cations/Dissolved Metals Fez+, Mn2+, EPA list Baszeline, 6 post- 332 Select fully screened |Monitor the occurrence of Fe and Mn reduction
injection events, post- and multilevel wells
dem onstration
Soil VOCs PCE, TCE, ¢DCE, tDCE, 1,1 Baseline, post- 40 SC-9 through 8C-13 |Determine estimate of DNAPL mass
DCE, VC demonstration
EZVI NA Post-EZVI injection, 16 ESC-01 through ESC-|Evaluate EZVI distribution and confirm emulsion droplet
post-dem onstration 16 integrity
f.. NA Baseline 3 8C-9 Confirm assumed values used to estimate PCE DNAPL
mass
Porosity NA Baseline 3 3C-9 Confirm assumed values used to estimate PCE DNAPL
mass
Notes:
NA - not applicable
! - numbers do not include QA/QC samples
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¢ Dissolved hydrocarbon gases (DHGs) (including methane, ethane, ethene);
e Anions (chloride, nitrate, nitrite, sulfate);
e Volatile fatty acids (VFAs); and

e General geochemical indicators (alkalinity, total organic carbon [TOC], cations,
dissolved metals).

All groundwater samples were collected using peristaltic pumps (either a Geopump
[Geotech Environmental Equipment, Inc.; Denver, CO] or ISMATEC REGLO [ISMATEC SA;
Switzerland]) with dedicated well tubing. Eight soil cores (SC-1 through SC-8) were collected at
the Site during the June 2005 Site investigation to evaluate whether there was sufficient VOC
mass at the Site to conduct the EZVI field Dem/Val (Figure 5-1). An additional soil core (SC-9;
Figure 5-2) was collected from within the Pneumatic Injection test plot in June 2006 to complete
the baseline mass evaluation. Soil cores were sampled in 2-foot long sections and VOCs were
extracted from each two foot section with methanol on-site. The methanol extraction procedure
is described in detail in Appendix D. Measurements of soil porosity, bulk density, and fraction
of organic carbon were performed on select soil samples from SC-9 to further refine VOC mass
estimates. Results are presented in Appendix E (Table E-2).

Borehole logs for soil cores SC-1 through SC-9 can be found in Appendix B. Soil lithology
beneath each test plot is described below.

e The Pneumatic Injection Test Plot consists primarily of grayish/brown, fine to medium
grained silty sand with intermittent clay lenses to a depth of approximately 18 ft bgs. A
predominant clay lense was encountered between 8 and 10 ft bgs, and peat was typically
encountered at a depth of approximately 18 ft bgs. Orange/brown molting was observed
on silty sands between 4 and 8 ft bgs.

e The Direct Injection Test Plot consists primarily of light to dark grey, fine grained sand
with traces of silt and clay to depth of approximately 17 ft bgs. A clay lense was
encountered from approximately 17 to 18 ft bgs, and peat was encountered at
approximately 18 ft bgs.

All samples were collected by Geosyntec and USEPA personnel using sampling protocols
outlined in the Sampling and Analysis Plan (SAP) developed for the field Dem/Val (Appendix B
of the Demonstration Plan [Geosyntec, 2006b]). Procedures used to ensure data quality are
summarized in the Quality Assurance Project Plan (QAPP; Appendix C of the Demonstration
Plan [Geosyntec, 2006b]).

In the Pneumatic Injection test plot, VOC results from soil cores SC-9, SC-3, SC-8 and SC-7
were used to calculate estimates of VOC mass (as either sorbed or DNAPL) in soils in the
northern, eastern, southern and western quadrants of the test plot, respectively. Groundwater
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VOC results from wells PMW-5 and PMW-6 were used to calculate estimates of dissolved phase
VOC mass in the northeastern and southwestern halves of the test plot, respectively. Test plot
dimensions of 15 ft wide, 10 ft long, and 12 ft in vertical thickness (6 to 18 ft bgs) were used for
the calculations. PCE DNAPL mass was estimated from threshold PCE soil concentrations using
the equation below to determine the presence of DNAPL:

Ct — Cwater (deb +n) (1)
Py

Where:
Ci= maximum PCE concentration in the dissolved and adsorbed phases (mg/Kg)
Cywater = PCE Solubility; 240 mg/L at 20°C
p, = bulk density of soil (g/cm’): clay/silty clay=0.98; sand=1.55; peat=0.3 (from SC-9)
n= porosity (unitless): clay/silty clay=0.625; sand=0.281; peat=0.844 (from SC-9)
K4 = partitioning coefficient of PCE in soil [(mg/Kg)/(mg/L)] = Kocfoc

Koc = organic carbon partition coefficient for PCE [(mg/Kg)/(mg/L)]: clay/silty clay=
447; sand=355; peat=631 (Montgomery, 2000)

foc = fraction organic carbon (unitless): clay/silty clay=0.045; sand=0.00088; peat=0.25
(from SC-9)

VOC results from soil core SC-1 were used to calculate estimates of VOC mass (as either
sorbed or DNAPL) in soils in the Direct Injection test plot. Three separate treatment zones
(corresponding to the three injection points), with each zone measuring 2 ft in diameter and 6 ft
in vertical thickness (6 to 12 ft bgs) were assumed for the calculations. PCE DNAPL mass was
estimated as above for the Pneumatic Injection test plot.

5.6.2 Pre-Injection Integral Pump Test

Integral pump tests (IPTs) were performed downgradient of the Pneumatic Injection test plot
at monitoring well PMW-3 prior to EZVI injection in October 2006 and at the end of the
performance monitoring period in March 2009 to aid in evaluating the performance of the EZVI.
Results of the integral pump tests were used to estimate the change in contaminant mass flux
from the Pneumatic Injection test plot over the test period. Results were also compared to mass
flux estimates calculated using data collected from the multilevel transects located downgradient
of the Pneumatic Injection test plot.

The integral pump test is based on the quantification of contaminant mass flux across a
control plane located downgradient of a source zone and perpendicular to the direction of
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groundwater flow. In comparison with point scale measurements using a transect of monitoring
wells, the integral pump test uses a large sampling volume obtained by pumping water from one
or more wells situated along the control plane. If the entire groundwater discharge downgradient
from the source is captured, then the total mass discharge from the source zone can be
determined (Bockelmann, 2002).

During groundwater extraction from the well(s), samples are collected and contaminant
concentrations are determined as a function of time. A simplified analytical solution can then
used to quantify the mass discharge at the control plane established by the pumping well(s)
(Bockelmann, 2002). This approach consists of calculating contaminant concentrations in
distinct aquifer regions, called streamtubes, which span the length of the control plane and that
are established by the incremental increases in the well capture zone between successive sample
times. The total mass flux (MF) across the control plane is then calculated by combining the
individual MFs for each streamtube as follows:

MF =23°0C, @

Where N is the number of data points (sample times), Q; is the flow rate within the streamtube
corresponding to sample time t;, and Cy is a function of the concentration measured at the
pumping well for sample time t; (Bockelmann, 2002), and is calculated using a recursive formula
presented by Schwarz (2001).

Prior to conducting the pre-injection IPT, a numerical groundwater flow model was
developed to estimate the approximate limits of groundwater capture at the end of the IPT and to
estimate the extent to which water that originates in the screens of each of the fully screened
monitoring wells and multi-level wells will travel during the IPT. Results of the model indicate
that the capture zone for the IPT is mainly centered on the area directly downgradient of the
Pneumatic Injection test plot as designed to evaluate the changes in mass flux out of the
treatment area. Complete details of the IPT modeling effort is presented in the September 18,
2006 Integral Pump Test Modeling memorandum (Appendix E).

During the pre-injection IPT, groundwater was extracted from well PMW-3, located
immediately downgradient of the Pneumatic Injection test plot, at a rate of approximately 1.25
gallon per minute (gpm) for 16 hours using a submersible pump. Samples of the extracted
groundwater were collected from the pump discharge at pre-determined times for analysis of
VOCs and DHGs. A summary of the VOC concentrations during the IPT is presented in Table
5-3. The extracted water was stored in an on-site storage tank for subsequent treatment and
disposal.

The total mass flux across the Pneumatic Injection test plot was calculated by inserting the
measured VOC and DHG (ethene only) concentrations into Equation 2 above. This calculation
was also performed for the post-demonstration IPT (see Section 5.6.6) in order to assess the
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TABLE 5-3: SUMMARY OF PRE-EZVI INJECTION IPT VOC CONCENTRATIONS Geosyntec Consultants
Parris Island, South Carolina

Sample ID:| PMW3-15M PMW3-30M PMW3-10H PMW3-2H PMW3-4H PMW3-8H PMW3-12H PMW3-16H
Sample Date: 12-0ct-06 12-Oct-06 12-Oct-06 12-Oct-06 12-Oct-06 12-Oct-06 13-Oct-06 13-Oct-06
Time sampled (hr): 0.25 0.5 1 2 4 8 12 16
YOCs (ngl)
1,1-Dichloroethene 2500 2000 20000 2000 100 U 500U -- 1000
cig-1,2-Dichl oroethene 28,000 19,000 17,000 15,000 14,000 13,000 10,000 10,000
Tetrachloroethene 26,000 19,000 20,000 20,000 19,000 20,000 19,000 19,000
trans-1,2-Dichloroethene 1,000 640 570 410 470 500U 330 310
Trichloroethene 12,000 8,900 9,200 8,900 8.800 8.500 7,900 7.400
Vinyl Chloride 2,000 1,300 1,200 1,200 1,000 1,100 370 850
Dissolved Hydrocabon Gases (ngl)
Acetylene 300 300 300 300 300 30U 300 300
Fthane 1.00T 0.55.J 0.53.J 03907 0.38.J 1.0U 1.0T7 1.0T
Fthene 78 79 78 79 67 79 78 84
Methane 280 320 310 310 270 300 280 290

Ivofes:

U - parameter was not detected; associated value is quanti tation limit

T - indicates that the parameter was detected above the method detection limit but below the quantitation limit and the associated numeric result is estimated
1ig/L - micrograms per liter
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change in contaminant mass flux from the Pneumatic Injection test plot over the test period. A
depth to water of 3.4 ft bgs was assumed for the calculations as this was the measured depth to
water in well PMW-3 prior to conducting the pre-injection IPT. A total depth of 20 ft bgs was
also used for the calculations as this was assumed to be the total depth of the upper aquifer.
Mass flux estimates are summarized in Section 5.8.4, and mass flux calculation data is presented
in Appendix E (Tables E-46 and E-47).

5.6.3 Injection Permitting

Approval was obtained from the South Carolina Department of Health and Environmental
Control (SCDHEC) for the injection of EZVI at the Site.

5.6.4 EZVI Manufacturing

The EZVI used in the Dem/Val was the same formulation that was used in the laboratory
treatability tests, and was composed of nZVI from Toda (RNIP-10DS), water, corn oil and
surfactant (Span 85) in the following proportions by weight: 10%, 51%, 38% and 1%,
respectively. The EZVI was manufactured on site in the same 55 gallon drums that the nZVI
was shipped in from Japan. Each drum was shipped with the correct amount of iron in it to make
up a ~46 gal batch of EZVI.

The EZVI manufacturing process is depicted in Figure 5-4. A winch system was set up on
Site to lift the double-bagged EZVI, which was shipped under a nitrogen head in a deoxygenated
water slurry, up slightly in the drum to allow access to cut the plastic bags containing the iron
and drain the iron slurry into the drum. Attempts were made to keep a nitrogen head on the drum
while working. The drum was placed on a scale used to estimate the weight of the water present
in the drum (shipped from Japan with an estimated 22 gal of deoxygenated water). Once the
plastic bags had been removed, additional water (approximately 2 gals of potable water from a
tap at the site) was added to the drum to obtain the correct amount by weight for a drum’s worth
of EZVI. The drum containing water and nZVI was then placed under an industrial mayonnaise
mixer used to stir the contents of the drum. The surfactant (0.5 gal per drum) was measured and
mixed into the vegetable oil (~20 gal per drum) prior to adding the vegetable oil to the nZVI
drum. The mixer was turned on and the water and nZVI were mixed to get the nZVI into
suspension. Qil (containing the surfactant) was then slowly added to the iron slurry until the
correct amount had been added (38% by weight) and the nZVI slurry and oil formed an emulsion
in the drum. The mixer was then removed from the drum, a nitrogen head added to the top of the
drum and the drum sealed and moved to the staging area for the injections. A sample of EZVI
that was made on site was collected and an activity assay was performed to insure that the nZVI
was still reactive after exposure to oxygen during mixing and from the oxygen in the top-up
water that was added to the nZVI slurry. The activity assay results compared well with those
conducted in the laboratory in zero-oxygen atmosphere indicating that the there was no
significant loss of nZVI reactivity during the manufacturing of the EZVL
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Once all EZVI had been made and the drums moved to the staging area, the EZVI was
transferred from the drums to holding tanks on the injection rigs using industrial pumps.

5.6.5 EZVI Injection

EZVI was injected into the test plots in October 2006. The technology demonstration was
designed to inject a maximum of 850 gal of EZVI into the Pneumatic Injection test plot and 50
gal into the Direct Injection test plot (see Section 3.6.5 of the Demonstration Plan, Geosyntec
2006b). However, due to daylighting of EZVI (EZVI migrating up former investigation borings
to ground surface) in the Pneumatic Injection test plot it is estimated that 576 gal of EZVI was
injected into 8 locations within the Pneumatic Injection test plot between 7 and 18.5 ft bgs (2
injection locations were performed using Direct Injection technology), and an estimated 32 gal of
EZVI came to surface. A total of 151 gal of EZVI was injected into 4 locations within the Direct
Injection test plot between 6 and 12 ft bgs and an estimated 5 gal of EZVI came to surface.
Table 5-4 provides a summary of the volume of EZVI injected into each test plot, and Figure 5-5
depicts the injection locations.

Pneumatic Injection Test Plot

Pneumatic injections were performed by Pneumatic Fracturing, Inc. (Alpha, NJ). The
injection nozzle consisted of a bullet-shaped nozzle which is threaded on both the inside and
outside. The inside drill casing is 1.5 inches in diameter and the outside drill casing is 3 inches
in diameter. The inside casing functions as the pathway for the nitrogen and the injectate media
and the outside casing supports the nozzle during installation. For the pneumatic injections, a
two-step injection procedure was used. First, the formation was fluidized by the injection of
nitrogen alone, followed by injection of the EZVI with nitrogen as the carrier. The injection
nozzle is designed to inject media in a horizontal or planar format in a 360° circumference. The
nozzle itself is directional, so that each injection covers an area of 90°. To achieve a 360°
circumference, the nozzle was rotated between injections four times at each depth interval. The
nozzle is designed to produce a high fluid velocity so that the maximum acceleration of gases
and media is achieved immediately before entry into the soil formation. After the injection was
completed, the nozzle was retracted upward approximately 2 feet and the process repeated.
Nitrogen initiation and maintenance pressures and pump pressures were monitored and logged
during all injection events. All measurements were collected utilizing a pressure transducer and
a pressure gauge located at the nitrogen trailer and a pressure gauge at the pump head. A
summary of these measurements is presented in Appendix F.

Efforts were made to control the placement of the EZVI in the test plot. A set of five
injection points were planned for the Pneumatic Injection test plot, with injections occurring
from 7 to 18.5 ft bgs. Efforts were made to inject more EZVI in the southwestern half of the plot
between ML-2 and ML-5, ML-6 and ML-7 to match the distribution of DNAPL in the test plot.
The injection strategy was to inject in the outer or corner injection points (each a 90° injection),
pushing the EZVI and potentially mobile DNAPL toward the center of the plot, followed by
injection of EZVI in the middle of the plot (a total of 360° injection, comprised of four 90°
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TABLE 5-4: EZVIINJECTION VOLUMES Gensyntec Consultants

Parris Island, South Carodlina
Volune of EZV] EZVI Volume of EZV]]
P . |Injection Drate & Injection Depth Injection . Not:
Injection Point | ™ ot 0 eeion e Dii Fi Injected Daylighting | Daglighted" &
(fthgs) (gl Observed (zl)
Prcumatic Injection Plot
1Pl 14-Oct-06 Vs E 16.0 Mo *
117 155 E 16.0 Mo -
13.5 E 200 Mo -
11.5 E 16.0 Yes <0.25 <0.25 gal daylighted in area between IP1 and PMW-4
IF3 14-Oct-06 170 K 16.0 Mo -
15:25 15.0 W 16.0 Yes <0.25 <0.25 gal daylighted around ML-3 pad
13.0 W 16.0 Yes <0.25 <0.25 gal daylighted around ML-3 pad
1.0 T 16.0 Ves <0.25 <0.25 gal daylighted around ML-3 pad
9.0 W 16.0 Yes <0.25 <0.25 gal daylighted around ML-3 pad
7.0 W 16.0 Yes <0.25 <0.25 gal daylighted around ML-3 pad
P4 16-Oct-06 175 3 10.0 Mo -
10:14 155 3 10.0 Mo -
T35 3 10.0 Mo #
115 s 100 Mo -
9.5 3 10.0 Mo -
7.5 3 10.0 Mo -
P2 16-Oct-06 17.5 N 16.0 Mo -
14:03 155 i 16.0 Mo -
13.0 N 16.0 Mo -
11 N 16.0 Mo -
9.0 i 16.0 Mo -
7.0 N 16.0 Mo -
1P5 17-Oct-06 135 N 16.0 Nao - Water coming from PMW-6 and PMW-3 discharge lines
2:40 18.5 ME 16.0 Mo - Small dark slugs in PMW-6 discharge line
185 SE 16.0 Mo - Small dark slugs in PMW-6 discharge line
18.5 SW 16.0 Mo - Small dark slugs in PMW-6 discharge line, puffof dust between IP5 and ML-3 during jhit
16.5 SW 16.0 Mo -
£ gal daylighted around P w-b pad and from locahion between 1P and NML-5, assume 0% Ev] 503
16.5 MW 16.0 Yes 1o waker
14.0 NW 9.0 Yes 25 5 gal daylighted around PMW-6 pad, assume 50% EZVI 50%5 water
P10 17-Oct-06 13.0 NE 270 Yes 15 3 gal daylighted around PMW-6 pad, assume 50% EZVI 50% water
15:42 16.0 ME 270 Yes 30 6 gal daylighted around PMW-6 pad, assume 50% EZVT 50%% water
15.0 NE 27.0 Yes 75 15 zal daplighted around PMW-6 pad, assume 50% EZVI 50% water
IP1L 17-0ct-06 14.0-13.0 360° 200 Yes 20 4 gal daylighted around PMW-6 pad, assume 50% EZV] 50% water
18:22 13.0-12.0 360° 10.0 Tes 25 5 gal daylighted around PMW-6 pad, assume 50% EZVI 50% water
11.0-10.0 360° 5.0 Yes 2.5 5 gal daylighted around PMW-6 pad, assume 50% EZVI 50% water
P12 13-Oct-06 16.5-15.5 360° 250 Yes 5 5 gal daylighted around PMW-6 pad, assume 50% EZVI 50% water
9:40 12.5-11.5 360° 10.0 Ves 5.0 10 gal daylighted around PMW-6 pad, assume 50% EZVI 50% water
Total 576.0
Direct Injaction Plot
1P 15-Oct-06 12-11 360° 16.0 Mo -
11:33 11-10 360° 14.0 Mo +
10-3 360° 14.0 Yes <0.25 <0.5 gal daylighted in 3C-1/5B152 area assume 50% EZVI
9.3 360° 14.0 Yes <025 <0.5 gal daylighted in 3C-1/SB152 area assume 50% EZVI
g7 360° 10.0 Yes (.25 <0.5 gal daylighted in SC-1/SB152 areq assame 50% EZV]
1P3 15-Oct-06 6-7 360° 3.0 Tes <025 <00.25 gal daylighted in SC-1/5B152 area
14:46 78 360° 6.0 Tes <025 <025 gal daylighted in 5C-1/5B152 area
39 360° a.0 Yes <0.25 <0.25 gal daylighted in 3C-1/SB152 area
9-10 360° 6.0 Tes <025 <0.25 gal daylighted in SC-1/5B152 area
10-11 360° 5.0 Yes 0.5 1 zal daylighted in SC-1/SB152 area, assume 50% EZVI
11-12 360° 6.0 Tes 0.5 | gal daylighted in SC-1/SB152 area assume 50% EZVI
IF7 15-Oct-06 6-7 360° 2.5 Tes <025 <00.25 gal daylighted in SC-1/5B152 area
16:22 g9 360° 4.5 Tes <0.25 <025 gal daylighted in 5C-1/8B152 area
9-10 360° 3z] Yes 0.75 1.5 gal daylighted in 3C-1/3B152 area assume 50% EZVI
11-12 360° 2.1 Tes 05 1 gal dazhghtedm SC-1/2B152 area, assume 50% EZVI
P8 15-Oct-06 12-11 360° 6.0 Mo -
1740 11-10 360° 6.0 Mo -
10-9 360° 6.0 Mo -
9-3 360° 6.0 Mo -
57 360° 6.0 Mo -
76 360° 6.0 Yes <0.25 <0.25 daylighted fom top of IP3 hole
Total 151.2
Notes:

fthags - feet below ground surface

gal - gallons

! Walue is an estimated volume of EZVI that daylighted assuming daylighted material consists of 5036 EZVI and 50% groundwater
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TABLE 5-5: SUMMARY OF EZVI SOIL CORE OBSERVATIONS
Parris Island, South Carolina

Depth Distance to
Injection Plot] Coring Event Core ID Date Cored Interval NI.EBIE.St EZYI EZVI Ohserved Ohservations
Injection Point
(ft hgs) (fty
Pnevmatic | Post-Injection ESCA1 14-Oct-06 4-8 Tes [EZVI at ~6 750t and ~7.5ft
Tjaction 8-12 16 Tes EZVI at~11.4-11.6ft and ~11.75-12f
12-16 dF-3) o 170 EZVI observed (dark sands)
16-18 Mo Mo EZVI observed (dark sands and peat)
E3C-2 14-Oct-06 4-8 Tes [EZVI lenses at ~7ft and ~7 6ft
8-12 53 o Dark grey clay 8-9.5ft, dark sand 11-12ft
12-16 ([r-3) Mo dark sands
16-18 1o No EZVI observed
E3C-3 18-Oct-06 4-8 Possible Possible EZVI at 6, 7 and 7.5t (dark sands)
8-12 33 Possible Possible EZVI at 10ft (dark sands)
12-16 IF-12) Tes EZVT at ~15ft (by organiciwood piece)
16-19 Mo Mo EZVI observed (difficult to see bic of dark clay and peat)
ESC4 18-Oct-06 4-8 o Mo EZVI observed
8-12 34 Tes EZVI at 10ft
12-16 dE-3) Tes 2 lot of EZVI from ~15.5-16£t (EZVI saturated sand)
16-19 Tes [EZVT at 15ft (right above peat layer)
E3C-5 18-Oct-06 4-8 Tes EZVI from 6.5-7ft (saturated sand)
8-12 34 Yes small amount of EZVT at top of core (~8ft)
12-16 (z-3) Mo Mo EZVI cbserved
16-1% Tes small amount of EZVI at ~18ft
EZC-6 18-Oct-06 4-8 Possible Pogsible EZVI at 5.5t and 6.8ft
8-12 48 o Mo EZVT observed
12-16 (IP-5) o o EZVI observed (only 1ft recovery)
16-19 Possible Possible EZVT at 18.3ft (sheen on peat; shinny peat)
Post- ESC-11 19-Mar-03 4-8 Yes EZVI from 5'5"-57"
Demonstration 8-12 A4 Yes/Possible EZVI 8'5", possible EZVT at 104"
12-16 IP-5) Possible FPossible EZVIat 13'5"
16-20 Mo Mo EZVI observed
E5C-12 19-Mar-03 4-3 Possible [Possible EZVIfrom 53"-5'3"
g-12 286 Tes [EZVI finger at 8'9"
12-16 @p-11) Tes Small amount of EZVIfrom 13'3"-13'3" (partially saturated soil), multiple EZVI stringers from 15'1"-15'9" (possi
bentonite with EZVI absorbed onto - tumned bentonite pale green color)
16-20 Possible Possible EZVIfrom 184"-18'5"
E5C-13 18-Mar-02 4-8 Possible/Tes Possible EZVI from 5'4"-5'5" and at €', EZVT stringers from 7'-7'7"
812 34 Ho Mo EZVI observed
12-16 (r-12) Mo Mo EZVI cbserved
16-20 Possible/Tes Possible EZVIat 18'10", EZVI at 19'5"
ESC-14 18-Mar-09 4-8 Possible Possible EZVI from 5'3"-5'5", 6'5"-6'6", and 7'5"
8-12 29 He 7o EZVI observed
12-16 (IP-3) Possible Possible EZVI at 13'4"
16-20 Mo Mo EZVI observed
E3SC-16 19-Mar-09 4-8 Tes Multiple stingers of EZVIfrom 5'2"-6', EZVI from 6'%"-6"7"
8-12 59 He Mo EZVI cbserved
12-16 e-3 Mo Mo EZVI observed
16-20 Possible Poseible EZWVTat 19'3"
EsSC-17 19-Mar-09 4-8 Possible/Yes Possible EZVIat 4'11", EZVI stringer at 7'8"
8-12 7.0 Mo Mo EZVI observed
12-16 F-2) Mo Mo EZVI observed
16-20 o Mo EZVI observed
Page 1 of 2
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TABLE 5-5: SUMMARY OF EZVI SOIL CORE OBSERVATIONS
Parris Island, South Carolina

ESICP Final Report

ER-0431

Depth Distance to
Injection Plot| Coring Event Core ID Date Cored Interval Nn_aare_st EZYI EZVI Observed Ohservations
Injection Point
(fthgs) (ft)
D“E_Ct Paost-Injection ESC-7 18-Oct-06 4-8 28 Possible Possible EZVI from 5-6ft, spotty (dark grey spots i lighter gray sand) from 6-7ft, possible EZVIat 7' 10"
Injection 812 (LR Tes EZVI at 9 10", woid with EZVT at 10"
E3C-8 18-0ct-06 4-8 273 Possible Possible scattered EZVIfrom 5.5-7ft (or black sands?)
8-12 IF-6) Yes |zood am ount of EZVT from 11-12ft (mainly from 11-11.56)
ESC-8 18-Oct-06 4-8 14 Possible Possible sacttered EZVIfrom 6.5-8ft (dark sands)
3-12 UF-8) Yes EZVT at 10.58t (~2 inches)
ESC-10 18-Oct-06 4-8 22 Possible Possible sacttered EZVI from 6.5-7 5ft (dark sand spots?)
12 (IP-8) Tes BZVI at 9 10" and 10 10", possible BEVI at ' (but might be dark clay)
Fost- ESC-15 13-Mar-09 4-8 Fossible/Tes Possible EZVI from 5'-6' (speckled black spots), EZVIat 7'6"
Dem onstrati on 8-12 17 Possible/Yes Possible EZVI from 8'6" -8'9" (marble effect dark staining on clay), EZVI at 9'5"
12-16 IP-9) Possible Dossible small am ount of EZVIat 13'
16-20 Mo Mo EZVI observed
Noies:
ft - feet
ftbgs - feet below ground surface
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injections at each depth) to help promote mixing of the DNAPL and EZVI as the EZVI is pushed
back toward the edges of the plot. Any potentially mobile DNAPL would then be pushed out
into the soil around the corner injection points. However, there were issues with daylighting and
controlling the placement of the EZVI with the first injection location (IP-1) which resulted in a
change in injection strategy.

Table 5-4 provides a summary of the volume of EZVI injected at each injection point as
well as a summary of the amount and location of any daylighting of EZVI that was observed.
Figure 5-6 provides a stepwise diagram of the EZVI injections in the Pneumatic Injection test
plot and also depicts where EZVI daylighting was observed during injections. In the 11.5 ft bgs
injection interval in IP-1, a small amount of EZVI came to surface approximately 5 ft to the
south of the injection tool. Although the pneumatic injection nozzle, which injects over a 90°
arc, was placed so that the injection should have been focused into the plot, it is believed that the
EZVI came to surface in an old MIP probe hole that provided a short-circuit pathway to surface.
As a result, EZVI injection was stopped for IP-1 when the EZVI daylighted and the injection
moved to IP-3 (opposite corner from IP-1). During injections at IP-3, EZVI dayligthted around
the surface completion of ML-3 which was again outside of the 90° target injection interval, but
only small amounts of EZVI were coming to surface and the injections were completed at this
location.

At IP-2 and IP-4 no daylighting was observed and EZVI was injected over the complete
target depth interval. At IP-5, which was located in the center of the plot and was to have
injections completed over the complete 360° circumference, injections were stopped after only
completing the deepest injection interval for 360° and partially completing the 16.5 and 14 ft
depth intervals. At that point significant amounts of EZVI were coming to surface around the
surface casing of PMW-6. For a 9 gal injection of EZVI at the 14 ft depth interval,
approximately 5 gal of fluid came to the surface (50% assumed to be water and 50% estimated to
be EZVI). Pneumatic injection was stopped at this point and the plot allowed to “rest” for
approximately 6 hours in hopes that the preferential pathways to surface would have a chance to
collapse. A sixth pneumatic injection point, [P-10 was attempted along the southwestern edge of
the plot with the nozzle pointing into the center of the plot. A total of 27 gal of EZVI was
injected in each of the depth intervals 18 ft bgs, 16 ft bgs and 15 ft bgs, but during each injection
event EZVI and water daylighted around PMW-6 and injection was stopped when an estimated
15 gal of fluid were coming to surface.

The amount of EZVI injected into the pneumatic injection plot at the time injections were
stopped was only approximately 490 gal, just over half of the target amount of EZVI for this
plot. It was decided that an attempt would be made to inject additional EZVT into the pneumatic
injection plot using the direct push injection method to try and make up some of the remaining
volume of EZVI that needed to be added. Two direct push injection locations, IP-11 and IP-12
were located on the western side of the plot in the area where the highest concentrations of
VOCs were located. Injections were focused on the 10 to 14 foot depth interval where the
highest concentrations were observed in the soil cores. An additional 70 gal of EZVI were
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injected (35 gal at each location) but injections were stopped when fluid was daylighting to
surface around PMW-6.

Direct Injection Test Plot

Direct injections were performed by Vironex (of Golden, CO) using a direct push rig. The
rig was used to advance a 1.5-inch O.D. injection tooling with a 1-ft injection screen to the
bottom of the desired injection interval (12 ft bgs). Once the target depth was reached, an
injection cap was attached to the top of the tool string. Grout pumps were then used to inject
EZVI and water (at a ratio of 1:3) into the formation at maximum pressures of 50 pounds per
square inch (psi). Use of the injection tooling allows the EZVI to be distributed over 1-ft depth
intervals. After the first injection was completed, the tooling was retracted upward a distance of
1 ft, and the process repeated. Pump pressures were monitored and logged during all injection
events, and are presented in Appendix F. Table 5-4 provides a summary of the volume of EZVI
injected at each injection point as well as a summary of the amount and location of any
daylighting of EZVI that was observed. Figure 5-7 provides a stepwise diagram of the EZVI
injections in the Direct Injection test plot and also depicts where EZVI daylighting was observed
during injections.

Injection Monitoring

During EZVI injection in each plot, the injection area was monitored for surface heave and
evidence of daylighting or blowby using a graduated heave rod and a surveyor’s transit.
Daylighting occurs when a vertical fracture or other features such as casings or old boreholes
provide a preferential pathway for nitrogen or fluid to the surface. Blowby occurs when nitrogen
or injection fluid travels upwards along the side of the nozzle assembly and dissipates at ground
surface adjacent to the nozzle. In the Pneumatic Injection test plot, measurements of pressure in
select wells were also recorded using pressure gauges at the well head (see Appendix F) and
downhole pressure transducers (Levelogger 3001, Solinst Canada Ltd., Georgetown, Ontario,
Canada). Plots of pressure transducer data during each day of injections are presented in
Appendix E (Figures E-1 to E-5).

Following EZVI injection, soil cores were collected from ten locations (ESC-1 through
ESC-10) around the injection points to evaluate the ability of the two injection technologies to
provide effective distribution of the EZVI within the source zones (Figure 5-5). A summary of
the soil core observations is provided in Table 5-5. Soil cores were collected after all EZVI
injections were complete to reduce the likelihood of providing short-circuit pathways through
boreholes. As a result, it was not possible to determine which direction the EZVI observed in
each soil boring came from. However, inspection of soil cores from locations ESC-1 through
ESC-6 suggested good lateral distribution of EZVI within the test plot, as all core locations
except for ESC-6 showed evidence of EZVI in at least one soil core. The cores did indicate that
the EZVI was not as evenly distributed throughout the target treatment interval as expected and
that there was strong indication of fingering or preferential flow paths. It should be noted that
during the post-demonstration coring event, two additional soil cores from location ESC-11,
which was located ~1 ft from ESC-6, showed evidence of EZVI. During the post-demonstration
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TABLE 5-5: SUMMARY OF EZVI SOIL CORE OBSERVATIONS
Parris Island, South Carolina

ESTCP Final Report

ER-0431

Depth Distance to
Injection Plot] Coring Event CoreID Date Cored Interval Nn.aare.st EZ‘_{I EZVI Ohserved Ohservations
Injection Point
(fthgs) (ft)
Pneumatic [ Post-Injection ESC-1 14-Oct-06 48 Tes EZVI at ~6.75ft and ~7.5f
Tojehion 812 16 Yes EZVI at ~114-1168t and ~11.75-128
1216 ) o 110 BEVT abserved (dark sands)
16-18 Mo Mo EZVI observed (dark sands and peat)
E5C-2 14-Oct-06 48 Yes EZVI lenses at ~7ft and ~7.6ft
8-12 53 Mo Dark grey clay 8-9.5ft, dark sand 11-12ft
12-16 (Ir-3) No dark sands
16-18 o MM EZVI observed
ESC-3 18-Oct-06 4-8 Possible Possible EZVI at 6, 7 and 7.5ft (dark sands)
8-12 33 Possible Possible EZVI at 10ft {dark sands)
12-16 IP-12) Tes EZVT at ~15ft (by organiciwood piece)
16-19 Mo I EZVI observed (difficult to see bit of dark clay and peat)
EsSC4 18-Oct-06 4-3 Mo MM EZVI observed
8-12 34 Tes [EZVI at 10ft
1216 ] Tes alot of EZVI from ~15.5-168t (BZVI saturated sand)
16-19 Tes EZVI at 18ft (right above peat layer)
E3C-5 18-Oct-06 4-8 Tes EZVI from 6.5-7ft (saturated sand)
8-12 34 Yes small am cunt of EZVI at top of core (~3f)
12-16 (IE-3) No Mo EZVI observed
16-19 Tes small am cunt of EZVT at ~18ft
ESC-6 18-Oct-06 4-8 Possible Possible EZVT at 5.5t and 6.8ft
3-12 4.8 o Lo EZVI observed
12-16 IE-5) Mo Mo EZVI observed (only 1ft recovery)
16-19 Possible Possible EZVWT at 18 3ft (sheen on peat; shinny peat)
Post- EsC-11 19-Mar-0% 4-8 Tes EZVI from 5'5"-57"
Demonstration 8-12 44 Yes/Posable [EZVI 8'S", possible EZVT at 104"
12-16 (IP-5) Possible Possible EZVI at 135"
16-20 Mo 1Tc EZVI observed
ESC-12 18-Mar-09 4-8 Possible Possible EZVI from 5'3"-5'5"
8-12 oo Tes EZVI finger at 8'9"
12-16 ap-11y Tes Small amou.nt of EZVI from 13'3"-13'5" (partially saturated soil), multiple EZVI stringers from 15'1"-15'3" (possi
bentonite with EZVI absorbed onto - turned bentonite pale green color)
16-20 DPossible Possible EZVI from 18'4"-18'5"
E3C-13 18-Mar-09 4-8 PossiblefYes Possible EZVI from 5'4"-5'3" and at &', EZVT stringers from 7-7'7"
812 3.4 He 7o EZVI observed
12-16 ae-12) He Mo EZVI observed
16-20 Posable/Yes Possible EZVI at 12'10", EZV] at 19'5"
EsC-14 18-Mar-0% 4-8 Possible Possible EZVI from 5'3"-5'5", 6'5"-6'6", and 7'5"
8-12 29 Mo Mo EZV observed
12-16 IP-3 Possible Dossible EZVT at 13'4"
16-20 o ITo EZVI observed
E3C-16 19-Mar-09 4-8 Yes Multiple stringers of EZVI from 5'2"-6', EZVI from &'6" 67"
g1z 59 Ho Mo EZVI observed
12-16 ap-3) Neo Mo EZVI observed
16-20 Possible Possible EZVT at 193"
ESC-17 19-Mar-02 4-8 Possible/Yes Possible EZVT at 4'11", EZVT stringer at 7'8"
8-12 7.0 Mo Mo EZVI observed
12-16 ae-2 Ho Mo EZVI observed
16-20 o ITo EZVI observed
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TABLE 5-5: SUMMARY OF EZVI SOIL CORE OBSERVATIONS
Parris Island, South Carolina

ESTCP Final Report

ER-0431

Depth Distance to
Injection Plot| Coring Event Core ID Date Cored Interval Ngare_st EZYI EZVI Observed Ohservations
Injection Point
(ft bos) (ft)
Direct Post-Injection EsC-7 18-Oct-06 4-8 2.8 Possible Possible EZVI from 5-6f, spotty (dark grey spots in lighter gray sand) from 6-7ft, possible EZVI at 7' 10"
Injection 512 (E-5) Yes EZVI at & 10, void with EZVT at 10°
ESC-8 18-Oct-06 4.8 23 Possible Possible scattered EZVT from 5.5-7ft {or black sands™)
912 (IP-6) Tes zo0d at ount of EZVI from 11-126 (mainly from 11-11.500
EsC-8 18-Oct-06 4-8 14 Possible Possible sacttered EZVI from 6.5-8ft (dark sands)
3-12 1F-8) Tes EZVT at 10,56t (~2 inches)
ESC-10 18-Oct-08 4.8 22 Possible Possible sacttered EZVI from & 5-7.5ft (dark sand spots?)
712 (IP-8) Tes EZVI at & 10" and 10' 10, possible EZVT at @' (but might be dark clay)
Post- ESC-15 18-Mar-09 4-8 Possible/Tes Possible EZVI from 5'-6' (speckled black spots), EZVT at 7'6"
Demonstrati on 212 1.7 Possible/Tes Possible EZVI from 8'6" -8'9" (marble effect dark staining on clay), EZVI at 9'5"
12-16 IP-%) Possible Possible small amount of EZVIat 13'
16-20 Neo Mo EZVI observed
Notes:
ft - feet
ft bgs - feet below ground surface
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sampling event, soil cores from an additional seven locations (ESC-11 through ESC-17) were
collected to further evaluate the ability of the two injection technologies to provide effective
distribution of the EZVI within the source zones (Figure 5-5). Results of the EZVI soil core
collection activities in the Pneumatic Injection test plot suggest a ROI of ~5 ft (the approximate
distance from ESC-2 to IP-3 and from ESC-16 to IP-3) for the pneumatic injection technology.
As mentioned above, the cores were collected after all the injection activities were completed so
it is not possible to say for sure where observed EZVI was actually injected. We have used the
most conservative estimate by using the closest injection points as the assumed point of origin.

In the Direct Injection test plot, soil core locations ESC-8 (post-injection cores) and ESC-15
(post-demonstration cores) showed evidence of EZVI in at least one soil core. Moreover, soil
cores from ESC-7, ESC-9 and ESC-10 all showed evidence of EZVI in the 8-12 ft cores
collected from each location. These results suggest a minimum ROI of ~2.8 ft (the distance from
ESC-10 to IP-8) for the direct injection technology.

In addition to EZVI soil cores, ORP measurements were conducted in select fully screened
monitoring wells following injection activities (ORP could only be measured in wells PMW-2,
PMW-3 and PMW-4, as wells PMW-1, PMW-5 and PMW-6 all displayed evidence of EZVI
inside the well and there was a concern of damaging the ORP probe if used in these wells). A
summary of ORP measurements is presented in Table 5-6. ORP measurements for wells PMW-
2, PMW-3 and PMW-4 ranged from -24.5 mV to -29.4 mV, -37.9 mV to -69.8 mV, and 37.4 mV
to 53.1 mV, respectively. However, none of these wells displayed ORP readings that were
significantly different from baseline values.

5.6.6 Performance Monitoring Groundwater Sampling

The field sampling events following EZVI injection consisted of groundwater sampling for
laboratory analysis. The Gantt Chart in Figure 5-3 presents the groundwater sampling schedule
used during the demonstration. For each event, groundwater samples were collected from select
fully screened and multilevel monitoring wells and analyzed for either some or all of the
parameters initially tested during baseline sampling activities as outlined in Table 5-2.

5.6.7 Post-Demonstration Sampling and Integral Pump Test

In March 2009, a final set of post-demonstration groundwater samples was collected from
each of the fully screened and multilevel monitoring wells and was analyzed for the parameters
initially tested during baseline sampling activities (Section 5.6.1). A set of post-demonstration
soil cores (SC-10 through SC-13) was also collected in the Pneumatic Injection test plot from
locations adjacent to the baseline soil cores (Figure 5-8), and cores were analyzed for VOC
concentrations to determine post-demonstration VOC mass estimates. VOC extraction from the
soil and calculations were performed as described in Section 5.6.1. As was done during baseline
sampling, post-demonstration VOC concentrations from wells PMW-5 and PMW-6 were used to
calculate estimates of dissolved phase VOC mass in the northeastern and southwestern halves of

ESTCP Final Report
ER-0431 44 April 2010



TABLE 5-6: SUMMARY OF POST-EZVI INJECTION ORP MEASUREMENTS
Parris Island, South Carolina

Total Depth Probe
Well ID Date of Well Time Depth Femperagieg) ORE Comments
(ftbgs) (fthgs) ()] (mV)
PMW-1 18-Oct-06 135 - -- - - |EZVI on waterra tubing, did not measure ORP due to
concern of damaging probes
PMW-2 18-Oct-06 19.0 12:05 PM 9.0 - - |probe in well
12:26 PM 9.0 253 -24.5 |soil coring by DP occuring within 20ft
12:31 PM 9.0 252 -29.0 |soil coring by DP occuring within 20ft
12:37 PM 9.0 25.2 -29 4 |soil coring by DP occuring within 20ft
PMW-3 18-Oct-06 190 12:42 PM 10.0 -- -~ |probe in well
12:44 PM 10.0 24.9 -37.9 |soil coring by DP occuring within 20ft
1:29 PM 10.0 25.0 -54.9 |soil coring by DP occuring within 20ft
1:43 PM 10.0 25.0 -40.8 |soil coring by DP occuring within 20ft
1:48 PM 10.0 25.0 -30.60 |soil coring by DP occuring within 20ft
2:53 PM 10.0 25.0 -45.5 |soil coring by DP occuring within 20ft
2:54 PM 14.0 -- -~ |probe lowered to 14 ft
2:55 PM 14.0 247 -52.5 |soil coring by DP occuring within 20ft
313 PM 14.0 24.6 -69.8 |soil coring by DP occuring within 20ft
3:20 PM 14.0 24.6 -69.8 |soil coring by DP occuring within 20t
PMW-4 18-Oct-06 19.0 3:26 PM 10.0 - - |probein well
3:27 PM 10.0 249 53.1 [soil coring by DP occuring within 201t
3:34 PM 10.0 24.8 42,4 |soil coring by DP occuring within 201t
3:50 PM 10.0 248 38.3 [soil coring by DP occuring within 20ft
3:58 PM 10.0 248 38.0 [soil coring by DP occuring within 20t
3:59 PM 14.0 -- -~ |probe lowered to 14 ft
4:00 PM 14.0 243 37.4 |soil coring by DP occuring within 20ft
4:05 PM 14.0 24.2 37.7 |soil coring by DP occuring within 20ft
4.07 PM 14.0 24.2 37.5 [soi1l coring by DP occuring within 20ft
PMW-5 18-Oct-006 19.0 -- -- -- -~ |EZVI on waterra tubing, did not measure ORP due to
concern of damaging probes
PMW-6 18-Oct-06 190 - -- -- -~ |EZVI on waterra tubing, did not measure ORP due to
concern of damaging probes
Notes:
ft bgs - feet below ground surface
oC - degrees Celsius
mV - millivolts
-- - not measured
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the Pneumatic Injection test plot, respectively and the estimate of the sorbed and DNAPL mass
were determined using SC-10 through SC-13.

Following groundwater and soil core collection, a post-demonstration IPT was conducted in
order to evaluate the change in contaminant mass flux from the Pneumatic Injection test plot
over the treatment duration. The post-demonstration IPT was conducted using the same method
as the pre-injection IPT (Section 5.6.2), where groundwater was extracted from well PMW-3 at a
rate of approximately 1 gpm for 16 hours using a submersible pump. Samples of the extracted
groundwater were collected from the pump discharge at pre-determined times for analysis of
VOCs and DHGs. A summary of the VOC concentrations during the post-injection IPT is
presented in Table 5-7. The extracted water was stored in an on-site storage tank for subsequent
treatment and disposal.

Estimates of VOC and ethene mass fluxes were calculated as described in Section 5.6.2, and
were compared to estimates calculated from the pre-injection IPT in order to assess the change in
contaminant mass flux from the Pneumatic Injection test plot over the EZVI treatment duration.
Results of the mass flux estimate calculations are summarized in Section 5.8.4. Detailed mass
flux calculation data is presented in Appendix E (Tables E-46 and E-47).

5.6.8 Groundwater Elevation Monitoring

During select sampling events at the Site, a set of groundwater elevations were measured
using select water table wells in the area of the test plots. This data was used to determine
detailed groundwater flow directions and gradients at the time of sampling in order to calculate
groundwater velocities over the duration of the performance monitoring period. The
groundwater velocities were used to calculate the mass flux estimates for the baseline, post-
injection, performance monitoring and post-demonstration sampling events. The gradient at the
site is very flat (Figure 4-3) and there was little change in gradient over the duration of the
investigation. Groundwater elevation data is presented in Appendix C.

5.6.9 Shut-down/Demobilization

The USEPA has elected to continue groundwater sampling at the site and thus the
demonstration wells were not abandoned following the final groundwater sampling event for this
demonstration. In addition, the wells may be used by Site 45 MCRD personnel to monitor
groundwater quality at the Site. All wastes, equipment, and supplies were removed at the end of
the March 2009 sampling event.

5.6.10 Disposal of IDW

All soils and water generated during well installation, soil sampling, well purging, and
equipment cleaning were containerized by the drilling or sampling personnel in approved
Department of Transportation (DOT) 55-gal drums. The drums were sealed, labeled and
transported to a designated storage area on the base as directed by MCRD. All other common,
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TABLE 5-7: SUMMARY OF POST-DEMONSTRATION IPT VOC AND DHG CONCENTRATIONS

Parris Island, South Carolina

Sample ID:| PMW3-15M PMW3-30M PMW3-1H PMW3-2H PMW3-4H PMW3-8H PMW3-12H PMW3-16H
Sample Date: 20-Mar-09 20-Mat-09 20-Mar-09 20-Mar-09 20-Mar-09 20-Mar-09 20-Mar-09 21-Mar-09
Time sampled (hr): 0.25 0.5 1 2 4 8 12 16
VOCs (ugl)
1,1-Dichloroethene 1000 1000 100U 100U 1000 100U 1000 100U
cis-1,2-Dichloroethene 13,000 14,000 15,000 14,000 15,000 19,000 23,000 24,000
Tetrachloroethene 380 790 570 350 260 220 180 160
trans-1,2-Dichloroethene 140 140 140 140 140 190 160 180
Trichloroethene 940 810 640 490 350 300 230 220
[Vinyl Chloride 5,000 4,200 3,900 3,100 3,100 3,700 3,000 3,100
Dissolved Hydrocabon Gases (mg/T.)
[Acetylene 0.002 U 0.002 T 0.002UT 0.002U 0.002 T 0.002 T 0.002 T 0.002T7
Ethane 0.17 0.21 0.26 033 0.30 0.32 0.39 0.37
[Ethene 1.4 14 13 13 13 1.4 13 1.4
Methane 7.6 7.9 8.1 i 8.5 9.4 11 10
Noles:
IPT - Integral pump test
U - parameter was not detected; associated value is quantitation limit
pg/L - micrograms per liter
mg/L - milligrams per liter
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non-hazardous trash associated with the demonstration was disposed of according to MCRD
protocols.

5.7  ANALYTICAL METHODS

The analytical methods used to analyze groundwater and soil samples are presented in Table
5-8. Information pertaining to calibration of analytical equipment, quality assurance,
decontamination, and sample documentation can be found in Appendix D.

5.8 SAMPLING RESULTS

In the following sections, the analytical results are summarized. Water level elevation data
can be found in Section 5.8.1, field parameters in Section 5.8.2, geochemical parameters in
Section 5.8.3, and VOC data in Section 5.8.4. A complete compilation of the analytical data can
be found in Appendix E. All VOC, DHG, and VFA data were validated using USEPA data
qualifiers for organic and inorganic data (USEPA 540-R-08-01 and 540-R-04-004). A summary
of the data validation results and findings is presented in Appendix G.

5.8.1 Water Level Elevation Data

The gradient at the site is very flat (Figure 4-3) and there was little change in gradient over
the duration of the investigation. A complete compilation of measured water level elevations is
presented in Appendix C. It is possible that the gradient may have reversed for short periods of
time through the plot during the demonstration. However, with the gradient as flat as it is, the
changes in water levels measured in the wells within the plot were very small and often within
the margin of measurement error. The estimated gradient used in the mass flux calculations was
0.0026 ft/ft.

5.8.2 Field Parameters

Following EZVI injections in the Pneumatic and Direct Injection test plots the following
groundwater field parameter trends were observed. A summary of the field parameter data is
provided in Appendix E (Tables E-11 to E-30).

Pneumatic Injection Test Plot

¢ A moderate decrease in pH in some of the downgradient multilevel wells (ML-3-4, ML-
4-7, ML-5-5, ML-6-4 to ML-6-6, and ML 7-3 to ML-7-5), with pH measurements
dropping by as much as 1 pH unit in these wells by the post-demonstration sampling
event.

e A general decrease in ORP in the fully screened monitoring wells and most of the
multilevel wells (ML-1-5, ML-1-7, ML-2-3, ML-2-5, ML-2-7, ML-5-4, ML-5-5, ML-6-4
to ML-6-7, and ML-7-4 to ML-7-6), with ORP measurements dropping by as much as
250 millivolts (mV) in these wells by the post-demonstration sampling event. However,
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TABLE 58: PERFORMANCE OBJECTIVES

Parris Island, South Cardlina

Parameter Analytical Method Method Analytical Quantitation Sample Preservative Holding
Number Laboratory Limnit Conta Time
Ficld Parameters (DO, ORP, pH, Multiprobe System Field NA Varies Flow-through None NA
temperature, conductivity, cell
turbidity)
Field Parameters (sulfide, ferrous Field Kits Field NA 0.01 mg/L for | 100 mL plastic None NA
iron, alkalinity) sulfide and (sulfide and
Fe(Il),2 mg/L. | ferrous iron)
for alkalinity
VOCs (PCE, TCE, cis-1,2-DCE, Gas Chromatography EPA 8260B CAS aslowas1 pg/L |3 x40 mL VOA| sulfuric acid to 14 days
trans-1,2-DCE, 1,1-DCE, vinyl /Mass Spectrometry pH=2, cool to 4°C
chloride)
Dissolved Hydrocarbon Gases Gas Chromatography/ RSK-173 CAS aslowas1 pg/L |3 x40 mL VOA| sulfuric acid to 14 days
(methane, ethane, ethene) Flame Ionizing Detector pH=2, cool to 4°C
E Anions (chloride, sulfate, Capillary Ton Waters USEPA 0.2 mg/L for 30 mL plastic eool to 4°C 2 to 28 days
< |bromide, fluoride, nitrate, nitrite) Electrophoresis nitrate and
Z nitrite, 1.0 mg/L
% for the rest
o
5 Anions (nitrate + nitrite) Flow Injection Colorimetry| Lachat 10-107-04- TUSEPA 0.1 mgL 30 mL plastic | sulfuric acid to pH | 6 tol3 days
2-A <2, cool to 4°C
VFAs Gas Chromatography/ EPA 8015-Mod STL/CAS as low as 3 x40 mL VOA cool to 4°C 14 days
Flame Tonizing Detector 0.5 mg/L
TOC UV-promoted Wet EPA 415.1 USEPA 0.5 mg/L 40 mL glas sulfiric acid to 28 days
Chemical Oxidation pH<2, cool to 4°C
Cations/Dissolved Metals Induetively Coupled EPA 6010B USEPA 4t0307 pg/L | 60 mL plastic |nitric acid to pH=2,| 21 days
Plasma- Optical Emission cool to 4°C
Spectrometry
VOCs (PCE, TCE, cis-12-DCE, Gas Chromatography  [n10d. FPA 82608 STL as low as 3 x40 mL VOA| hydrochloric acid 14 days
trans-1,2-DCE, 1,1-DCE, vinyl /Mass Spectrometry 290 ng'kg to pH=2, cool to
chloride) 4°C
EZVI Visual/Microscopic NA NA NA Butyrate or None NA
=] acetate sleeve
2
foe Walkley Black Walkley Black STL 610-1900 mg/kg | 8oz plastic cool to 4°C 28 days
Porosity Water Pycnometer/Drive- ASTM D854, STL 0.1% 160z glass None NA
Cylinder ASTM D2937
Notes:

NA - Not Applicable

CAS - Columbia Analytical Services, Inc.

STL - Severn Trent Laboratories, Ine.

EPA - EPA GWERD National Risk Management Research Laboratory, Ada, OK
(a) - Samples extracted using methanol on site. See Appendix B of the Demonstration Plan (Geosyntec, 2006b) for the detailed extraction procedure

TBD - To be determined
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most wells exhibited a large degree of variability and fluctuation in groundwater ORP
throughout the demonstration, thus making it difficult to assess areas where a true
reduction in ORP was achieved. As such the reader is directed to Tables E-11 TO E-20
and Figures E-6 to E-53 in Appendix E for groundwater ORP trends rather than trying to
depict this using plan view maps. Other multilevel wells also exhibited some decrease in
ORP following EZVI injection; but by the post-demonstration sampling event, ORP
measurements had rebounded to near baseline levels in these wells.

e Dissolved oxygen concentrations were low before injection and remained relatively
constant over the demonstration period, with most wells exhibiting DO concentrations
below 2 mg/L.

e Increases in ferrous iron concentration in the fully screened monitoring wells (including
PMW-2 and PMW-4).

e Significant increases in sulfide concentrations in the fully screened monitoring wells
(including PMW-2).

Direct Injection Test Plot

e pH levels in PMW-1 remained relatively constant between 5.8 and 6.3 over the
demonstration period, and were near baseline levels by the post-demonstration sampling
event.

e Virtually no change in groundwater OPR between the baseline and post-demonstration
sampling events (although ORP measurements in PMW-1 did fluctuate between -88.5
mV and -169.9 mV over the demonstration period).

e Dissolved oxygen concentrations decreased from approximately 1.5 mg/L to near zero (or
non-detect) following EZVI injections, but had returned to near baseline concentrations
by the January 2008 sampling event (after which time DO concentrations decreased once
again).

e Increases in ferrous iron concentration, and significant increases in sulfide concentration.

5.8.3 Geochemical Parameters

A summary of the geochemical parameter data, which include results of alkalinity, DHG and
VFA samples, is provided in Appendix E (Tables E-21 to E-30, E-32 and E-33). Results of TOC
and dissolved metals samples are provided in Appendix E: Data Collected by USEPA.
Following EZVI injection into the Pneumatic Injection test plot, significant increases in
groundwater VFA concentrations (primarily acetic, butyric and propionic acids) were observed
in the downgradient multilevel wells and in fully screened wells PMW-5 and PMW-6.
Significant increases in VFA concentrations were also observed in upgradient well ML-2-3
indicating that some EZVI may have moved outside the plot to the north although no EZVI was
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observed in the upgradient wells. Relatively little change in groundwater alkalinity was
observed in any of the wells throughout the demonstration. Methane concentrations increased in
upgradient well ML-1, in the downgradient multilevel wells, and in the fully screened wells
(except PMW-4). Concentrations of ethene and ethane also increased in one of the upgradient
wells (ML-2), in the downgradient multilevel wells (except ML-3), and in all fully screened
wells except for PMW-2 and PMW-6 (ethene only) (Figures 5-9 to 5-13 ethene data). Following
EZVI injection into the Direct Injection test plot, concentrations of ethene and methane increased
in the downgradient fully screened well PMW-1 (Figure 5-14 ethene data).

5.8.4 Volatile Organic Compound Data

Groundwater and Soil VOC Concentrations

Using results from the baseline groundwater and soil sampling events, the total mass of
target VOCs in the Pneumatic Injection test plot was estimated to be approximately 38 kilograms
(kg) (Table 5-9), of which roughly 29 kg (or ~76%) is attributed to PCE DNAPL. Following
injection of EZVI, downgradient multilevel wells and fully screened wells PMW-3, PMW-5 and
PMW-6 showed significant decreases in PCE and TCE concentrations, with an increase in the
concentration of degradation products (Figures 5-9 to 5-13). Post-demonstration sampling
results were used to calculate a target VOC total mass of approximately 5.6 kg (Table 5-9) in the
Pneumatic Injection test plot, of which roughly 2.1 kg (or ~38%) is attributed to PCE DNAPL.
Injection of EZVI into the Pneumatic Injection test plot resulted in approximately 93% reduction
in the estimated mass of PCE DNAPL, and approximately 85% reduction in the total mass of
target VOCs. Detailed calculations of VOC mass estimates are provided in Appendix E (Tables
E-5 to E-10).

Prior to EZVI injections, soil core VOC data suggested that DNAPL was present within the
areas of SC-1 (6-8 ft bgs), SC-3 (4-6 ft bgs), SC-7 (4-10 ft bgs and 12-16 ft bgs), and SC-8 (12-
16 ft bgs) (see Figure 5-8 for soil core locations and Table E-3 for PCE concentrations indicating
presence of DNAPL). Groundwater VOC data also suggested that DNAPL was located very
near well ML-2-5 and PMW-5 which had baseline groundwater PCE concentrations near
saturation and DNAPL was actually pumped out of ML-2-5 before EZVI was injected. Wells
PMW-4, PMW-6, ML2-7, ML-7-5 and ML-6-5 also had very high PCE concentrations
indicating the presence of nearby DNAPL. A complete compilation of pre-injection soil core
and groundwater VOC data is presented in Appendix E (Tables E-3 and E-31).

After the injection of EZVI into the pneumatic injection plot, DNAPL was still being
pumped from ML-2-5 but was also being pumped from wells PMW-4, PMW-5, and ML-2-7
where a separate DNAPL was not seen prior to injection. This indicates that DNAPL moved in
the subsurface during or soon after EZVI injection.

The groundwater VOC concentrations in PMW-4, located outside of the target treatment
area of the Pneumatic Injection test plot where little to no EZVI should have been delivered, did
not change significantly after the injections, despite a small amount of non-aqueous phase now
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TABLE 5-9: PRE-INJECTION AND POST-DEMONSTRATION VOC MASS

ESTIMATES IN PNEUMATIC INJECTION PLOT

Parris Island, South Carolina

Geosyntec Consultants

Media vVOoC Pre-Injection Mass (g) Post-Demonstration Mass (g)
Sorbed/Dissolved DNAPL Total Sorbed/Dissolved DNAPL Total
Soil! Tetrachloroethene 2,760 29.028 31,788 730 2,137 2.867
Trichloroethene 1,317 0 1,317 521 0 521
cis-1,2-Dichloroethene 1,254 0 1,254 569 0 569
Vinyl Chloride 2,214 0 2,214 114 0 114
Groundwater® Tetrachloroethene 577 0 597 333 0 333
Trichloroethene 267 0 267 182 0 182
cis-1,2-Dichloroethene 588 0 588 819 0 819
Vinyl Chloride 12 0 12 45 0 45
Total Mass (g) 8,990 29,028 38,018 3,312 2,137 5,449
9 Reduction’ 63% 93% 86%
Notes:
g - grams

! _ Soil data based on SC-1 through SC-9 for Pre-Injection data and SC-10 and SC-13 for the Post-Demonstration sampling
* - Groundwater data is based on PMW-5 and PMW-6 , the two fully screened wells within the plot

? _ Reductions calculated using pre-injection and post-demonstration total mass estimates
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being present in the well (Figure 5-13 and Table E-31 in Appendix E). This would appear to
indicate that if DNAPL was mobilized into this well during injection it must have been in close
proximity to the well prior to injection activities. It is possible that the EZVI injection actually
pushed DNAPL into this well or that the injection activities created fractures or preferential
pathways that allowed DNAPL to migrate to this well post-injection.

Well PMW-5 within the Pneumatic Injection test plot actually had a slight decrease in PCE
concentrations and a corresponding increase in cDCE after injection of EZVI (Figure 5-13 and
Table E-31 in Appendix E), but during each sampling event a DNAPL was pumped from this
well. The increase in cDCE would have lowered the saturation concentration of PCE which may
account for some of the decrease in PCE concentrations despite the presence of a DNAPL phase.
The DNAPL pumped from ML-2-5 during the pre- and post-injection sampling was very dark
brown to black in color and the DNAPL pumped from PMW-5 was similar and may have
consisted of PCE mixed with EZVI. Although DNAPL was being pumped from PMW-5 and
PCE and other VOC concentrations remained elevated, there was significant ethene production
measured (Figure 5-13 and Table E-31 in Appendix E) in this well with an increase from 5.6
pg/L just prior to EZVI injections to 2,800 pg/L during the post-demonstration sampling event,
indicating that degradation is ongoing in this area (the maximum ethene concentration observed
in this well was 7,200 pg/L in January 2008).

ML-2-7 (18.5 ft bgs) did have an increase in PCE concentrations after injection of EZVI
(Figure 5-9 and Table E-31 in Appendix E) and DNAPL was present in this point in post-
injection sampling events. DNAPL was present near this point prior to EZVI injection as it was
being pumped out of ML-2-5 (13.5 ft bgs), and the injection activities appear to have either
pushed the DNAPL to this location or provided a fracture or preferential flow path that allowed
DNAPL to migrate to this screened interval.

Soil core VOC data from the post-demonstration sampling event (Table E-3 in Appendix E)
suggested that DNAPL was only present within the area of SC-12 (4-8 ft bgs and 12-14 ft bgs)
which was cored only a few inches from SC-7 which is the closest core to ML-2 (Figure 5-8).

Based on the presence of DNAPL in the four wells (ML-2-5, ML-2-7, PMW-4 and PMW-5)
post-EZVI injection, it appears that there was more DNAPL present in the plot than the pre-
demonstration estimate suggested. Although there is evidence that some DNAPL may have been
mobilized outside of the plot (DNAPL in PMW-4 and ML-2-7) there is evidence of a lot of
degradation within and downgradient of the plot as evidenced by the increase in concentrations
of daughter products (VC and ethene) indicating that mass was not just displaced but degraded.

In the Direct Injection test plot, PMW-1 exhibited slight decreases in PCE and TCE
concentrations following injection of EZVI, with a moderate increase in the concentration of
degradation products (Figure 5-14).
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Pneumatic Injection Test Plot Mass Flux Estimates

Pre- and post-EZVI injection estimates of VOC and ethene mass fluxes for the Pneumatic
Injection test plot were calculated using groundwater concentrations in the upgradient (ML-1 and
ML-2) and downgradient (ML-3 through ML-7) multilevel well transects. Mass flux estimates
were also calculated using results from the IPTs and were then compared to mass flux estimates
from the downgradient (ML-4, ML-5 and ML-6) multilevel wells.

Mass flux estimates from the multilevel well transects were calculated using Pre-injection
and post-demonstration VOC and ethene concentrations from the upgradient (ML-1 and ML-2)
and downgradient (ML-3 through ML-7) multilevel wells, and by assuming an effective cross
sectional area (perpendicular to groundwater flow) for each multilevel well. A depth to water of
3.4 ft bgs and a total depth of 20 ft bgs were also used for the calculations. Pre-injection mass
flux estimates were calculated using VOC results grouped from the August and October 2006
baseline sampling events, since not all upgradient and downgradient wells were sampled during
each event. Similarly, VOC data from the November 2006 and January 2007, March and July
2007, and January and July 2008 sampling events were grouped since not all wells were sampled
during these events. The total change in mass flux for both upgradient and downgradient
multilevel well transects was then calculated by comparing pre- injection and post-demonstration
mass flux estimates. Table 5-10 provides a summary of the mass flux estimates as well as the
total change in mass flux (as percent reduction) for the upgradient and downgradient multilevel
wells.  Figures 5-15 through 5-17 show the change in mass flux graphically. Detailed
calculations are provided in Appendix E (Tables E-34 to E-42).

The Pneumatic Injection plot was located in an area that had DNAPL upgradient of the plot
as well as within the plot. Multilevel wells were installed on the upgradient side of the plot to
evaluate the concentrations that were flowing into the plot over the period of performance.
Comparison of the pre- and post-EZVI injection mass flux estimates in multilevel wells on the
upgradient side of the test plot revealed an increase in mass flux for all VOCs except for TCE
and cDCE (Table 5-10 and Figure 5-15). The mass flux of ethene in the upgradient multilevel
well transect also increased significantly. The increase in ethene and decrease in TCE and cDCE
in the upgradient wells indicates increased degradation in this area. This increased degradation
may mean that some EZVI was distributed to this area during injection or simply that there is
increased biodegradation in the area around the EZVI due to oil separation and oil breakdown
products from the EZVI.

Comparison of pre-injection and post-demonstration mass flux estimates calculated using
VOC concentrations from multilevel wells ML-3 through ML-7 on the downgradient side of the
test plot revealed significant reductions in mass flux of the parent compounds PCE (~85%
reduction) and TCE (~86% reduction), and of the degradation product cDCE (~71% reduction)
(Table 5-10 and Figures 5-15 to 5-17). In contrast, the mass flux of the degradation products VC
and ethene increased significantly over the test period. The increase in ethene mass flux
indicates that the reduction in PCE, TCE and cDCE concentrations were due to degradation and
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TABLE 5-10: VOC MASS FLUX ESTIMATES IN PNEUMATIC INJECTION PLOT BASED ON MULTILEVEL WELL MONITORING DATA

Parris Island, South Carolina

Units Tetrachloroethene| Trichloroethene | cis-1,2-Dichloroethene | Vinyl Chloride| Total CEs Ethene

Pre Injection (August & October 2006) Mass Flux

Upgradient MLs' mmol/’yr/’ﬁ2 1,040.0 2454 20418 161.8 3,526.9 54.5

Downgradient MLs mmolfyrfﬁ2 101.9 497 1.846.4 2462 2289.1 522

% Reduction Across Plot 90.2% 79.7% 9.6% -52.1% 35.1% 41%
Post-Injection (November 2006 & January 2007) Mass Flux

Upgradient MLs' mmol/yr/f’ 3,647.1 1276 2,135.7 3213 6,293.3 133.5

Downgradient MLs mmol/’yr/’ﬁ2 58.5 405 914.4 1,104.0 2,151.6 2929

% Reduction Across Flot 98.4% 68.3% 572% -243.6% 65.8% -119.4%
Post Injection (March & July 2007) Mass Flux

Upgradient MLs' mmol/’yr/’ﬁ2 1343.1 100.0 2,147.7 703.1 4,366.0 2405

Downgradient MLs* mmol/yr/f’ 57 54 6171 9314 1,576.8 513.5

% Reduction Across Plot 99.6% 94.6% 71.3% -32.5% 63.9% -113.5%
[PostInjection (January & July 2008) Mass Flux

Upgradient MLs' mmol/yr/f’ 14313 1170 2257.7 1.781.8 56633 466.0

Downgradient MLs? mmol/’yr/’ﬁ2 6.3 121 6478 583.9 1261.5 1,238.6

% Reduction Across Plot 99.6% 89.7% 713% 67.2% 77.7% -165.8%
Post Demonstration (March 2009) Mass Fluy

Upgradient MLs! mmol/’yr/’ﬁ2 1271.6 2172 1,690.9 796.2 4,044.2 612.7

Downgradient MLs* mmol/yr/f’ 154 70 5312 4220 986.6 8832

% Reduction Across Plot 28.8% 96.8% 68.6% 47.0% 75.6% -442%
Pre-Injection vs Post-Demonstration % Reduction in Mass Flus

2% Reduction in Downgradient MLs® 84.8% 86.0% 71.2% -71.4% 36.9% -1590.7%

Notes:

mmol/'yr/ﬂ2 - millimels per year per square foot
CEs - chlorinated ethenes

! Wells ML-1 and ML-2
2. Wells ML-3 through ML-7

Geosyntec Consultants

® . Reduction in mass flux calculated using pre-injection (August & October 2006) and post-demonstration (March 2009) mass flux values. Positive value indicates a decrease in mass flux; Negative value indicate an increase in mass flux
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not just displacement of water or DNAPL out of the plot. The VC mass flux is expected to
continue to decrease and ethene mass flux is expected to continue to increase or remain steady as
degradation continues.

There were elevated cDCE and VC concentrations as well as some ethene in the plot due to
natural biodegradation before any EZVI was added. Based on this evidence and data collected
by the Navy on the native bacterial population at the Site, it was decided that no bioaugmentation
would be performed with the EZVI injections. However, it is possible that the amount of VC
production would have been significantly less if bioaugmentation had been performed since
biodegradation of the VC to ethene might have been accelerated with a large starting bacterial
population.

Estimates of VOC and ethene mass fluxes were also calculated using results of the IPTs as
described in Sections 5.6.2 and 5.6.6. Comparison of pre- and post-EZVI injection mass flux
mass estimates revealed significant reductions in mass flux of the parent compounds PCE (~99%
reduction) and TCE (~96% reduction), and significant increases in mass flux of the degradation
products cDCE, VC and ethene (Table 5-11 and Figure 5-18). These results were compared to
mass flux estimates obtained using VOC and ethene concentrations for the three central
downgradient multilevel wells (ML-4, ML-5 and ML-6), as these three wells are within the
capture area that was inferred for the integral pump tests. A summary of the estimated mass
fluxes and percent reductions in mass fluxes using both methods is provided in Table 5-11 and
are shown graphically on Figures 5-18 and 5-19. Detailed calculations are provided in Appendix
E (Tables E-43 to E-47). Percent reductions in mass flux for the parent compounds PCE and
TCE compare well for the two methods (IPT and 3-well downgradient transect); PCE mass flux
reductions of 99% (IPTs) and 91% (3-well downgradient transect), and TCE mass flux
reductions of 96% (IPTs) and 85% (3-well downgradient transect). The percent increases in VC
mass flux also compare well for the two methods.. However, for all compounds the mass flux
estimated from the transect wells were much higher than those measured from the IPTs. The
higher mass flux estimates from the transect wells are to be expected due to the proximity of
these wells to the source and the much smaller area of influence captured during sampling of
these multilevel wells in comparison with PMW-3 which under pumping conditions would
capture water from a larger area with lower concentrations. The ¢cDCE mass flux calculated
using the transect wells was much greater in both the pre-injection and post-demonstration data
with a change from ~2,210 mmol/yr/ft* to 559 mmol/yr/ft* whereas with the IPT the values and
difference were much smaller with a pre-injection mass flux of ~49 mmol/yr/ft* and a post-
demonstration mass flux of ~90 mmol/yr/ft*.

With the IPT and the 3-well transect mass flux calculations, evidence of increased VC and
ethene mass flux from pre-injection to the post-demonstration period confirm degradation of the
parent compounds.
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TABLE 5-11: PNEUMATIC INJECTION PLOT IPT AND MULTILEVEL
WELL MASS FLUX ESTIMATES

Parris Island, South Carolina

| Tetrachloroethene | Trichloroethene | cis-1,2-Dichloreethene | Vinyl Chloride] Total CEs Ethene
Integrral Fump Tests

Pre-Injection Flux (mmol.n‘yrrﬁ]! 47.9 251 493 63 1304 11
FPost-Demonstrati on Flux {mmol f)m-'ﬂz) 0.5 09 89.6 213 1135 203
Change (mmol/yr/ff) 474 242 403 150 -16.9 19.2
95 Reduction 9% 6% -E2% -230% 13% -1667%
Downgradient Multil evel Wells'

Pre-Injection Flux (mmolfyr/ft) 1023 425 22000 160.0 2,564.8 20.4
Post-Demonstrati on Flux (m.md)‘yrrﬁ 2.1 6.3 5590 4845 10710 2%61.0
Chunge (mmol/yT/ArY 932 36.1 -1650.9 3244 14938 940.6
%0 Reduction 1% a3% 7% -203% S -4616%
Nofes:

! Wells ML-4, ML-5 and ML-6 as these are the three multilevel wells that are within the capture area of the integral pump test

i Change in mags flux cal culated nsing pre-injection { Angust £ October 2006) and post-demonstration (March 2009) mass flice valnes. Positive value indicates a decrease in mass flux, Negative value indicate an increasze in mass flux

CTEe - chlorinated ethenes
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5.8.5 USEPA Research Interests and Contributions

In addition to the work performed by Geosyntec, the USEPA provided considerable support
for the Dem/Val through the following contributions:

e Provided drill rig and materials for installing the monitoring wells and collecting the
baseline soil cores;

e Participated in each of the groundwater sampling events;

e Collected additional groundwater geochemical data (listed below) beyond what was
originally planned for in the Dem/Val; and

e Provided field analytical instruments and conducted most of the laboratory sample
analyses.

During the Dem/Val, the USEPA collected more than 345 groundwater samples for analysis
of TOC and total inorganic carbon (TIC), anions and dissolved metals, more than 310
groundwater samples for analysis of alkalinity, more than 125 groundwater samples for analysis
of total metals, and more than 65 groundwater samples for analysis of stable isotopes. The
USEPA also collected numerous soil and groundwater samples for X-ray diffraction analyses of
colloids. Analytical data is provided in Appendix E. X-ray diffraction analyses was utilized to
observe the mineralogical changes that may be occurring within the subsurface as a result of the
EZVI injections (i.e., corrosion products such as elemental iron and minor components of
magnetite). The USEPA data is presented in Appendix E: Data Collected by USEPA.

Compound-specific carbon-13 (5"°C) isotope results suggest that degradation of PCE and its
daughter products were occurring because most of the 5"°C isotope values increased (less
negative) over time after EZVI injection (Tables 5-12 and 5-13). The chlorine-37 isotope (8°'Cl)
values for all the extracted chlorinated solvents from groundwater measured in March 2007 also
were greater than those measured before injection, further supporting the notion that chlorinated
hydrocarbons were degrading. Thus both abiotic and biotic mechanisms may be operative at the
Site (Table 5-14).

X-ray diffraction results of suspended solids collected from monitoring wells during well
purging showed transformation of elemental iron to magnetite (Fe;O4) and lepidocrocite (y-
FeOOH) in ML-3-1 and ML-3-2.
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TABLE 5-12: PRE-INJECTION GROUNDWATER COMPOUND-SPECIFIC §*C ISOTOPE VALUES
Parris Island, South Carolina

Geosyntec Consultants

Location Date Sampled Duplicate PCE TCE cis DCE trans-DCE 1,1 DCE VC ethene elhane
ML2-3 03-Oct-06 - -26.1 -27.320.2 -29.3 nd =352 -31.2+0.2 -29.7£0.3 -2594
ML2-5 05-Cct-06 - 276 323 -32 nd 40.5 -27.9 nd nd
ML35-3 03-0Oct-06 - -18.8 -18.3 -28.4 nd coel -37.8+0.5 -29.6=0.1 -37.1
MIL5-5 05-0ct-06 - -258 -26.7 -29 nd -37.1 -37.0£0.2 -28.8x0.2 nd
PMW-5 03-0ct-06 - -27.0+0.2 -30.90.1 -28.2+0.3 nd coel -27.6 -30.8=0.3 -37
PMW-3 10-Oct-06 - -27.2 -31.3 -27.6£0.2 nd coel -39.1 -29.1 -36
PMW-3 10-O¢l-06 | Field Duplicate -27.1 -3l 275 1d coel -39.140.1 -29.3 -3.5

Notes:

nd - not detected
coel - coelution

Compound-specific &c isotope values reported as mean + standard deviation, n= 2, per mi

ESTCP Final Report

ER-0431

71

April 2010



TABLE 5-13: MARCH 2007 GROUNDWATER COMPOUND-SPECIFIC $°C ISOTOPE VALUES
Parris Island, South Carolina

Geosyntec Consultants

Location Date Sampled Duplicate I'CE TCE cis DCE trans- DCE 1,1 DCE vC ethene elhane
ML2-3 21-Mar-07 - -26440.3 -24.6 -26.5 -40.7 coel -36.8+0.4 -37.1=0.1 -43.3x0.1
ML2-5 22-Mar-07 - -29 -33.140.1 =30.5+0.0 -A1.540.8 “11.9 -31.9 -42.1+0.1 -52.6
ML5-3 23-Mar-07 - -18.3+0.3 -23.6x0.0 -26.0£0.1 -36.7+0.4 -34.40.5 -29.0£0.1 -34.8x0.3 nd
MI.5-5 23-Mar-07 - -14 -23.740.4 -28.1 -40.1 -39.8 -32.540.4 -38.2204 -46.520.5
PMW-5 21-Mar-07 - -279 -26.8 =287 -38.8 -39.1 -36.020.2 -41.6x0.3 -47.9£0.7
PMW-5 21-Mar-07 | Field Duplicate -28.1+0.0 -26.940.2 -29.5+0.0 -39.740.5 -39.1 =359 -42.1+0.1 -48.0£0.1
PMW-3 21-Mar-07 - -24.5 -25.3 -28.3 -394 -39.240.1 -36.740.1 -41.8+0.4 -48.0+0.1

Notes:

nd - not detected
coel - coelution

Compound-specific &c isotope values reported as mean + standard deviation, n= 2, per mi
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TABLE 5-14: PRE- AND POST-INJECTION LUMP-SUM

GROUNDWATER & 'C1 ISOTOPE VALUES
Parris Island, South Carolina

Location Duplicate Pre-Injection | Post-Injection
(October 2006) | (March 2007)

MLZ2-3 -- 3.99 5.43
ML2-5 -- 2.57 33
ML5-3 -- 4.43 511
ML5-5 -- 429 485
PMW-5 -- 3.46 4.55
PMW-5 Dup Field Duplicate - 4.38
PMW-3 -- 3.29 471
PMW-3 Dup Field Duplicate 4.32 --
Notes:

-- - not collected

Data are lump-sum 8Cl isotepe values for the whole extracted
chlorinated solvents from groundwater before (October 2006) and
after (March 2007) EZVT injection
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6.0 PERFORMANCE ASSESSMENT

This section provides a summary of all data analysis in support of the assessment of
performance objectives. Substantive analyses of data obtained during the demonstration that
supports the conclusions summarized in Section 3 is provided. Where appropriate, references to
discussions or data analysis presented in Section 5 are made rather than repeating information.

6.1 REDUCTION IN MASS FLUX OF VOCs IN DOWNGRADIENT WELLS

A key performance objective was the reduction in mass flux of dissolved VOCs in
downgradient monitoring wells for areas in contact with EZVI. To evaluate this objective,
groundwater samples were collected before and after EZVI injection and analyzed for VOCs.
Data from the post-demonstration sampling event (March 2009) are compared to data from the
pre-injection (baseline) sampling event. Data included analyses of samples from five multilevel
wells and from the integral pump test. Successful performance was set as >75% decrease in
mass flux of dissolved VOCs based on groundwater samples from multilevel wells over the
baseline condition for areas in contact with EZVI.

This objective was met based on the significant reductions in mass flux of the parent
compounds PCE (85% to 99%; based on multilevel transects and IPT respectively) and TCE
(86% to 95% based on multilevel transects and IPT respectively) using the various methods of
estimating mass flux (Tables 5-10 and 5-11). Reductions in ¢cDCE, which is an intermediate
degradation product of the PCE and TCE, of 71% to 75% were also observed using the
multilevel transect wells (Tables 5-10 and 5-11 and Figures 5-16 and 5-19). Vinyl chloride,
another intermediate degradation product of PCE and TCE, showed increases in mass flux of
71% up to 240% (multilevel and IPT respectively) but this increase is a transient effect and the
c¢DCE and VC are degrading over time to form ethene. A significant increase in the ethene mass
flux (1600% to 4600%) (Tables 5-10, 5-11, and Figures 5-15 and 5-17) was also observed
indicating that the degradation of PCE and TCE are not stalling at VC but continuing to complete
dechlorination. The isotope fractionation data from the EPA (Section 5.8.5, and Tables 5-12 and
5-13) supports the degradation of PCE and TCE to form the ethene observed.

There were some difficulties providing uniform distribution of the EZVI within the plot and
the amount of EZVI that was injected into the plot was roughly 275 gal short of the target
amount (Section 5.6.5). It is possible that if the issues with short-circuiting of EZVI to surface
had not occurred and the targeted 850 gal of EZVI could have been injected into the plot, the
reduction in mass flux would have been even higher.

6.2 REDUCTION IN TOTAL VOC AND DNAPL MASS

The amount of VOC and DNAPL reduction in the Pneumatic Injection test plot was
assessed by comparing results of pre-injection (baseline) and post-injection groundwater and soil
core samples. A successful performance was set as a >75% decrease in VOC and DNAPL mass
over baseline conditions in the Pneumatic Injection test plot.
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This objective was met with a total VOC mass reduction of 85% in the pneumatic injection
plot (Section 5.8.4, and Table 5-9). The pre-demonstration mass estimate was ~38 kg of VOCs
and the post-demonstration estimate was ~5.6 kg of VOC mass remaining in the plot. This
breakdowns to an estimated reduction of 63% in the sorbed and dissolved phases and a 93%
reduction in the DNAPL mass (Table 5-9). The calculations are explained further in Section
5.8.4.

Again, the issues with the injection of EZVI in the plot resulted in a significant shortfall
(~275 gal) in the amount of EZVI injected. It is expected that even higher reductions in mass
would have been observed had the targeted 850 gal of EZVI been successfully distributed
through the plot.

6.3 RADIUS OF INFLUENCE

The radius of influence (ROI) of each injection technology was assessed through visual
inspection of soil cores collected post-injection. For the Pneumatic Injection and Direct Injection
test plots, the objective was the presence of EZVI at distances greater than 5 feet (ft) and 1 ft,
respectively.

This objective was met with measured ROIs of 5 to 7 feet with pneumatic injection and 1 to
2.5 ft with direct injection (Table 5-5 and Figure 5-5). Soil cores were collected after all EZVI
injections were complete to reduce the likelihood of providing short-circuit pathways through
boreholes. As a result, it was not possible to determine which direction the EZVI observed in
each soil boring came from. We have used the most conservative estimate by using the closest
injection points as the assumed point of origin for any EZVI observed in a core. It is possible
that the injection technologies move the EZVI further than 7 ft or 2.5 ft for the pneumatic and
direct injection respectively.

6.4 ABILITY TO INJECT EZVI WITHOUT DAMAGING EMULSION STRUCTIRE

The ability to inject EZVI without damage to the emulsion structure was evaluated by
examining the EZVI under microscope in the cores collected to evaluate the distribution. For
this performance criterion, success was achieved if the injection technologies be able to deliver
the EZVI within the source zone without damage to the emulsion structure.

This objective was met with both technologies being able to inject the EZVI without damage
to the emulsion structure. Samples of the EZVI from two cores (one from each plot) were
collected and evaluated using a light microscope. Droplets of EZVI on the sand grains
suspended in water were located in the samples and the emulsion structure was visually
determined to be intact.
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6.5 ABILITY TO EVENLY DISTRIBUTE EZVI

The ability of each injection technology to evenly distribute EZVI in a controlled manner
over an optimum ROI was assessed by collecting groundwater and soil core samples from the
test plots. Success was marked by the ability of the injection technology to deliver the EZVI
within the source zone in a way that will allow some control of the direction of EZVI injection so
as to evenly distribute the EZVI over the injection interval.

This objective was partially met. There were complications with the shallow nature of the
injections and preferential flow paths created by previous borings in the area providing short
circuit pathways for the EZVI to surface. There was a significant amount of fingering and a very
uneven distribution of EZVI over the target treatment depth interval (Table 5-5). The injections
in both plots were complicated by the shallow nature of the site and short-circuiting or
daylighting to surface (Table 5-4 and Figure 5-4). It is believed that the pneumatic injection
would have been capable of greater radius of influence and less fingering or preferential flow
path development had the target injection interval been deeper. This would have allowed the
injections to occur at higher pressures and velocities while minimizing the risk of short-circuiting
to ground surface. In addition, we were only able to inject approximately 576 gal of EZVI into
the pneumatic injection plot and were not able to follow planned the injection strategy (Section
5.6.5). This also limited the ability to evenly distribute the EZVI over the target depth interval
since we did not have as much EZVI to distribute.

6.6 EASE OF IMPLEMENTATION

The ease of use of this technology was evaluated based on the experience of field staff and
the costs of the manufacturing of the EZVI and the injection of EZVI. The success criterion for
this objective is that the EZVI manufacturing and injection can be readily accomplished using
standard industry procedures and contractors.

This objective was achieved based on experience with the actual manufacturing and
injection of EZVI at the Site. The equipment required for the manufacturing of EZVI on Site
was readily available through the food manufacturing industry (industrial mayonnaise mixer) and
the option to purchase EZVI manufactured by vendors and shipped to the Site ready for injection
also exists. The injection equipment used to injection the EZVI was all readily available through
local drillers, pneumatic injection companies and plumbing suppliers. The procedures used to
manufacture the EZVI were well established procedures and were simple enough to be
conducted by field technicians with training in the manufacturing techniques. The procedures
used to inject the EZVI were standard and well established procedures for local drillers (direct
injection) and pneumatic injection contractors and the procedures were simple enough to be
conducted by field technicians with training in basic injection techniques and handling
techniques of the EZVI.
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Although there were difficulties with short-circuiting of the EZVI to surface during injection
this was believed to be site-specific with the shallow nature of the target treatment interval and
the presence of pre-existing short-circuit pathways (old boreholes).

6.7 VERSATILITY

For this performance criterion, the technology was deemed successful if it could be applied
in a variety of geological and hydrogeological settings were DNAPL source areas are present.

This objective was met although there are some restrictions on the depth in which the
injection technologies tested can be applied. As long as the direct push injection and pneumatic
injection equipment can be deployed in a geologic media there should be no restriction to
injection of EZVI using this equipment in these formations. Both injection technologies have
been applied in many geological and hydrogeological settings including sandy and clay
formations and fractured rock formation (injections through drilled boreholes or wells). If using
pneumatic injection there are some restrictions on how shallow the application can be. If the
injections were to occur underneath a building that would provide an overburden pressure that
would limit the risk of daylighting of the injection fluid, then the injections could occur within a
few feet in depth from the base of the foundation. However, in an open area it is recommended
that pneumatic injection be limited to applications greater than 10 feet below ground surface to
minimize the risk of daylighting and increase the control of the injections.

If coring, drilling or other disruptions to the subsurface due to activities such as site
characterization has been conducted at a particular site, care must be taken in the plugging or
abandoning of these holes and in the locating of the injection points to minimize the formation of
preferential flow pathways and daylighting of EZVI to surface.
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7.0 COST ASSESSMENT

This section presents the results of a cost assessment to implement remediation of a DNAPL
source area using EZVI. Section 7.1 describes a cost model that was developed for the
application of EZVI with a comparison to treatment using in situ chemical oxidation (ISCO) and
a conventional P&T system; Section 7.2 presents an assessment of the cost drivers for the
application of the technology; and Section 7.3 presents the results of an analysis of the cost
model.

7.1 COST MODEL

A cost model was developed to assist remediation professionals in understanding costs
associated with the EZVI technology. The cost model identified the major cost elements
required to implement the EZVI technology at a typical site with a PCE or TCE DNAPL source
area. A summary of the actual costs for pilot-scale implementation of the EZVI technology at
Site 45, Parris Island MCRD is presented in Table 7-1.

The cost model was developed for a template site with a PCE DNAPL source area. The
specific site characteristics are similar to those observed at the test site used in the technology
Dem/Val at Site 45, Parris Island MCRD, and are presented in Table 7-2. Cost estimates for the
EZVI technology were prepared for both pneumatic and direct injection technologies using EZVI
made with either nZVI or micro-scale ZVI (mZVI) in order to provide a comparison between
two types of ZVI. Cost estimates were also prepared for treatment using ISCO and for a
conventional P&T system to provide a comparison with the EZVI technology. Using the
template site conditions, estimates of costs for the capital, O&M, and long-term monitoring were
developed for each alternative. Capital costs included design and permitting activities,
mobilization, site preparation, well installation, EZVI, chemical reagents, and injection
equipment. O&M costs included mobilization, equipment replacement and supplies. Long-term
monitoring costs included field supplies, sampling equipment, laboratory analysis and regulatory
reporting. Labor associated with the planning, procurement and implementation of all aspects of
the remedies are also included. Specifically excluded from consideration are the costs of pre-
remediation investigations (e.g., source area and plume delineation, risk determination, and
related needs), treatability studies, and post-remediation decommissioning. Also excluded are
costs for waste (e.g., soil cuttings and well development water) characterization and disposal.

While most of the identified cost elements are applicable to other remediation technologies,
the EZVI material used in the technology Dem/Val at Site 45, Parris Island MCRD is unique to
the technology. The volume of EZVI required is a function of the size of the treatment area and
the mass of DNAPL present; so a larger treatment area and more mass will require a larger
volume of EZVI. The type of ZVI used will also impact capital costs of the technology; alternate
ZV1 material, such as mZVI, can reduce capital costs significantly.

To obtain a clearer picture of life-cycle costs for the various treatment alternatives, cost

estimates include the Net Present Value (NPV) of future costs. The NPV calculations provide
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TABLE 7-1: ACTUAL COSTS FOR EZVI TECHNOLOGY DEM/VAL

AT SITE 45, PARRIS ISLAND MCRD
Parris Island, South Carolina

Geosyntec Consultants

Cost Element

Data Tracked During the Demonstration

Cost'

Capital Costs

Design & Planning |- Personnel required and associated labor Labor $38,300
Expense $900
Well Installation - Personnel required and associated labor Labor $25,400
- Mobilization costs Expense $16,300
- Drilling contractor cost
EZVT Injections - Personnel required and associated labor for EZVI injection |Labor $14.400
(Pneumatic activities
Injection) - Mobilization cosls Expense $£91,200
- Costs Tor EZVI and injection equipment
EZVI Injections - Personnel required and associated labor for EZVI injection [Labor $9,600
(Direct Injection) activitics Expense $22,800
- Mobilization costs
- Costs for EZVI and injection equipment
Performance Monitoring Costs
Baseline - Personnel required and associated labor Labor $40,300
Characterization - Mobilization costs Expense $21,500
- Supplies and equipment for groundwater and soil sampling
- Sample shipment and laboratory analytical costs
- Labor associated with data reporting
Performance - Personnel required and associated labor Labor $179,200
Monitoring - Mobilization costs Lxpense $99.800
- Supplies and equipment for groundwater and soil sampling
- Sample shipment and laboratory analytical costs
- Labor associated with data reporting
Noftes:

' - Cost does not include Tabor and Expenses for well installation and additional monitoring incured by USEPA
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TABLE 7-2: DESIGN BASIS FOR TEMPLATE SITE Geosyntec Consultants
Parris Island, South Carolina

Design Parameters Unit Quantity
Target Treament Area Dimensions & Hydrogeology
Total Depth ft begs 20
m bgs 6.1
Depth to Water ft bgs 4
m bgs 1.2
Saturated Thickness ft 16
m 4.9
Source Area Width ft 40
m 12.2
Source Area Length ft 150
m 45.7
Effective Porosity v/iv 0.3
Hydraulic Conductivity ft/yr 71
mAr 2.7
Horizontal Gradient fi/ft 0.0026
Seepage Velocity ft/yr 0.62
m/yr 0.2
Source Area Bulk Volume ft’ 96,000
m’ 2,718
Bulk Density (Dry) kg/ft’ 51
kg/m’ 1,800
Source Area Soil Mass ke 4,893,151
Source Area Pore Volume ft’ 28,800
m’ 816
gal 215,439
Source Area Contamination
Total Mass of PCE in Source Area kg 1294.6
Total Mass of TCE in Source Area kg 63.4
Total Mass of ¢cDCE in Source Area kg 73.7
Total Mass of VC in Source Area ke 89.0
Total Mass of VOCs in Source Area kg 1,520.7
EZVT - Preumatic Injection
Number of Injection Points 20
Injection Point ROI ft 10
m 3
Volume of EZ VI (% of Source Area Pore Volume) 15%
gal 32316
Number of Monitoring Wells 4
EZVT - Direct Injection
Number of Injection Points 240
Injection Point ROI ft 10
m 3
Volume of EZ VI (%0 of Source Area Pore Volume) 15%
gal 32,316
Number of Monitoring Wells 4
Page 1 of 2
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TABLE 7-2: DESIGN BASIS FOR TEMPLATE SITE Geosyntec Consultants
Parris Island, South Carolina

Design Parameters Unit Quantity
I Situ Chemical Oxidation
Natural Oxidant Demand g NaMnO,/kg soil 1.5
Required Mass of NaMnO, kg 10,045
Number of Extraction Wells 1
Total Extraction Rate gpm 2
Lpm 7.6
Number of Injection Wells 2
Number of Monitoring Wells 4
Pump and Treat
Groundwater PCE Concentration mg/L 22
Groundwater TCE Concentration mg/L, 6
Groundwater cDCE Concentration mg/L 44
Groundwater VC Concentration mg/L 3
Number of Extraction Wells e
Total Extraction Rate gpm 2
Lpm 7.6
Treatment Duration
Duration of EZ VI Injection - Pneumatic days 13
Duration of EZ VI Injection - Direct days 31
Duration of Post-EZ VI Injection Monitoring years 10
Duration of ISCO Implementation years 3
Duration of Post-ISCO Monitoring years 10
Duration of Pump and Treat years 30
Discount Rate % i
Notes:

ft bgs - feet below ground surface

m bgs - meters below ground surface
ft - feet

m - meters

v - volume

ftfyr - feet per year

m/yr - meters per year

ft’ - cubic feet

m’ "~ cubic meters

kg/ft’ - kilograms per cubic foot

kg/m’ " kilograms per cubic meter
gal - gallon

kg - kilograms

g - grams

gpm - gallons per minute

Lpm - liters per minute

ft/d - feet per day

% - percent

Page 2 of 2
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cash flow analysis for 30 years, showing the costs by category for each year. The future costs
are only carried forward for 30 years on the basis that the NPV of future costs beyond the 30-
year time frame are small and the future costs beyond the 30-year period of time are difficult to
predict. O&M and long-term monitoring costs are discounted at a rate of 2.7% based on the real
discount rate provided by the U.S. Federal Government Office of Management and Budget for
30-year notes and bonds (Office of Management and Budget, 2008).

The template site assumes a homogenous silty sand aquifer to a depth of 20 ft bgs with a
hydraulic conductivity of 71 ft/year, a horizontal gradient of 0.0026 ft/ft and an effective porosity
of 0.3. These aquifer characteristics result in a groundwater seepage velocity of approximately
0.62 ft/year. Depth to water is 4 ft bgs. The source area measures 40 ft in width by 150 ft in
length. The total estimated mass of VOCs in the source area is approximately 1,521 kg.
Maximum concentrations of PCE, TCE, cDCE and VC at the downgradient edge of the source
area are 22 mg/L, 6 mg/L, 44 mg/L, and 3 mg/L, respectively.

For the EZVI injection alternatives, the EZVI used is the same formulation as that used in
the technology Dem/Val at Site 45, Parris Island MCRD, and will be manufactured on-site.
However, during full-scale implementation where large volumes of EZVI are required it may be
more practical to source a bulk supplier of EZVI such as Toxicological & Environmental
Associates, Inc. (Baton Rouge, LA), who are a bulk supplier of EZVI consisting of a blend of
nZVI and mZVI particles (0.2 to 3 um size range). The costs to manufacture the EZVI using
nZVI on-site from purchased components is essentially the same as purchasing the bulk-supplied
material, so the costs presented later in the section are applicable to either option.

The EZVI application using pneumatic injection assumes EZVI will be injected into twenty
injection points (each injection point having an ROI of 10 ft) in the source area. The impact of
the EZVI injections will be monitored using four downgradient 2-inch monitoring wells screened
within the saturated zone. The injection strategy is to inject EZVI using 2 ft vertical lifts
between 4 and 20 ft bgs. EZVI will first be injected around the perimeter of the source area
(each a 180° injection inwards), pushing the EZVI and potentially mobile DNAPL toward the
center of the source area, followed by injections of EZVI along the centerline of the source area
(each injection point consisting of a total of 360° injection, comprised of four 90° injections at
each depth) to help promote mixing of the DNAPL and EZVI as the EZVI is pushed back toward
the edges of the source area. The volume of EZVI to be injected is based on 15% of the source
area pore volume. The downgradient monitoring wells will be sampled on a quarterly basis for a
period of 10 years following EZVI injection activities to assess the effect of source area
treatment and natural attenuation of the VOC plume.

The EZVI application using direct injection assumes EZVI will be injected into two-hundred
and forty injection points (each injection point having an ROI of 2.5 ft) in the source area. The
impact of the EZVI injections will be monitored using four downgradient 2-inch monitoring
wells screened within the saturated zone. The injection strategy is to inject EZVI using 1-ft
vertical lifts between 4 and 20 ft bgs. The injection points will be spaced to cover the entire
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source area. The volume of EZVI to be injected is based on 15% of the source area pore volume.
The downgradient monitoring wells will be sampled on a quarterly basis for a period of 10 years
following EZVI injection activities to assess the effect of source area treatment and natural
attenuation of the VOC plume.

To facilitate the cost analysis, it was assumed that a single injection event for both the
Pneumatic and Direct Injection alternatives is required. Furthermore, it was assumed that pre-
existing investigation borings are not present or have been decommissioned using grout and that
daylighting of EZVI is not a concern.

The ISCO approach assumes construction of a recirculation system to facilitate distribution
of oxidant within the source area. The ISCO recirculation system will consist of one
groundwater extraction well positioned downgradient of the source area and two upgradient
injection wells. The impact of the ISCO system will be monitored using four downgradient 2-
inch monitoring wells. All wells will be screened within the saturated zone. The extraction well
will be equipped with an electrically-operated submersible pump. The maximum total
groundwater extraction rate is assumed to be 2 gpm. Extracted groundwater will be amended
with sodium permanganate and re-injected via the injection wells. The total mass of
permanganate, which is based upon providing sufficient permanganate to meet the demand
exerted by both uncontaminated soil (assumed to be 1.5 grams [g] of sodium permanganate
[NaMnO4] per kg of soil) and VOCs (1.1 milligram [mg] NaMnO4/mg PCE, 2.2 mg
NaMnO4/mg TCE, 3.9 mg NaMnO4/mg cDCE, and 7.6 mg NaMnO4/mg VC; ITRC, 2005), is
10,045 kg. It is assumed that three years of system operation are required; each year consists of
3 weeks of recirculation with permanganate injection followed by 4 weeks of recirculation
without permanganate injection. The downgradient monitoring wells will be sampled on a
quarterly basis for a period of 10 years following final year of ISCO operational activities to
assess the effect of source area treatment and natural attenuation of the VOC plume.

The P&T system assumed for this cost analysis will consist of two groundwater extraction
wells screened within the saturated zone and equipped with electrically-operated submersible
pumps. The maximum total groundwater extraction rate is assumed to be 2 gpm. Extracted
groundwater will be treated using an air stripping tower. The vapor stream from the air stripping
tower will be treated using granular activated carbon, and treated groundwater will be recharged
into the shallow aquifer via an infiltration gallery. The treated groundwater effluent and the
vapor stream from the activated carbon will be sampled on a weekly basis for a period of 30
years to assess system performance.

7.2  COST DRIVERS

The costs to implement the EZVI technology for source area remediation will vary
significantly from site to site. The key costs drivers are listed below, along with a brief
discussion of their impact on cost.
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Nature and Extent of Contamination

e DNAPL mass and distribution — A greater area of DNAPL distribution will require
more injection points and more EZVI, thus increasing the capital costs of the technology.

e Depth to source area — Costs for the injection of EZVI and for the installation of
monitoring wells will increase as the depth to the target treatment zone increases, but
other costs, such as EZVI costs, will remain similar.

Aquifer Geochemistry

e Concentration of other organic and inorganic constituents - For the biological
component of degradation, dehalorespiration of PCE/TCE can be inhibited in the
presence of chloroform and 1,1,1-trichloroethane (1,1,1-TCA) (Duhamel et al. 2002).
However, one advantage of the EZVI technology over conventional EISB is the ability of
the ZVI to degrade other organic contaminants that are resistant to or inhibit
biodegradation. Large amounts of inorganic constituents may react with the ZVI, thus
consuming some of the capacity of the EZVI.

e Groundwater pH - For the biological component of degradation, biological activity is
sensitive to pH, and the optimal pH range for dehalorespiration of PCE/TCE is ~7 to 8
(Middeldorp et al. 1999). Thus rates of biodegradation are likely to be inhibited at a pH
outside of this range.

Aquifer Geology and Hydrogeology

e Hydraulic conductivity - EZVI may be more readily distributed in more permeable
media. Application of the EZVI technology at sites with a low hydraulic conductivity
(K) will generally be more expensive because a greater number of injection points are
required to treat a given area.

e Geological heterogeneity - High heterogeneity limits the uniform distribution of EZVI
within the target treatment area. Thus, treatment of sites with high heterogeneity will
generally be more expensive as they may require a greater number of injection points or
longer timeframes for remediation.

Available Infrastructure & Site Access

e Available infrastructure - The availability of existing infrastructure (e.g., existing
groundwater injection or monitoring wells, storage buildings, and utilities) can reduce the
cost of technology implementation.
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e Site Access - Sites having limited access for equipment and personnel (e.g., difficult
terrain, overhead obstructions, or treatment beneath a building) may incur higher costs
when implementing the technology.

7.3  COST ANALYSIS

Summaries of the costs for each alternative are provided in Tables 7-3 to 7-7. The capital
costs for the EZVI alternatives using pneumatic injection, which include installation of
monitoring wells, the EZVI, and injection equipment, are approximately $1,013K (nZVI) and
$672K (mZVI). The capital costs for the EZVI alternatives using direct injection are
approximately $1,014K (nZVI) and $672K (mZVI). The annual long-term monitoring cost is
estimated to be $25K per year for all EZVI injection alternatives, and represents a NPV of
$263K over a 10-year monitoring period. The capital cost for the ISCO alternative is $418K,
which is significantly lower than the capital costs for the EZVI using nZVI alternatives, and
moderately lower than the capital costs for the EZVI using mZVI alternatives. However, the
annual cost for O&M and performance monitoring during the second and third years is $239K,
and the annual long-term monitoring cost for the remaining years is $25K. The NPVs of O&M
and long-term monitoring for the ISCO alternative are $402K and $329K, respectively. The
capital cost for the P&T alternative is $380K, which is significantly lower than the capital costs
for the EZVI and ISCO alternatives. However, the annual long-term monitoring cost of $49K
per year is higher than those of the EZVI and ISCO alternatives. The P&T alternative also has
an annual O&M cost of $57K over a 30-year period. The NPVs of O&M and long-term
monitoring for the P&T alternative are $1,202K and $1,030K, respectively. Figure 7-1 provides
a comparison of the NPV capital, O&M and long-term monitoring costs for each alternative.

The bulk volume of the source area for this scenario is 96,000 ft° (2,718 m’ ). Therefore, the
NPV of total remedy costs for the EZVI alternatives using nZVI and mZVI are approximately
$13.30/ft ($470/m”) and $9.74/ft> ($343/m”), respectively. The NPV of total remedy costs for
the ISCO and P&T alternatives are $11.96/ft> ($423/m”) and $27.21/ft° ($961/m”), respectively.

Costs for all of the alternatives considered in this evaluation are presented in Table 7-7.
Figure 7-2 shows the cumulative costs by year for each of the alternatives evaluated above. The
total remedy costs for the two EZVI injection alternatives (pneumatic and direct injection) where
nZVI is used are virtually the same at $1,309,000. The costs for the EZVI injection alternatives
(pneumatic and direct injection) where mZVI is used are lower at about $967,000. The costs for
the ISCO alternative falls between the EZVI injection alternatives were mZVI and nZVI are used
at about $1,220,000. The costs for the P&T alternative are over $3,500,000.
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TABLE 7-3: COST FOR PNEUMATIC INJECTION EZVI ALTERNATIVE Geosyntec Consultants
Parris Island, South Carolina
. ) . Cost ($)
Unit Unit Cost Quantity VI VT

CAPITAL COSTS
Monitoring Well Drilling
- Four (4) 2-inch monitoring wells, installed to 20'. Mobilization, per

diem, decontamination, drums included ea $1.626 4 $6,305 $6,505
- Drilling oversight (Staff Professional) hr $85 9 $765 $765
- Travel, per diem LS $1,120 $1,120
EZVI Injection
- Planning and procurement (Professional) hr §110 100 §11,000 $11,000
- Twenty (20) injection points. Mobilization, per diem included LS $66,115 $66,115
- BEZVI (nZV]) gal $23 32,316 $744,979 -
- EZVI (mZV]) gal $14 32,316 - $460,386
- EZVI injection oversight (Staff Professional) hr $85 130 $11,050 $11,050
- Travel, per diem LS $2.880 $2.880
TOTAL CAPITAL COSTS $844,414 $559,821
TOTAL CAPITAL COSTS (INCL. 20% CONTINGENCY) 81,013,297 $671,785
ANNUAL LONG-TERM MONITORING COSTS (YEARS 1 TO 10)
Annual Monitoring
- Performance monitoring (including sampling and analysis) sample $400 24 $9.600 $9.600
- Reporting LS $15,000  $15,000
ANNUAL TOTAL LONG-TERM MONITORING COSTS $24,600  $24,600
ANNUAL TOTAL LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $29,520  $29,520
NPV OF LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $262,597 $262,597
TOTAL NPV COST (INCL. 20% CONTINGENCY) 81,275,894 $934,382

Notes:

ea - each

hr - hour

LS - lump sum
gal - gallon
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TABLE 7-4: COST FOR DIRECT INJECTION EZVI ALTERNATIVE
Parris Island, South Carolina

Geosyntec Consultants

. . . Cost ($)
Unit Unit Cost Quantity VT e

CAPITAL COSTS
Monitoring Well Drilling
- Four (4) 2-inch monitoring wells, installed to 20'. Mobilization, per

diem, decontamination, drums included ea $1.626 4 $6,505 $6,505
- Drilling oversight (Staff Professional) hr $85 9 $765 $765
- Travel, per diem LS $1,120 $1,120
EZVI Injection
- Planning and procurement (Professional) hr §110 100 $11,000 $11,000
- Two-hundred and forty (240) injection points. Mobilization, per diem included LS $48,500 $48.,500
- EZVI (nZV]) gal $23 32,316 $744,979 -
- EZVI (mZV]) gal $14 32,316 - $460,386
- EZVI injection oversight (Staff Professional) hr $85 310 $26,350 $26,350
- Travel, per diem LS $5,760 $5.760
TOTAL CAPITAL COSTS $844,979  $560,386
TOTAL CAPITAL COSTS (INCL. 20% CONTINGENCY) $1,013,975 $672,463
ANNUAL LONG-TERM MONITORING COSTS (YEARS 1 TO 10)
Annual Monitoring
- Performance monitoring (including sampling and analysis) sample $400 24 $9.,600 $9.600
- Reporting LS $15,000  $15,000
ANNUAL TOTAL LONG-TERM MONITORING COSTS $24,600 524,600
ANNUAL TOTAL LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $29,520  $29,520
NPV OF LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) 3262,597  $262,597
TOTAL NPV COST (INCL. 20% CONTINGENCY) $1,276,572  $935,060

Notes:

ea - each

hr - hour

LS - lump sum
gal - gallon
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TABLE 7-5: COST FOR ISCO ALTERNATIVE
Parris Island, South Carolina

Unit Unit Cost Quantity Cost ($)

CAPITAL COSTS
Well Drilling
- Installation of one (1) 4-inch extraction well, two (2} 4-inch injection wells,

and four (4) 2-inch monitoring wells, installed to 20°. Mobilization, per diem,

decontaminalion, drums included ea £2.463 7 $17.242
- Drilling oversight (Staff Professional) hr $85 27 $2,295
- Travel, per diem Ls $1.280
Recirculation System Construction and Startup
- Design, planning and procurement (Professional) hr 110 200 $22,000
- Piping, instrumentation and process control equipment LS $102,700
- Construction supervision/oversight (Staff Professional) hr $85 225 $19.125
- Startup testing (Staff Professional, Technician) hr $140 27 $3,780
- Travel, per diem LS $5,280
Permanganate Injection (Year 1)
- Permanganate (as 40% NaMn(), solution) kg $5.67 25113 $142,287
- Process monitoring and maintenance (Technician) hr £35 584 $32,120
TOTAL CAPITAL COSTS 8348,109
TOTAL CAPITAL COSTS (INCL. 20% CONTINGENCY) 8417,731
ANNUAL O&M COSTS (YEARS 2 & 3)
Permanganate Injection
- Permanganate (as 40% NaMnO, solution) kg $5.67 25,113 $142,287
- Process monitoring and maintenance (Technician) hr $55 584 $32,120
ANNUAL O&M COSTS $174,407
ANNUAL O&M COSTS (INCL. 20% CONTINGENCY) $209,289
NPV OF O&M COSTS (INCL. 20% CONTINGENCY) $402,216
ANNUAL LONG-TERM MONITORING COSTS (YEARS 1 TO 13)
Annual Monitoring
- Performance momtornng (including sampling and analysis) sample $400 24 $9.600
- Reporting L3 $15.000
ANNUAL TOTAL LONG-TERM MONITORING COSTS $24,600
ANNUAL TOTAL LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $29,52(]
NPV OF LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $328,664
TOTAL NPV COST (INCL. 20% CONTINGENCY) $1,148,610

Notes:

ea - each

hr - hour

LS - lump sum
kg - kilogram
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TABLE 7-6: COST FOR PUMP AND TREAT ALTERNATIVE

Parris Island, South Carolina

Geosyntec Consultants

Task Description Unit Unit Cost Quantity Cost ($)
CAPITAL COSTS
Well Drilling
- Installation of two (2) 4-inch extraction wells, installed to 20'. Mobilization,

per diem, decontamination, drums included ea $3,155 2 $6,310
- Drilling, oversight (Staff Professional) hr $85 18 $1,530
- Travel, per diem LS $1,280
Treatment System Construction and Startup
- Design, planning and procurement (Professional) hr $110 275 $30,250
- Air stripping tower and vapour phase carbon vessels LS $60,000
- Piping, instrumentation and process control equipment LS $116,900
- Infiltration gallery LS $67,900
- Construction supervision/oversight (Staff Professional) hr $85 270 $22,950
- Startup testing (Staff Professional, Technician) hr $140 27 $3,780
- Travel, per diem L3 $6,080
TOTAL CAPITAL COSTS $316,980
TOTAL CAPITAL COSTS (INCL. 20% CONTINGENCY) 8380376
ANNUAL O&M COSTS (YEARS 1 TO 30)
- Process monitoring and maintenance (Technician) hr $55 416 $22.880
- Equipment and replacement parts and other direct costs LS $16,000
- Carbon vessel changeout LS $9,000
ANNUAL O&M COSTS $47,880
ANNUAL O&M COSTS (INCL. 20% CONTINGENCY) 357,456
NPV OF O&M COSTS (INCL. 20% CONTINGENCY) 81,202,475
ANNUAL LONG-TERM MONITORING COSTS (YEARS1TO 30)
Annual Monitoring
- Performance monitoring (including sampling and analysis) sample 8250 104 $26,000
- Reporting LS $15,000
ANNUAL TOTAL LONG-TERM MONITORING COSTS 541,000
ANNUAL TOTAL LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) 549,200
NPV OF LONG-TERM MONITORING COSTS (INCL. 20% CONTINGENCY) $1,029,688
TOTAL NPV COST (INCL. 20% CONTINGENCY) 32,612,539

Notes:

ea - each

hr - hour

LS - lump sum
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TABLE 7-7: SUMMARY OF COSTS FOR TREATMENT OF PCE DNAFL SOURCE AREA
Furris Islund, South Caroling

Absmnathes Du:_‘:;::' o ]:,:::i?:l:t Capital Tatal O&M Costs Average Armual | NPV of O&M | Total Monitoring | Average Annual | NPV of Monitoring | Total Reroedy | WEV of Total
Shg— s Costs = i Q&M Custs Cusls Custs Munitoring Cosls Costs Cusls Remedy Costs
(years) [years) >
EZVI - Pieumatic Injection (ZvI) 0 10 4 0 Eril $295,200 $29,520 §1,215,594
EZVT - Breumatic Tnjecticn (mZVT) 0 10 §571,785 il 50 ksl §295, 200 $29,520 $262,597 $966,955 §934,382
EZNT - Direct Injection (nZVI) o 10 $1,013975 o) 30 0 295,200 329,520 $262 597 £1,309,175 §1,276,572
EZVT - Direct Tnjecticn (mZVT) 0 10 672, 0 50 Eoo] $295,700 $79,520 £262,597 967,663 9935, 060
[8CO 3 13 EEAAES] 318,578 $139,526 $402,16 383,760 $29,520 $3TE 664 $1,220,068 $1,148,610
Trurng and Treat 30 30 §380,376 1,723,850 $1,202475 1,478,000 $45,200 $1,029,858 $3,080,056 32,612,539
Bource Arew Bulk Volume () 96,000 $6,000 26,000 56,000 26,000 56,000 96,000 56,000 $6,000 6,000 56,000
Seures Area Bulk Volume () e Lng 4718 4718 2,18 2,78 8 Lneg 4118 e e
Unit Cost Basis (S per fi* source area)
Duration of | Durativn of i TR
" g Capital o ; Average Annual | WPV of O&M | Total Manitoring) Average Annual [ WPV of Mmitoring | Total Remedy | WPV of Tatal
Altemative O&M Munitoring Tolal O&M Costs ML .
Cnsts &M Costs Cnsts Closts Monitnring Costs Costs Cnsts Remedy Costs
(yvurs) (years)
EZVT - Freumatic Tnjection (nZVT) (1] 10 F1056 000 000 $000 F3os 03 274 51363 §1329
VT - Pnaumatie Injection (mZVT) ] 10 £7.00 5000 000 5000 g308 03 274 soo07 2973
EZVI - Direcl Injection VD) 0 10 $1056 $0.00 000 $0.00 $3.08 | 274 $13.64 $13.30
EZVI - Drect Ijection niVD) 0 10 .00 30 00 ¥ $3.08 | $274 F1nos 074
I8CO 3 13 9435 3836 $L45 409 $4.00 %031 §342 $1271 $1l96
Fump and Treat 30 30 3396 51796 30.60 $12353 51538 50.51 $10.73 53728 $27.21
Unit Cust Busis ($ per m’ souree ar )
Alternative D“::;ﬂ' o ﬂ‘::;f:: Capital | e | AVETg Annual | NPV of O&M | Total Monitoring| Average Annual | NPV of Menitoring| Total Remedy | NPV of Total
Sabeli & Costs = e O&M Custs Costs Costs Muonitoring Cuosts Cusls Costs Remedy Costs
{years) [years) -
EZVI - Preumatic Injection (AZVI) 0 10 51273 50,00 $0.00 $0.00 $108.59 $10.86 26,50 #0133 6535
EZVT - Pnenmatic Injection (mZVT) 0 10 $24712 3000 000 $0.00 $10m 59 F10 86 96 §35572 $343.72
EENT - Diract Injection (nZVT) 0 10 37300 3000 000 $0.00 $108 59 F10 86 F96 60 Jaa1 59 $469 60
EZVT - Direct Tnjechion (mZVT) (1} 10 524737 000 000 Fo00 3108 59 F10 86 F36 60 F35597 34397
[BC0 3 13 $153.67 $15358 $5133 314796 $141.17 $10.845 $120.50 44 2oz
Turng and Treot 3n 30 $130.93 63407 21,14 $442 24 $542 06 $18.10 31808 $1,31496 $961,05

Notes:
ﬁJ e

3
mi - cub

: feet

meters

O&M - Operation and Maintenance
WPV - Hel Present Value
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8.0 IMPLEMENTATION ISSUES

This section provides information that will assist in future implementations of the
technology. The following are key issues related to implementation of the EZVI technology.

8.1 POTENTIAL ENVIRONMENTAL ISSUES
8.1.1 Regulatory Issues

For this pilot test, an underground injection control (UIC) permit was required by SDHEC.
At full-scale, a UIC permit will be required in most jurisdictions for the injection of EZVI and
the extraction and re-injection of contaminated groundwater if co-injection of groundwater with
the EZVI is being conducted. EZVI is composed of vegetable oil, food grade surfactant and ZVI
particles, all of which are routinely injected or emplaced into the subsurface for groundwater
remediation purposes. It is therefore expected that acquiring a UIC permit should not be
difficult.

8.1.2 Air Discharge

The EZVI process described will not normally result in discharge of chemicals to the
atmosphere.

8.1.3 Wastewater Discharge

The EZVI process described will not normally result in the generation of wastewater
streams. Any extracted