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EXECUTIVE SUMMARY
Project Objective

The overall objective of this project was to evaluate if inexpensive flow reduction agents
delivered via permeation grouting technology could help manage difficult-to-treat chlorinated
solvent source zones. This approach aims to provide two benefits for improving groundwater
quality at chlorinated volatile organic carbon (CVOC) sites by:

1. physically reducing the mass flux of contaminants leaving the source zone by using
permeation grouting (Figure ES-1), thereby reducing risk and making the downgradient
plume more amenable for management by natural attenuation processes; and

2. increasing the Natural Source Zone Depletion (NSZD) rate within the source by diverting
competing electron acceptors (e.g., dissolved oxygen, nitrate, and sulfate) around the
source zone to create an enhanced reductive dechlorination zone (ERDZ) (Figure ES-2).

3. 4.

Sodium
Silicate

|
Figure ES-1: Permeation Grouting Sequence

1. A small injection point (either inexpensive single use multi-level well or direct push injection point
that injects while pulling up) is driven into source zone. 2. Water, hardener, and silica gel are mixed on
the surface and injected as a liquid into the injection point, filling up the pore space of the sands. 3.
After 0.5 to 4 hours, the silica gel changes from liquid state to a gel state, greatly reducing the water flow
through the sand/gel mix. 4. The process is repeated by drilling and injecting in adjacent injection points
(spaced 0.8 to 2 m apart), forming a barrier surrounding the source.
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Figure ES-2: Enhanced Reductive Dechlorination Zone Concept

Electron acceptors that flow into a CVOC source zone can consume valuable electron donor. Diverting

them can increase the NSZD rate.

Project Outcome

This project generated the following deliverables and conclusions:

A detailed demonstration of how to
design and construct permeation grouting
barriers using silica gel type grouts and
commonly used remediation technology
(direct push rigs and injection skids);

Instructions on how to estimate the
benefits from the electron acceptor
diversion (Appendix A);

A detailed literature review of permeation grouting technology;

A laboratory study performed by Solutions-IES that describes a novel silica gel/vegetable
oil grout that can be used for permeation grouting (Appendix C)

A Design Manual for how to build a silica gel injection skid (Appendix E).

The project demonstration had these results:

A description of a Small-Scale Demonstration that achieved an average 64% reduction in
flow through three small barriers. This was lower than the performance objective of a 90%
reduction in flow and was likely caused by the low permeability of the silty sands in the
test area.

A Large Scale Demonstration was not performed due to the low permeability of the planned
test area. However, based on standard geotechnical practice, 90% groundwater flow reduction
with silica gel permeation grouting is likely achievable at sites with the main transmissive
units having hydraulic conductivity closer to the optimal range (from 5x10* to 10 cm/sec).

ES-2



Effect of Grout Barrier on Aquifer Hydraulic Conductivity

1.0

No Barrier @No Barrier
® @With Barrier

0.8
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04 L

Hydraulic Conductivity
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0.2

Average K=0.63 ft/day

0.0

Figure ES-3: Results of Small-Scale Demonstration

Applications of one acre in area or more are significantly less costly than conventional in-
situ remediation technologies ($996K per acre and $21 per cubic yard for a one acre site).

Project Tasks

Task 1: Research Flux Reduction Materials: Several novel silica gel/vegetable oil-
formulations were developed and tested in lab-scale batch and column studies by project
team member Solutions-IES. Desired characteristics of these formulations were potential
long-term restoration of permeability and the potential for enhanced biodegradation of
contaminants in the small portion of groundwater passing through barrier (all
groundwater barriers leak). In a parallel effort, the technical literature regarding
properties and field injection protocols of conventional silica gel was reviewed and
supplemented with confirmation lab tests at GSI to select the most cost-effective silica
gel material and the specific silica gel hardening reagent necessary for subsurface gelling.
The results of this evaluation were used to select one type of silica gel and a vegetable-oil
formulation for the Small-Scale field demonstration (Task 2).

Task 2: Perform a Small-Scale Field Demonstration: Test cells were constructed in an
unimpacted zone at the demonstration site. Two cells were constructed with the selected
silica gel solution and two cells were constructed with the vegetable-oil formulation
developed by Solutions IES. The main goal of the Small-Scale demonstration was show
positive performance of a small barrier test cell, and to demonstrate how commonly used
remediation equipment (direct push rigs, injection skids) can be adapted to make
permeation grouting barriers.

Task 3: Expand to a Large-Scale Field Demonstration: The results of Task 2 (Small-Scale
Field Demonstration) were designed to make a go / no-go decision for a larger-scale
technology demonstration. Key performance metrics involved the measurement of the
change in mass flux, hydraulic gradient and geochemical parameters. Because the design
work on Task 3 was conducted partly in parallel to the other Tasks, a site had been
selected, a conceptual design completed, and some detailed design work was performed.

ES-3



However, the results of the Small-Scale Field Demonstration did not reach the pre-
established performance goals and therefore the Large-Scale Field Demonstration was
not performed.

Results

Two grout mixtures were selected based on gel tests and a treatability study by Solutions-

IES:

— A Silica Gel Grout: 10 vol-% of
sodium silicate, 5 vol-% of
dibasic ester hardener, and 85
vol-% of  water. This
formulation had a gel time of |
approximately 4 hours and had
an estimated viscosity of 3-4 cP.

— Solutions-IES ~ Novel  Silica
Gel/Veg-Oil Grout: 5 wt-
% of emulsified vegetable oil
(EVO), 10 wt-% of sodium
silicate, 1.8 wt-% of dibasic
ester, and 83 wt-% of water.
This formulation provided a 3-4
orders of magnitude reduction in lab permeability tests, and a gel time of 18 hours.

A Small-Scale Demonstration was performed, but resulted in a 64% reduction in
groundwater flow. The reason for the lower-than-expected performance was likely the
low hydraulic conductivity (7x10-5 cm/sec) in the test area that had two effects: 1) it was
on the low range of recommended application range for silica gels, making it difficult to
emplace the grout; 2) it made it difficult to accurately measure barrier performance.

Performance of 90% groundwater flow reduction with silica gel grouting is likely
achievable at sites with the main transmissive units having hydraulic conductivity closer
to the optimal range (from 5x10™* to 102 cm/sec).

Other grouts are available for conditions outside the optimal range for silica gel: cement
grouts for units above 1x10' cm/sec, and acrylate grouts for lower permeability units.
Note that these grouts are more expensive than silica gel (particularly the acrylate grouts).

Application of a revised cost model based on data from this study show costs of ~$21/yd?
and $996K per acre for a silica gel application, which is <50% than commonly reported
unit costs for in-situ treatment technologies.

Based on field experience of the Small-Scale Demonstration, the process is moderately
complex to implement in the field but with no major problems.

Lessons Learned

How to Build Source Zone Barriers

A general decision logic for applying the technology is shown in Figure ES-4.

ES-4



e The technical literature is very helpful to understand how to design and build permeation
grouting barriers. Two key references are Powers et al. (2007) and Karol et al. (2003)
(Section 5.1.1)

¢ Different grouts can be applied for different conditions, with acrylamides being useful for
very low permeability formations and cements for high permeability ones. The minimum
range for application of silica gel grouts was reported to 1x10° to 1x10 cm/sec by one
reference, while a second reference suggested a minimum hydraulic conductivity of
1x10* cm/sec. Note that silica gel is much cheaper and easier to use than acrylamide
grouts and concrete grouts are more commonly used for coarse alluvial material.

e Groups interested in implementing the barrier technology have two broad options: 1)
Hire a geotechnical contractor and use permeation grouting equipment (such as tube-a-
manchette) or other barrier technologies (e.g., slurry wall or sheet piles); 2) or use
commonly used remediation equipment such as direct push rigs with modified injection
equipment to mix silica gel, hardener, and water (see Section 5.4 and Appendix E for
information about the mixing skid used for this project).

Benefits of Barriers

e One of the benefits of the barrier technology is the potential for enhancing NSZD by
establishing an enhanced reductive dechlorination zone when the competing electron
acceptors are diverted. One research paper (Newell and Aziz, 2004) estimate a potential
increase in NSZD rates of 226 kg/year (500 Ibs/yr) at a typical chlorinated solvent site
with electron acceptor diversion and 100% efficiency; see Appendix A for an example
calculation at a hypothetical site and the BIOBALANCE tool (Kamath et al, 2008) for
more information. A key requirement is that the site is contains electron donor in the
source zone, either that is from naturally occurring organic material in the source zone;
fermentable oils or other electron donors that were released along with the chlorinated
solvents (a fairly common occurrence at DoD sites); or there has been an election donor
addition project to accompany the construction of the barrier.
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Enhanced Reductive

@ Chlorinated Solvent Source
Zone?

Interested in Barrier to Reduce
Mass Discharge and Create an

Dechlorination Zone (ERDZ) at

4

Step 1: What are the benefits
of constructing a barrier
around CVOC source zone?

i

Step 2: Use geotechnical
contractor or do permeation
grouting using remediation

technology?

4

Step 3: Are site conditions
suitable for permeation
grouting using silica gel?

2

Step 4: Determine if other
factors such as vapor intrusion
or water level increases might

cause a problem.

4

Step 5: Should | use standard
silica gel or the novel silica
gel/veg oil grouting material?

-

Determine the mass discharge
leaving the source zone now
using technologies such as
ESTCP Mass Flux Toolkit,
passive flux meters, or other
methods. Will a 90%
reduction in mass discharge
met site goals?

and

1) Determine if electron
donors are present in the
source zone from waste or
other sources.
2) Calculate the potential
increase in CVOC source

biodegradation rate by electron
acceptor diversion (see Section
2.2 and Appendix A).

This report tells you how to
apply permeation grouting
using remediation
technology to inject silica gel
(direct push injection points,
Section 5.4.2) and an injection
skid (5.4.1 and Appendix E)

¥

or

A geotechnical contractor can
provide a turnkey quote using
a variety of barrier
technologies (slurry walls,
sheet piling) as well as
permeation grouting.

In general, permeation grouting needs 1) a transmissive zone
comprised of sand (not silt or gravel or fractured rock) with
K between 5x10™* to 102 cm/sec (see Section 5.1.1); and 2) a low
permeability unit at the bottom of the transmissive zone (Section

5.1.3); and 3) the site probably needs to be accessible by direct push
rig to make the process economical. Note that non-silica gel grouts
and other barrier technologies can be used at sites that don’t meet

these criteria.

At most sites these issues won't be a problem but need to be
evaluated. See Appendix D for a detailed discussion.

Some potential considerations are: 1) silica gel grouts have a much
longer track record; 2) silica gel grouts may be less expensive; 2) if there
is a concern that the reduction in mass discharge from Step 1isn't
enough, then the silica gel/veg oil material may be advantageous.

Figure ES-4: Decision Logic for Applying Barrier Technology at CVOC Sites
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What Type of Site Conditions Are Needed

For high efficiency barriers with significant flow reduction, the site must have a lower
low permeability unit such as a clay to prevent up flow; and a four sided barrier is
recommended (three sided barriers are likely to have lower performance (Section 5.1.3).
For accessing the lower cost silica gel grouting technology, the hydraulic conductivity of
the transmissive unit should be in the range of 5x10™ to 10 cm/sec.

The source zone should contain electron donor to realize the benefit of electron acceptor
diversion that a barrier provides. Sites with faster groundwater will have more benefit
than sites with slow groundwater.

Using Existing Remediation Technology for Barriers

This ESTCP demonstration was able to
use existing remediation technology
(direct push rigs and injection skids) to
build four small barriers for the Small-
Scale Demonstration.

The mixing process is generally more
complex than standard injection-based
remediation projects because the injection
skid needs to mix three fluids, delivery
multiple locations simultaneously, let
operators see pressure, flowrate, and have
contingency for grout set-up in the

injection manifolds. The design described
in Section 5.4 and Appendix E worked well.

Designing Permeation Grout Barriers

Permeation grouting requires filling all the porosity, not just the mobile porosity. This
increases the amount of grout required for the barrier as total porosity in the 24% to 44%
range are typically used for the volume of grout needed calculation compared to 2% to
10% for the mobile porosity. Note the Small Scale Demonstration and the calculations in
Section 6 assumed 30% porosity for the fine sand present in the test area.

Munitions can complicate installation, but same holds for any injection based technology.
The silica gel grout was much more reliable in terms of grouting times when the
inorganic hardener (dibasic ester (DBE)) was used (Section 5.3). On-site gel tests are
important to confirm that the soil chemistry will work with the design mix of gel and
hardener (Section 6.1.2). This is particularly true at sites with saline groundwater.

If a direct push rig is used for injection and the injection zone is more than a few feet
thick, multi-level injection wells (Section 5.4.2) are important to ensure even vertical
distribution of the grout. If a permeation grouting contractor is used, a tube-a-manchette
rig will provide good vertical distribution of grout in the barrier.
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Design and Performance of Small Scale Demonstration

Novel Grouting Material

It was difficult to assess performance of the barrier for the Small-Scale Demonstration at
the chosen location. Contributing factors include:

The hydraulic conductivities were relatively low (0.63 feet per day (2x10™* cm/sec))
(Section 6.3.2) resulting in low pumping rates (< 0.1 gpm) and low volumes of extracted
groundwater during the before- and after-tests (< 20 gallons);

Potential construction problems associated with the multi-level injection wells in a very
fine-grained heterogeneous unit (Section 5.4.2) as one injection well had to be abandoned
(Section 6.2).

The “donut” configuration (Section 5.1.2) may have not been efficient at testing the
permeation grouting process; a larger demonstration area may have resulted to better test
data. However using constant head injection tests, an average of 64% reduction in flow
resulted, which is significant but below the 90% reduction performance goal. This
result, and relatively low hydraulic conductivities in the planned Northern Plume test
area, led to the decision not to perform the Large-Scale Demonstration.

Applications for the flux reduction technology are likely to have better performance at
sites with higher permeability and higher groundwater velocity than at the site used for
the demonstration, both for demonstrating the hydraulic effect of the barrier and the
benefits from electron acceptor diversion.

The Solutions-IES novel grout material | DRAFT @)‘ESTEF
consisting of a silica gel/veg oil mix
appeared to work as well as conventional
silica gel for reducing flow (Table 6.4),
but since the Small-Scale Demonstration TREATABILITY REPORT

was performed in a relatively unimpacted
zone, the project was unable to test its
dechlorination capabilities in the field.
The theory behind the gel/oil material is
sound as permeation grouting barriers are
designed to reduce but not eliminate
groundwater flow through them, therefore
providing a mechanism for increased
treatment with the oil.
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1.0 INTRODUCTION

The overall objective of this project was to evaluate if
inexpensive flow reduction agents delivered via
permeation grouting technology could help manage
difficult-to-treat chlorinated solvent source zones.
This approach aims to provide two benefits for
improving groundwater quality at chlorinated volatile
organic carbon (CVOC) sites by:

1. physically reducing the mass flux of
contaminants leaving the source zone, thereby
reducing risk and making the downgradient
plume more amenable for management by
natural attenuation processes; and

2. increasing the Natural Source Zone Depletion
(NSZD) rate within the source by diverting
competing electron acceptors (e.g., dissolved
oxygen, nitrate, and sulfate) around the source

zone to create an enhanced reductive dechlorination zone (ERDZ). The influx of competing
electron acceptors into treatment zones can consume a large fraction of the available electron

Natural Source Zone Depletion (NSZD)
and Enhanced Reductive
Dechlorination Zones (ERDZs)

NSZD is the term for the attenuation of the
source zone itself at a contaminated
groundwater site from processes such as
mass loss to moving groundwater and
biodegradation in the source zone (Newell
et al., 2014)

One way to increase NSZD rates at
chlorinated solvent sites is to use a barrier
to divert competing electron acceptors
(oxygen, nitrate, and sulfate) around the
source zone, thereby making the
geochemistry inside the barrier more
conducive for anaerobic biodegradation.
This is called an ERDZ (Kamath et al.,
2008)

donor supply at bioremediation sites, necessitating more frequent substrate reinjection.

To test these concepts, three tasks were designed, with work on the third task to be contingent on

the results of the first two tasks:

Permeation Grouting
Permeation grouting is the flow of

e Task 1: Flux Reduction Material Formulation: Two

types of flow-reduction materials for permeation
grouting were evaluated in terms of performance (i.e.,
flux reduction properties), cost, ease of installation,
and longevity: 1) conventional physical compounds
such as silica gel that are frequently used in the
geotechnical field for “water tightening” (permeation
grouting) purposes; and 2) a novel vegetable oil
formulation developed and selected by one of the

grout into the pores of the soll,
without displacing or changing the
soil structure, resulting in
modification of the characteristics of
the ground with the hardening or
gelling of the grout. One way
permeation grouting is used is 0
decrease the permeability of the sail
or provide "watertightening"
(Powers et al., 2007)

project team members, Solutions-IES, that in addition to water tightening capability it

promoted biodegradation CVOCs passing through the barrier.

Laboratory testing and

review of available scientific literature were performed to select the most appropriate
vegetable oil formulation and silica gel solution for the Small-Scale field demonstration.

Task 2: Small-Scale Field Demonstration: Test cells were constructed in a clean zone at the
demonstration site. Two cells were constructed with the selected silica gel solution and two
cells were constructed with the vegetable-oil formulation developed by Solutions IES. The
main goal of this Small-Scale demonstration was to demonstrate that remediation
technology (direct push rigs and subsurface injection experience) could be used to make
permeation grouting barriers at contaminated sites. In addition, the reduction in aquifer
transmissivity was evaluated to compare the relative performance of both materials.




e Task 3: Large-Scale Field Demonstration: The results of Task 2 (Small-Scale Field
Demonstration) were designed to make a go / no-go decision for a larger-scale
technology demonstration. Because the design work on Task 3 was conducted partly in
parallel to the other Tasks, a site had been selected, a conceptual design completed, and
some detailed design work was performed. However, the results of the Small-Scale Field
Demonstration did not reach the pre-established performance goals and therefore the
Large-Scale Field Demonstration was not performed.

1.1  BACKGROUND

SERDP/ESTCP recently identified “Treatment of Contaminants in Low-K Zones” as a “High”
Research and Development need for the Department of Defense (DoD) remediation program
(Leeson and Stroo, 2011). These types of sites represent an increasing fraction of the DoD’s
chlorinated site portfolio, as the easier and smaller source zones are successfully treated. For
example, sites dominated by matrix diffusion-type sources from low permeability (Low-K) zones
are increasing for two reasons: 1) untreated sites continue to age and transform from Middle
Stage sites (sites where DNAPL sources are active) to Late Stage Sites (sites where matrix
diffusion sources dominate) (Sale et al., 2008); and 2) more chlorinated solvent sources zones are
treated and the bulk of the DNAPL is removed, but the low-permeability source zones are still
too strong to close the site or rely on MNA processes.

One of the likely side effects of matrix diffusion dominated sites is concentration rebound after
in-situ treatment. This has been commonly observed at sites treated with chemical oxidation
(e.g., McGuire et al, 2005; Krembs et al., 2010), and it has been speculated that rebound can
occur at sites treated with in situ bioremediation if monitoring is continued for longer periods. A
key paper describing sustained treatment (Adamson et al., 2011) makes the case that even for
apparent long-lasting technologies, some of the treatment effects will diminish over time, and
that periodic reapplication of treatment chemicals may be needed over the lifetime of the site. If
this is the case, then the Department of Defense’s remediation liability over the decades-long
periods that these sources will be active may be much larger than currently estimated.

For these long-lived, difficult-to-treat sites, inexpensive (in units of dollars per cubic yard, or
dollars per acre) technologies are needed that can: 1) immediately and reliably address the key
problem associated with these recalcitrant source zones, specifically the mass flux of
contaminants leaving the source zone; 2) increase the actual treatment of the contaminants
leaving Low-K source zones, or DNAPL; and 3) last for decades or longer. To evaluate the
impact of remediation at these sites, mass flux (or mass discharge) is the most useful
measurement because it establishes the amount of mass per unit time leaving the source zone
(Newell et al., 2011).

The project envisions site managers could access the technology in two ways:

1. Contract existing geotechnical permeation grouting vendors to install physical barriers at
contaminated sites, either using permeation grouting or other barrier techniques (slurry
walls, sheet piling, etc.) This has the advantage of simpler turn-key approach, but may have
the disadvantage of higher costs if the contractor is unfamiliar with and untrained for
working at hazardous waste sites. Note that permeation contractors have a specialized tool
called tube-a-manchette that they use for many permeation grouting projects.



2. Use existing remediation contractors for applying direct-push technology and modified
injection skids to perform the permeation grouting. Most of the project was devoted to
explaining how to perform permeation grouting can be implemented by using conventional
remediation technology.

Contaminant flux reduction barriers can potentially prove to be an innovative application of
existing technologies that can meet these objectives inexpensively and reliably. This technology
provides long-term (decades) or permanent treatment of source zones where the mass flux is
greatly reduced, back diffusion and/or DNAPL sources are reliably managed, and contaminant
attenuation rates within the source zone are substantially increased. Unit costs for flux reduction
treatment of an acre site are anticipated to be ~ $21 per cubic yard and < $1 million per acre.
This is significantly less than reported unit cost for in-situ biodegradation ($30-180 per cubic
yard), chemical oxidation (median $125 per cubic yard), and thermal remediation (median $161
per cubic yard) (McGuire et al., 2016); and lower than the analysis presented in Sale et. al.
(2008) that showed that costs for chlorinated solvent source zone remediation “will range
between $1 million and $5 million per acre.” For the performance criteria for this project, we
assumed a typical in-situ remediation cost of $3 million per acre.

1.2 OBJECTIVE OF THE DEMONSTRATION

The objective of this ESTCP field demonstration was to: 1) evaluate different flux reduction
agents, including novel materials; 2) conduct a Small-Scale field study to evaluate permeation
grouting materials in terms of cost, ease of installation, and performance (i.e., flux reduction
properties) and 3) conduct a larger-scale field demonstration with the best-performing material to
evaluate the reduction in contaminant mass flux and hydraulic gradient and the creation of
enhanced anaerobic conditions for contaminant biodegradation.

Specific performance objectives and success criteria are described in Section 3.
1.3 REGULATORY DRIVERS

SERDP/ESTCP recently identified “Treatment of Contaminants in Low-K Zones™ as a “High”
Research and Development need for the Department of Defense (DoD) remediation program
(Leeson and Stroo, 2011). These types of sites represent an increasing fraction of the DoD’s
chlorinated site portfolio, as the easier and smaller source zones are successfully treated. For
example, sites dominated by matrix diffusion-type sources from low permeability (Low-K) zones
are increasing for two reasons: 1) untreated sites continue to age and transform from Middle
Stage sites (sites where DNAPL sources are active) to Late Stage Sites (sites where matrix
diffusion sources dominate) (Sale et al., 2008); and 2) more chlorinated solvent sources zones are
treated and the bulk of the DNAPL is removed, but the low-permeability source zones are still
too strong to close the site or rely on MNA processes.

The National Research Council (NRC) has recently advanced an important new concept about
managing contaminated groundwater sites called a Transition Assessment. Despite years of effort
and considerable investment, many sites “will require long-term management that could extend for
decades or longer.” The NRC discusses the need for developments that can aid in “transition from
active remediation to more passive strategies and provide more cost-effective and protective
long-term management of complex sites,” including conducting formal Transition Assessments.



This concept, which is an intrinsic part of the ITRC’s Integrated DNAPL Site Strategy (IDSS)
framework, has now been validated by a key U.S. scientific body, the National Research
Council.

The Contaminant Flux Reduction Barrier technology is targeted to address sites dominated by
matrix diffusion and/or that are candidates for long-term passive management of a site. At these
sites, further active remediation (such as chemical oxidation, bioremediation, chemical reduction,
thermal treatment) will likely not change the long-term management of the site because of the
residual contaminants in low permeability zones. If MNA will not be protective, there is a need
for a technology that will reduce the mass flux from these zones and have the potential for some
accelerated NSZD of the remaining chlorinated solvent mass.



20 TECHNOLOGY
21 TECHNOLOGY DESCRIPTION

The technology combines the concepts of source zone attenuation, high-resolution mass flux, and
enhanced biodegradation. The original concept was to reduce groundwater flow by reducing the
“mobile porosity” of the saturated zone, which carries most of the groundwater flow and
typically ranges from 0.02 to 0.10 (e.g., 2% to 10% of the pore space carries most of the
groundwater flow (Payne et al., 2008). By using permeation grouting for “water tightening”,
liquid injectable grouts are injected into the subsurface and naturally flow into the mobile
porosity. The grouts contain a hardening agent that converts the liquid grout into a solid gel that
blocks groundwater flow through the pore space. One key concept is that the technology is
designed to reduce, but not totally eliminate groundwater flow through the barrier. Water
tightening by geotechnical contractors inherently has some residual flow, which is important for
this application to accommodate infiltration water that enters the enclosed source zone from the
top. As described in Section 7, the concept of grouting just the mobile porosity was optimistic,
and grouting the entire porosity (typical between 24% and 44%) in the volume of the barrier is
required for a tight seal (90% reduction in groundwater flow or more).

A second benefit is that by creating a barrier —

around a treatment zone, groundwater flow S e vy
carrying competing electron acceptors will be
diverted, resulting in an engineered reaction
zone similar to the Enhanced Reductive
Dechlorination Zone (ERDZ) concept that was
developed by Newell et al. (2003, 2004) and is
part of the Biobalance Toolkit (Kamath et al.,
2008). The reduction in competing electron TR
acceptors in the treatment zone enables the B ' Start ] About
appropriate geochemical environment for an
enhanced reductive dechlorination zone
(Newell et al., 2004). A spreadsheet calculator for that lays out the calculations for estimating
the benefits from a ERDZ is shown in Appendix A.

BIOBALANCE: A MASS BALANCE
TOOLKIT

For evaluating Sewrce deplefion,
Competition effects, long-te
and Plume dy namics.

The specific tasks of the project are as follows:

1. Task 1: Flux Reduction Material Formulation: Several novel silica gel/vegetable oil-
formulations were developed and tested in lab-scale batch and column studies by project
team member Solutions-IES. Desired characteristics of the formulations were potential
long-term restoration of permeability and the potential for enhanced biodegradation of
contaminants in the small portion of groundwater passing through barrier (all
groundwater barriers leak). In a parallel effort, the technical literature regarding
properties and field injection protocols of conventional silica gel was reviewed and
supplemented with confirmation lab tests at GSI to select the most cost-effective silica
gel material and the specific silica gel hardening reagent necessary for subsurface gelling.
The results of this evaluation were used to select one type of silica gel and a vegetable-oil
formulation for the Small-Scale field demonstration (Task 2).



e Task 2: Small-Scale Field Demonstration: Test cells were constructed in a relatively
unimpacted zone at the demonstration site. Two cells were constructed with the selected
silica gel solution and two cells were constructed with the vegetable-oil formulation
developed by Solutions IES. The main goal of the Small-Scale demonstration was show
positive performance of a small barrier test cell, and to demonstrate how commonly used
remediation equipment (direct push rigs, injection skids) can be adapted to make
permeation grouting barriers.

e Task 3: Large-Scale Field Demonstration: The results of Task 2 (Small-Scale Field
Demonstration) were designed to make a go / no-go decision for a larger-scale
technology demonstration. Key performance metrics were to include the change in mass
flux, hydraulic gradient and geochemical parameters will be measured. Because the
design work on Task 3 was conducted partly in parallel to the other Tasks, a site had been
selected, a conceptual design completed, and some detailed design work was performed.
However, the results of the Small-Scale Field Demonstration did not reach the pre-
established performance goals and therefore the Large-Scale Field Demonstration was
not performed.

2.2 TECHNOLOGY DEVELOPMENT
2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY
2.3.1 Advantages of the Technology

The key advantage of this technology is that creating flow/mass flux reduction barriers around
the perimeter of difficult-to-treat source zones is less expensive than treating the entire volume of
the source zone. In addition, there are potential benefits of reducing the influx of competing
electron acceptors, thereby establishing an Enhanced Reduction Dechlorination Zone at
chlorinated solvent sites that already contain electron donors within the source zone.

Costing models show that this technology has the potential to be significantly cheaper
(approximately $21 per cubic yard for large sites) (Section 6), provide better performance, and
be more predictable and reliable than existing technologies for larger sites. Unlike most
remediation systems in which costs are directly proportional to the size of treatment areas, this
technology has decreasing costs per source zone area. If proven to be feasible, the proposed
methods are also easy to implement and scale up, making them attractive options for closing
large sites.



Figure 2.1:

Additionally, little to no maintenance and operating costs are involved, making this a very cost-
effective technology over the long term. The lifetime of most grouts is relatively long; for
example cement grouts are expected last indefinitely unless in unusual groundwater conditions.
One grouting reference (Karol, 2003) stated that silica gel grouts are expected to have a 50-year
lifetime. The implementation of this technology also requires minimal subsurface disturbance
and waste materials.

Finally, the technology provides an isolation of the source zone or plume, reduces mass
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discharge, and enhances biodegradation within the treatment zone.

2.3.2 Limitations of the Technology

Potential limitations of the technology include:

No direct active treatment and reliance on NSZD alone for treatment may not be
acceptable to site stakeholders. Even though the NSZD rate of the chlorinated solvents in
the source zone is likely to be increased, longer remediation timeframes are expected
compared to active treatment.

The silica gel / injected materials are semi-permanent, making complete restoration of the
treatment zone to pre-impact conditions difficult;

The technology does not control the vapor intrusion pathway, and other controls will be
required if this pathway is active;




At a small number of sites, the accumulation of water within the barriers and elevated
water levels may occur if the barrier is too tight and does not have a method to release
accumulated groundwater.

Access may be a problem for construction of the barrier, but this is likely to be a much
smaller problem compared to application of most in-situ treatment technologies.

High mobilization costs may make the technology less cost effective for small sites.



3.0 PERFORMANCE OBJECTIVES

Our overall objective was to demonstrate a treatment technology for difficult-to-treat chlorinated
solvent source zones that focuses on reducing the groundwater flow through a chlorinated
solvent source zone. There are two significant benefits associated with this approach: 1) it will
reduce the mass flux of contaminants leaving the source zone; and 2) it will increase the
biodegradation rate within the source as competing electron acceptors (dissolved oxygen, nitrate,
and sulfate) are diverted around the source zone.

Specific objectives for demonstration project were to:
1. Evaluate two different flow-reduction materials in terms of cost, ease of installation,

effectiveness: a vegetable-oil formulation and a silica gel grout.

2. Determine cost factors of this technology relative to conventional remediation strategies
for chlorinated solvents in terms of key unit costs ($ cubic yard and $ per acre).

Evaluate ease of installation and injection procedures in the field.

4. Determine if a 1 Order of Magnitude (OoM) or greater reduction in mass discharge from
actual treatment zones is achievable using this flux reduction technology.

5. Demonstrate that enhancement of anaerobic conditions within treatment zones once
groundwater flow is diverted is possible and estimate the potential increase in chlorinated
solvent degradation rate using BIOBALANCE model (Kamath et al., 2008).

Specific performance objectives are summarized in Table 3.1.

Data from the Small-Scale demonstration was used to assess changes in flow reduction which
is generally proportional to mass flux reduction at most contaminated sites. As the Large-
Scale Task 3 demonstration was not conducted, some performance objectives could not be
evaluated.



Table 3.1:

Performance Objectives of the Small-Scale and Large-Scale Demonstrations

Performance
Objective

Data Requirements

Success Criteria

Quantitative Perfor

mance Objectives

Evaluate flow-
reduction
materials in terms
of cost and
reduction in
aquifer
transmissivity

1. Unit cost for installing barrier for two
injection materials (Small-Scale Demo);

2. Transmissivity of treatment zone before
and after barrier installation (Small-Scale
Demo);

3. Groundwater flow before and after
barrier installation (Large-Scale Demo);

4. Change in hydraulic gradient (Large-
Scale Demo)

Reduction in groundwater flow of at least 1
order of magnitude (90% reduction)

NOT ACHEIVED: A 64% reduction in
groundwater flow was estimated for the Small-
Scale Demonstration; thereby the performance
metric was not achieved.

Determine cost

Project costs ($ per cubic yard and $ per

Life-cycle cost (20 year time frame) for flux

factors of acre); estimates for applying more reduction material application < 50% of current
technology conventional in situ technologies at similar | in-situ treatment technologies for a 1-acre site.
relative to scale using literature values (e.g., McDade | ACHEIVED: Application of a revised cost
conventional et al., 2005) (Large-Scale Demo) model based on data from this study show 33%
remediation cost of typical in-situ remediation project of $3
strategies million per acre (Sale et al.,2008) .

Evaluate reduction
of mass flux at
chlorinated
solvent site

Mass flux of contaminants before and after
barrier installation, determined through the
use of PFMs (Large-Scale Demo)

Mass flux reduction of similar order of
magnitude as reduction in groundwater flow: at
least one order of magnitude (90% reduction)
NOT APPLICABLE: The Large-Scale
Demonstration was not performed so the
performance metric was not evaluated.

Determine
enhancement of
anaerobic
conditions within
treatment zone
once groundwater
flow is diverted

Geochemical parameters such as dissolved
oxygen, sulfate, nitrate, and oxygen-
reduction potential (Large-Scale Demo)

Calculated 90% reduction in soluble electron
acceptor flux using ESTCP Mass Flux Toolkit;
calculated reduction in electron acceptor
concentrations in treatment zone; evaluation of
benefits using BIOBALANCE Tool.

NOT APPLICABLE: The Large-Scale
Demonstration was not performed so the
performance metric was not evaluated.

Qualitative Performance Objectives

Ease of Feedback from field personnel on material Material preparation and injection is
installation preparation and injection process, including | predictable.
pressures and rates ACHEIVED: Based on the experience of the

Small-Scale Demonstration, the process is
moderately complex to implement in the field
but with no major problems. This metric is
considered to be achieved.

3.1 PERFORMANCE OBJECTIVE: EVALUATION OF FLOW REDUCTION

MATERIALS

The effectiveness of the technology is dependent on the appropriate selection of a flux reduction
material that is cost effective, and is able to reduce groundwater flow through the treatment zone
after the installation of the barrier.
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3.1.1 Data Requirements

The two permeation grouting flux reduction materials (i.e., conventional silica gel and novel
silica gel/vegetable oil formulation) were evaluated on the basis of cost and the reduction on
groundwater transmissivity during the Small-Scale demonstration.

3.1.2 Success Criteria

The objective will be considered met if one of the flux reduction materials is able to reduce
groundwater flow by at least 1 order of magnitude (OoM) (>90% reduction) compared to
pretreatment conditions. NOT ACHEIVED: A 64% reduction in groundwater flow was
estimated for the Small-Scale Demonstration; thereby the performance metric was not achieved.

3.2 PERFORMANCE OBJECTIVE: DETERMINE COST FACTORS FOR
TECHNOLOGY

The cost of this technology will be important in determining its effectiveness, particularly in

comparison to existing remediation technologies at chlorinated solvent sites.

3.2.1 Data Requirements

Cost factors will be evaluated on the basis of total project costs ($ per cubic yard and § per acre),
and compared to costs for conventional in-situ technology estimates using literature values (e.g.,
McDade et al., 2005).

3.2.2 Success Criteria

The objective will be considered met if the life-cycle cost (20 year time frame) for the flux
reduction barrier application is less than 50% of current in-situ treatment technologies for a 1-
acre site. ACHEIVED: Application of a revised cost model based on data from this study show
$21/yd3, which is <50% of current in-situ treatment technologies; thereby the performance
metric was achieved.

3.3 PERFORMANCE OBJECTIVE: EVALUATE REDUCTION OF MASS FLUX AT
CHLORINATED SOLVENT SITE

One of the key objectives of the Large-Scale demonstration at a chlorinated solvent site is to
show a reduction in the mass flux of contaminants within the treatment zone.

3.3.1 Data Requirements

Mass flux of contaminants (e.g., trichloroethene [TCE]) will be measured before and after the
installation of the barrier using Passive Flux Meters.

3.3.2 Success Criteria

This objective will be considered met if the mass flux reduction is at least one order of
magnitude (90% reduction).  NOT APPLICABLE: The Large-Scale Demonstration was not
performed so the performance metric was not evaluated.

11



3.4 PERFORMANCE OBJECTIVE: DETERMINE POTENTIAL FOR
ENHANCEMENT OF REDUCTIVE DECHLORINATION PROCESSES

The diversion of groundwater flow is expected to create anaerobic conditions at a chlorinated
solvent site within the treatment zone.

3.4.1 Data Requirements

The performance objective will be evaluated by determining the mass discharge of geochemical
parameters in groundwater such as dissolved oxygen, sulfate, nitrate, and oxygen-reduction
potential during the Large-Scale demonstration, both before and approximately two months after
barrier installation. The ESTCP Mass Flux Toolkit will be used to help calculate the reduction in
the mass discharge of these competing electron acceptors into the zone inside the flux reduction
barrier. The Department of Energy’s BIOBALANCE Tool will take this data to estimate the
potential increase in rate of degradation of chlorinated solvents within the barrier using hydrogen
equivalents for reduction in competing electron acceptors and the corresponding in increase in
available electron donors.

3.4.2 Success Criteria

The objective will be considered met if a there is i) a measurable reduction in electron acceptor
concentrations in treatment zone during the Large-Scale demonstration, ii) a 90% reduction in
incoming soluble electron acceptor flux using ESTCP Mass Flux Toolkit, and iii) calculated
increase in degradation rate (in units of grams per day) using the calculation approach in the
DOE’s BIOBALANCE Tool. NOT APPLICABLE: The Large-Scale Demonstration was not
performed so the performance metric was not evaluated.

3.5 PERFORMANCE OBJECTIVE: EASE OF INSTALLATION

If successful, the implementation of the technology and installation of barriers will be predictable
and applicable at most sites without access issues.

3.5.1 Data Requirements

During both the Small-Scale and Large-Scale demonstrations, feedback from field personnel on
material preparation, injection process, and injection pressures and rates will be recorded.

3.5.2 Success Criteria

This objective will be met if the material preparation and injection is predictable and repeatable
at various sites. ACHIEVED: Based on the experience of the Small-Scale Demonstration, the
process is moderately complex to implement in the field but with no major problems. This metric
is considered to be achieved.
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4.0 SITEDESCRIPTION

Site 17 at the Naval Support Facility (NSF), Indian Head in Indian Head, Maryland was selected
for the field demonstration (Tasks 2 and 3), based on the following site criteria:

e Shallow depth to groundwater (<20 ft)

e Transmissive zone preferably with an underlying clay layer
¢ Good accessibility to source zone

e Availability of detailed hydrogeological information

e Uncontaminated zone to perform the Small-Scale demonstration

Site 17 of the NSF is located on a stretch of shoreline along the Mattawoman Creek in Indian
Head, Maryland. From the 1960s until the early 1980s, metals parts were discarded here,
including shipping containers, empty drums, motor casings, and other various metals parts
(CH2M-Hill, 2008). Two chlorinated solvent plumes have been characterized, namely the North
Plume and South Plume. The South Plume was remediated using soil mixing, and the North
Plume was selected as the location of the Large-Scale demonstration for this project (Figure 4.1).

One difficult aspect of this site was the relatively low groundwater flow rate at the site. This
made conducting the Small-Scale demonstration and measuring flow reduction due to the
barriers more challenging.

41  SITELOCATION AND HISTORY

The Small-Scale demonstration was conducted in a non-impacted area near the existing building
north of South Plume and east of North Plume (Figure 4.1). This area was clear of trees and
offered suitable access for installation of the test cells. The area was also close to existing
monitoring well ISI7MWO03, which was used to assess the geology and degree of contamination,
as described below. Because the Small-Scale demonstration was performed in a clean zone, no
mass flux or electron acceptors measurements were made; the field test focused on reduction in
groundwater flow with the presence of the barriers.

The Large-Scale demonstration was to be applied within the North Plume area, near the shore of
Mattawoman Creek (Figure 2). A number of monitoring wells are present in the area (i.e.,
IS17MWO04, IS17MWI11, IS17MWI12, IS17MW13, and IS17MWO04) as part of ongoing
delineation work by the Navy.

13



2,007 sq. .

Large-Scale
Demo

South Plume
(Already
treated with
(175010 soil mixing)

[SEITHD
=[BRS

Legend Figure 2

® Proposed Monitoring Well Location [ Area of Attainment where groundwater Proposed Monitoring Well Locations
® Groundwater Monitoring Well Location exceed site goals A Site 17 Investigation after Short-Term Performance Monitoring
@ DPT Location Drum Removal Area (FSSI, 2008) N of the Remedial Action UFP-SAP
— Inferred DNAPL Area where TCE concentrations L2 Backfilled with 1-foot layer of clean soil underain by 0.5 foot NSF-IH, Indian Head, Maryland
could exceed 10,000 gL layer of gravel during drum removal (FSSI, 2006) b 25 5°F
* F . P ] et
Source Zone Area (area where zero valent iron soil w =} Approximate Site Boundary
mixing was performed in 2012) 1 5ase Soundary

Figure 4.1:  Locations of Small-Scale and Large-Scale Demonstration Areas
(basemap from CH2MHill, 2014, annotated by GSI)

14



42  SITE GEOLOGY /HYDROGEOLOGY

The geology in the region near ISI7MWO03 consists of an orange to gray clay to about 12 ft
below ground surface (bgs), followed by a fine orange sand to 16 ft bgs (Appendix B). The fine
orange sand is the uppermost water bearing unit beneath the silt and was the focus of the
demonstration. Evaluation of the cross-sections at the site provide further vertical and lateral
information of the site geology and are also included in Appendix B. As such, the area in the
vicinity of well ISI7MWO03 is expected to contain an underlying clay layer at approximately 30
ft bgs.

Groundwater seepage velocities estimated for the South Plume ranged from 43 to 400 ft/yr
(CH2M-Hill, 2008, Table 4.3).

Slug tests conducted in the Task 2 Small-Scale Demonstration location, a relatively unimpacted
zone at well IS1T7MWO03 (Figure 4.01) yielded hydraulic conductivity estimates ranging from 0.5
ft/day to 1.2 ft/day (1.6x10* cm/s to 3.2x10™* cm/s) with an average of 0.9 ft/day (3x10* cm/s)
(CH2M-Hill, 2008). The depth to groundwater at this well is approximately 11 ft bgs (6.72 ft
msl) and groundwater generally flows from northwest to southeast, discharging to the
Mattawoman Creek (CH2M-Hill, 2004).

The geology in the region near the Task 3 Large-Scale Demonstration location, the North
Plume, generally consists of red-brown silt and silty sand from 0-9 ft bgs, followed by a clay
layer to at least 20 ft bgs (Figure 3). Depth to groundwater is approximately 5 ft bgs and
groundwater generally flows from northwest to southeast, discharging to the Mattawoman Creek
(CH2M-Hill, 2004). Hydraulic conductivity measurements were collected in the North Plume
and showed much lower hydraulic conductivity in this area range from 0.1 ft/day to 0.2 ft/day (4
to 7x10° cm/sec) (CH2MHill, 2012). A Passive Flux Meter was installed at well MW-04 and
showed groundwater Darcy velocities of 0.12 cm/day (top measurement) and 0.17 cm/day
(bottom measurements). Using a porosity of 0.20, this yields seepage velocities of 7.2 and 10
feet per year and with a hydraulic gradient of 0.04 ft/ft and hydraulic conductivity in the 4 x107
to 5x107 cm/sec range.

Overall the geologic description (silty sands) and the hydraulic conductivity of the Northern
Plume (4 to 7x10° cm/sec) were within, but at the far range of the silica gel grouting “rule of
thumb” (minimum hydraulic conductivity of 1x10” cm/sec; see Section 5.1.1). In addition, the
low groundwater flowrate in this area would have complicated the demonstration of the electron
diversion performance metric as it would have taken several years to get a condition where a
groundwater exchange would have taken place without the barrier.
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43 CONTAMINANT DISTRIBUTION

The Small-Scale demonstration was conducted in a clean area of the site in the vicinity of well
IS17MWO03 (Figure 4.1) to minimize the cost of disposing water during the pumping tests.
Recent analytical results at well ISI7MWO03 reported very concentrations of TCE of 0.81 ug/L,
and cis-1,2-dichloroethene (cis-1,2-DCE) and vinyl chloride (VC) below detection limits of 0.5
ug/L. As a precaution, groundwater extracted during the pumping tests was stored and tested
prior to disposal in consultation with the Navy project manager.

The main contaminants in the North Plume are TCE, cis-1,2-DCE, and VC. Groundwater
concentrations from July 2014 for these contaminants had the following ranges:

e TCE: NDug/L (MW11) to 400,000 ug/L (MWO04)

e cis-1,2 DCE: 0.91 ug/L (MW11) to 130,000 ug/L (MW04)

e VC:09ug/L MWI1)to 1,600 ug/L (MWO04)

Preliminary mass flux measurements in MWO04 using passive flux meters indicated TCE flux of
155 — 759 mg/m?*/day (Figure 4.2). Soil concentrations from July 2014 indicate maximum TCE
concentrations of 300 mg/kg at a depth interval of 12-16 ft bgs (near ISI7TMW12).

These contaminant characteristics were good for the demonstration of the flux reduction barriers
and the ERDZ concept:

¢ the high concentrations suggest that in-situ remediation technologies would be difficult to
implement in this area, leading to a barrier-approach to manage the site;

e the high concentrations of cis-1,2-DCE show that electron acceptors and reductive
dechlorination are present in the source zone, and therefore diverting electron acceptors
would have a beneficial effect.
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5.0 TEST DESIGN
51 CONCEPTUAL EXPERIMENTAL DESIGN
5.1.1 Description of Flux Reduction Materials/Formulations

The Small-Scale demonstration consisted of two types of cells, or barriers, each constructed with
a different flux reduction material. Cell type 1 consisted of a silica gel grout mix (sodium
silicate solution) similar to that commonly used for permeation grouting in construction projects.
Cell type 2 consisted of a silica gel/vegetable-oil formulation produced by project team member
Solutions-IES.  The silica gel/veg oil material was selected after research and lab work
performed by Solutions-IES.

GSI performed a detailed literature review of conventional permeation grouting techniques. The
most useful design reference is Powers et al., 2007 (Chapter 22). Note there are some conflicting
guidelines for applicability of permeation grouting, such as the minimum hydraulic conductivity
specified in the data shown in Table 5.1 and the silica gel “rule of thumb” below. Key figures,
tables, and information include:

e Applicability of various grout materials vs. hydraulic conductivity (Powers Figure 22.6,
summarized in Table 5.1 of this report below). Concrete grouts are more commonly used
for coarse alluvial material; silica gel grouts are applied to fine alluvial material (gravels
and sands; sands; and silty sands).

e (rain size vs. percent passing chart to indicate groutability (Powers Figure 22.7).

e Chemical groutablity chart vs. percent passing through 200 sieve: < 12%: Good; 12-
20%: Moderate; 20-25%: Marginal; > 25%: Poor.

e Usual Range of Pre-Grouting and Post-Ground Hydraulic Conductivity (Figure 22-9).
Generally the cleaner and coarser the ground, the greater (in orders of magnitude) the
potential reduction in hydraulic conductivity. Note it has a higher minimum hydraulic
conductivity for permeation grouting with silica gel grout: 102 cm/sec.

e “The generally accepted rule of thumb, based on history, is that one to two orders of
magnitude of hydraulic conductivity reduction is possible and 1 X 10° c¢cm/ sec is the
lowest practically achievable hydraulic conductivity with sodium silicate grout.” (page
4-20).

e Viscosities of typical grouts (Powers Figure 22.10)
e Typical properties of Sodium Silicate (Powers Table 22.3)
e Grout characteristics: Liquid State vs. Hardened State (Powers Table 22.3)

e Sodium Silicate Viscosity Relative To Water At Various Concentrations (Powers Table
22.4)

e Range of Typical Permeating Grout Pipe Spacing in Soil: Fine Sand: 2.6 to 4.3 ft; Sand,
sand and gravel: 3.3 to 6.6 ft; Gravel: 6.6 to 13.2 ft/

e Viscosity vs. time behavior of a sodium silicate grout (Powers Figure 22.12)

e Setting time of sodium silicate grout with di-ester hardener (Powers Figure 22.13)
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e Gallons of grout per vertical foot vs. radius of grout spread (Powers Figure 22.32)
e Sodium silicates are the most commonly used grouts.

e Acrylates are recent substitutes for acrylamide grouts where toxicity concerns resulted in
a sharp decline in application in the 1970s. Acrylate grouts have very low viscosity (2-3
cP) but require the mixing of up to five different compounds, making application more
complicated.

Table5.1:  Applicability of Various Water Tightening Grouts vs. Hydraulic
Conductivity (Powers et al., 2007).

(Silica Gel Bolded)

Range of Application Hydraulic

Conductivity Notes
(cm/sec)
Clay-cements 1x10" to 1x10?
Silica Gel (Concentrated) 5x10* to 5x107? Lower range may
Silica Gel (Low Viscosity) 1x10* to 1x102 be limited by cost
Acrylate Grouts / Acrylic Resins 1x10° to 1x107

The next most important reference is Karol (2003) which has a number of photos, design charts,
and results of key grouting research from this period. This reference states that silica gel grouts
are expected to have a 50-year lifetime. Berry (2000) provides good rules of thumbs and design
charts about the design porosity for grouting; this reference indicates that most sands in the
saturated zone will have a “wet-packed” porosity between 24% and 44%.

Solutions-IES tested several amendments to create a vegetable-oil formulation. Selection criteria
for the formulation were as follows:

e low cost;

e casy to inject;

e reduces K of sand by at least a factor of 10, preferably a factor of 100;
e persistence in the subsurface greater than typical vegetable oils; and

¢ slowly ferments enhancing reductive dechlorination.

Amendments considered included: thixotropic emulsion, hydrogenated oils, divalent salts of
long-chain fatty acids, and mixtures of emulsified vegetable oil (EVO), sodium silicate (NaSi)
and dibasic ester (DBE).

Mixtures of EVO, NaSi, and DBE were identified as having the best potential for field
application based on ease of injection, ability to reduce formation permeability, and cost. Based
on this screening, several different combinations of EVO, NaSi and DBE were selected for
further evaluation.
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Silica Gel Grout — (Small-Scale Demo Cell Type 1)

In the most common type of permeation grouting performed by geotechnical contractors, sodium
silicate grout, a low-viscosity fluid containing SiOz, is mixed with a hardening agent prior to
being injected in the subsurface. The electrolyte/reagent enables the process of gelation
(solidification) in the soil, forming an impermeable barrier in the subsurface (Moridis et al.,
1997, Truex, 2011). Gelling times can be controlled based on the volumetric ratio of silica gel to
reagent / electrolyte solution and can also be influenced by pH, salinity of water, and temperature
(Powers et al., 2007).

Key properties of sodium silicate for this type of application include the following:

1) This material has been used for decades, and the handling and application properties are
well known.

i1) It is chemically benign, thereby posing no environmental hazard;

i1i1) It has a controllable gel time (one hour or less) that is compatible with subsurface
injection processes and can be adjusted based on site-specific considerations;

iv) It is easy to inject with standard equipment, with typical spacing of 0.8 to 2 m (2.5 to 6.5
ft) in sandy soils (Powers et al., 2007).

v) It forms durable barriers after gelation is complete in the subsurface (Kim and Corapcioglu,
2002).

vi) It is resistant to both chemical and biological degradation (Moridis et al., 1999).

In order to ensure that the sodium silicate grout mix applied in the field demonstration will be
effective, a number of preliminary lab tests were conducted at GSI Environmental’s field office
in Houston. These lab tests included the selection of a sodium silicate grout mix, as well as the
testing of field equipment for the installation and monitoring of injection fluids.

Powers et. al, 2007, suggest that lower concentrations of sodium silicate as compared to standard
permeation grouting applications can achieve lower viscosities while providing the water
tightening that is required for this barrier application.

As such, the gel times of 12 grout mixes consisting of a mixture of 10-30 v% of sodium silicate
with two different hardening reagents: 1) 1-3 v% of calcium chloride and ii) 2-5 v% of dibasic
ester (DBE) were tested. Both of these reagents are commonly used in geotechnical practice for
hardening silica gel for “geotechnical water tightening” projects.

The selection criteria for the grout mix that was selected for the Small-Scale demonstration is as
follows:

1) viscosity of approximately 2-5 cP to allow for penetration in lower-permeability silty
soils (Karol, 2003);

i1) gel time of 3-5 hours.
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The final selected formulation consisted of: 10 vol-% of sodium silicate, 5 vol-% of dibasic
ester hardener, and 85 vol-% of water. This formulation had a gel time of approximately 4 hours
and had an estimated viscosity of 3-4 cP.

Novel Silica Gel/Veqg-Oil Grout — (Small-Scale Demo Cell Type 2)

Solutions-IES conducted a series of laboratory studies to evaluate the best candidate novel grout
based on silica gel and veg oil. These tests included:

1) test of the application rate required to achieve the desired reduction in K;
2) injection tests to evaluate the ease of distribution in one-dimensional columns; and

3) fermentation tests to measure gas production over time.

The final selected formulation consisted of: 5 wt-% of emulsified vegetable oil (EVO), 10 wt-%
of sodium silicate, 1.8 wt-% of dibasic ester, and 83 wt-% of water (Borden et al., 2014).

For Cell Type 2, a novel vegetable-oil based formulation, developed by Solutions-IES was
tested. Key properties of this material are (Appendix C):

i. It provides a slow-release electron donor in the barrier, potentially increasing the
performance and flux reduction associated with the barrier;

ii. It has a very long gel time, which may make injection easier, but may be a problem in
more permeable formations, as the gel may “run” and not properly set up to form a good
vertical barrier;

iii. The long-term persistence of the material is not known.

The final selected formulation consisted of: 5 wt-% of emulsified vegetable oil (EVO), 10 wt-%
of sodium silicate, 1.8 wt-% of dibasic ester, and 83 wt-% of water (Borden et al., 2014).

This formulation provided a 3-4 orders of magnitude reduction in lab permeability tests, had a
gel time of 18 hours, and the addition of EVO is expected to enhance long-term biodegradation
of anaerobically biodegradable contaminants (Borden et al., 2014).

5.1.2 Task 2: Small-Scale Demonstration

For the Small-Scale Demonstration four circular treatment cells (two each for the silica gel and
two for the silica gel/veg oil material) were constructed in four separate injection points
consisting of multi-depth injection wells (Section 5.3.2);

Figure 5.1A below shows the conceptual layout of the Small-Scale demonstration, while Figure
5.1B and Section 5.2 shows the conceptual field design where grouting material was injected into
each of the four injection points followed by clean chase water to construct a round donut shaped
barrier.

A pumping extraction test was conducted at each of the four injection points before the barrier
installation in order to determine baseline aquifer characteristics. After injection of grout and
establishment of treatment barriers, groundwater flow into the treatment cell was reduced.
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Post-barrier pumping tests were used to determine the reduction in aquifer transmissivity in each
cell, and ultimately, the effectiveness of the groundwater flow barrier.
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Figure 5.1A: Conceptual Layout of Small-Scale Field Demonstration, Plan View (left) and
Flux Reduction (right)

See Section 5.2 for Final Design

Figure 5.1B: Actual Field Design Configuration

5.1.3 Task 3: Large-Scale Demonstration

If the performance objectives for the Small-Scale Demonstration were achieved, the Large-Scale
Demonstration was to be performed. Figure 5.2 shows a conceptual figure of the Large-Scale
Demonstration, groundwater flow carrying competing electron acceptors will be diverted from
the treatment area, creating an anaerobic, enhanced biodegradation treatment zone.
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The conceptual design for the Large-Scale Demonstration included six monitoring wells in order to:

1) measure change mass flux using Passive Flux Meters in three wells before and after barrier
construction, and
i1) measure change in hydraulic gradient before and after the barrier in 3-pairs of wells.

In addition, a limited groundwater flow modeling study of the performance of different barrier
configurations was performed using MODFLOW. The model runs assumed:

e Hydraulic conductivity of the formation: 1x107 cm/sec

e Hydraulic conductivity of the barrier wall itself (1x10° cm/sec) (a conservative value;
see right hand column of Table 5.1)

e Wall thickness: ~3 feet
e Hydraulic Gradient: 0.006 ft/ft

The base case, a four sided barrier, was predicted to achieve a 97% reduction in groundwater flow
through the barrier based on counting the groundwater streamlines (Figure 5.3a, top panel). Three
sided barriers showed a significant reduction in performance: a barrier aligned with groundwater
flow with the opening facing downgradient showed only an 80% flow reduction (Figure 5.3a,
bottom panel). A side-open barrier and diagonal barrier showed similar performance as the
downgradient barrier: 83% and 74% respectively although there was some subjectivity in which
streamlines to count. Overall the modeling study suggested that four-sided barriers are likely
required for good flow reduction, and three-sided barriers are much less effective.

Site experience also indicates that “hanging walls” (barriers that are not keyed into a low
permeability zone on the bottom), will have much poorer performance than walls that do have a
low permeability bottom.

Additionally, continuous water level measurements was to be recorded by installing a pressure
transducer in a well inside the barrier, and another in a well outside the barrier.

In addition, two technical questions were asked by ESTCP:

Question 1: It seems possible that by blocking groundwater flow to part of an aquifer, there may
be unintended consequences to the surrounding area. Please discuss potential side effects of this
technology and how they may be assessed during the demonstration.

24



Question 2: Will there be more potential for vapor intrusion if the technology is implemented
under an active building?

Additional studies and calculations were conducted to carefully study these issues. In both cases
the analysis indicated that a groundwater barrier is not likely to cause problems from changing
groundwater flow patterns or from potential vapor intrusion. The detailed explanations are
provided in Appendix D.
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Figure 5.3A: MODFLOW Groundwater Flow Modeling Showing Streamlines Around 4-
Sided Barrier (Top Panel) And Three-Side Barrier With Opening Facing Downstream
(Bottom Panel) and Percent Flow Reduction Through Interior of Barrier

Model Assumptions: K formation: 1x102 cm/sec; K wall itself (1x10° cm/sec); Hydraulic Gradient:
0.006 ft/ft.
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Figure 5.3B: MODFLOW Groundwater Flow Modeling Showing Streamlines Around 4-
Sided Barrier (Top Panel) And Three-Side Barrier With Opening Facing Downstream
(Bottom Panel) and Percent Flow Reduction Through Interior of Barrier

Model Assumptions: K formation: 1x102 cm/sec; K wall itself (1x10° cm/sec); Hydraulic Gradient:
0.006 ft/ft.
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5.2 BASELINE CHARACTERIZATION ACTIVITIES
5.2.1 Small-Scale Demonstration

The goal of the Small-Scale demonstration was to assess the reduction in transmissivity across a
barrier created using two different flux reduction materials. As such, the baseline characterization
activities included baseline aquifer transmissivity assessment using extracted groundwater volume.

Baseline Aquifer Transmissivity

The low transmissivity of the formation at the test site made evaluating the change in
transmissivity more challenging. Conventional constant rate pump tests are difficult to
implement in low permeability formations because wells can go dry and complicate the analysis
of the data. Because it will be difficult to anticipate a constant pump rate test will succeed at the
site, the relative change in before-and-after transmissivity was evaluated by two methods: 1)
comparing the total volume of groundwater pumped from the formation at each location before
and after the barrier installation; and 2) performing constant head injection tests (with injection
rather than groundwater extraction).

For the extracted volume test, peristaltic pumps were operated in each injection depth of each
multi-well injection point for a total of four hours. The pump intake tubing was placed in the
middle of the screened interval and pumped at a flowrate where it was expected to draw down
the water in the well to the pump intake. For the constant head injection tests, three injection
depths at each multi-level well in the saturated zone were equipped with injection well heads and
connected to the water storage vessels with garden hoses. The constant head injection tests were
operated for a total of five hours at each well.

The groundwater recovered during the pumping tests was stored and tested, and disposed of in a
manner amenable to the Navy project manager.

5.2.2 Large-Scale Demonstration

The Large-Scale demonstration was not performed because the performance metrics established
for the Small-Scale Demonstration were not achieved. The general site characterization strategy
to measure the performance of the Large-Scale Demonstration is provided below in the event
barrier-type technology is used by other groups in the future.

Mass Flux Measurements (Before)

The mass flux of contaminants from a plume before and after barrier construction can be
measured directly using Passive Flux Meters (PFMs) installed in observation wells located inside
the treatment barrier. Passive Flux Meters consist of a tube filled with a sorbent/tracer mixture
and are inserted into groundwater monitoring wells where they intercept groundwater flow. After
several weeks of exposure to groundwater flow, the flux meters are removed from the well, and
the contaminants are extracted from the sorbent is extracted. By measuring the amount of tracer
leached from the PFM, as well as the amount of contaminant retained in the sorbent, both the
concentration of groundwater contaminants as well as the groundwater Darcy velocity can be
determined (Hatfield, et al., 2004; Annable, et al., 2005).
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One key consideration is that for very low flowrates, the vendor (EnviroFlux) can provide
guidelines on the length of time that the PFMs should be deployed and the specific tracers that
should be used. While two weeks in typical for most sites, the installation of a low permeability
barrier will likely result in lower groundwater flowrates than typically found at most sites. For
the Large-Scale Demonstration, a four-week deployment time was recommended for both the
before-barrier and after-barrier installation. Since installation of the barrier can take several
weeks, the results of the before-barrier PFM testing can be used to guide the deployment time
and other design features of the post-barrier PFM deployment.

Water Level Measurements (Before)

The groundwater elevations inside the barrier can be measured to determine the change in the
hydraulic gradient before and after the barrier installation. Additionally, pressure transducers that
measure and record water levels over time will be installed in several wells to provide more
detailed record of the change in hydraulic conditions due to barrier construction.

Groundwater Analysis (Before)

Geochemical parameters such as dissolved oxygen, nitrate, sulfate, and oxidation reduction
potential (ORP) can be measured after sufficient time has passed over (likely several months or
longer) to determine the effect of groundwater diversion due to the barrier. One approach is to use
the pre-installation groundwater velocity and location of the monitoring wells inside the barrier to
perform the post-installation measurements of groundwater geochemistry using this formula:

Minimum time before making  _ pigtanes fram well ta upgraatent location of boundary
geochemistry measurement: = Fre=instatiation groundwater seepage velocity

5.3 TREATABILITY OR LABORATORY STUDY RESULTS

Silica Gel Grout

Gel tests were conducted at GSI Environmental in order to ensure: i) the proper selection of flux
reduction material with an appropriate gel time, and ii) effective flow measurement methods.
The selection criterion for this grout mix was as follows:

1) viscosity of approximately 2-5 cP to allow for penetration in lower-permeability silty
soils (Karol, 2003);

i1) gel time of 3-5 hours.
Results of these lab tests were applied to the implementation of the field program at the site. Gel
Tests included:

1) Measurements of gel times and viscosities of various grout mixes composed of sodium
silicate and two different hardeners (CaCl2 and dibasic ester (DBE);

ii) Multiple methods of measuring flow rate;

ii1) Testing the feasibility of cleaning out different pieces of equipment once grout has gelled
inside them.
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As such, the gel times of 12 grout mixes consisting of a mixture of 10-30 v% of sodium silicate
with two different hardening reagents: 1) 1-3 v% of calcium chloride and ii) 2-5 v% of dibasic
ester (DBE) were tested. Both of these reagents are commonly used in geotechnical practice for
hardening silica gel for “geotechnical water tightening” projects.

To test the gel time, the technical team mixed each of the mixes into a 40 mL vial and timed to
see how long it took for the liquid solution to solidify into a gel. The target gel time was 3-5
hours. For the flow rate experiments, a number of different methods of measuring flow were
tested, in order to determine which was the most feasible for use in the field. Measurement
methods tested included: ultrasonic flow meter, the injection of food dye, the injection of an air
bubble, and measuring the rotational speed of a flow indicator.

Finally, for the cleaning experiments, a number of pieces of equipment were filled with grout
mix, which were allowed to gel and then attempt to clean out using water, water with detergent,
and a power washer.

Grout mixes using calcium chloride were found to be ineffective and inconsistent in gel times
and proper gelling. As such, only inorganic sodium silicate hardeners were considered for the
final phase of testing.

The final phase of testing involved a combination of N Sodium Silicate (10-30%) and dibasic
ester (DBE) (1-5%)).

The final selected formulation consisted of: 10 vol-% of sodium silicate, 5 vol-% of dibasic
ester, and 85 vol-% of water. This formulation had a gel time of approximately 3-4 hours and
had an estimated viscosity of 3-4 cP.

Novel Silica Gel/Veqg-Oil Grout

Solutions IES designed and tested a novel silica gel/vegetable oil grout as described in Appendix C.

The final selected formulation consisted of: 5 wt-% of emulsified vegetable oil (EVO), 10 wt-%
of sodium silicate, 1.8 wt-% of dibasic ester, and 83 wt-% of water (Borden et al., 2014). This
formulation provided a 3-4 orders of magnitude reduction in lab permeability tests, had a gel
time of 18 hours, and the addition of EVO is expected to enhance long-term biodegradation of
anaerobically biodegradable contaminants (Borden et al., 2014).

5.4 DESIGN AND LAYOUT OF TECHNOLOGY COMPONENTS
5.4.1 Injection SKid Design

A skid-based delivery system was designed and was constructed to inject chemical grout to the
subsurface. The skid included pumps, tanks, mixers, controls, and piping to facilitate mixing of
the selected grout components prior to injection into the subsurface via injection points. The
Injection Skid Design Manual is provided in Appendix E.
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Design Requirements

The skid was designed to address the overall objective of the system and to accommodate the
following design basis parameters, assumptions, and limitations:

Phased Approach to Work: Work to be conducted in two phases, Phase 1 (Small-Scale
Demonstration) and Phase 2 (Large-Scale Demonstration). Phase 1 included testing of
two optional grout mixes. The skid must be usable for both phases and for testing both
options during Phase 1.

Total Injection Volumes: Skid components, especially tanks and pumps, must be
conveniently sized and capable of injecting within a reasonable timeframe.

Injection Pressures: The skid was designed to deliver chemical grout at injection
pressures ranging from 3.8 to 38 psi, corresponding to 8.7 to 87 ft of H2O (Table 5.2).
Typical maximum injection pressures for chemical grouting are set at approximately 1
psi/ft of overburden (Karol, 2003). For some waste injection applications, regulatory
authorities may limit the injection pressure to 25% of this amount (RRC, 2014).
However, given that some consider the 1 psi/ft of overburden to be overly conservative
(Powers et al, 2007); a range bracketing the 1 psi/ft of overburden has been selected as a
preliminary design criterion. Therefore, to provide flexibility for testing in the field, the
skid was capable of delivering grout under a range of 75% to 125% of the overburden
pressure. For the anticipated injection depths of 5 to 30 ft below ground surface (bgs),
estimated grout delivery pressures were as follows:

Table 5.2: Determination of Injection Pressures

Maximum Injection

Pressure Recommended | Injection Depth Injection Pressure
) 5 ft 3.8 psi 8.7 ft H,O
75% psi/ft of overburden -
30 ft 22.5 psi 52 ft H,O
) 51t 6.2 psi 14 ft H,O
125% psi/ft of overburden -
30 fi 38 psi 87 ft H,0

Injection Configuration: To ensure efficient and cost effective barrier construction,
grout mixture was injected simultaneously via a manifold into a maximum of 12
locations and/or depths (i.e., 3 injection points with 4 depth levels per injection point).
The 12-branch manifold had the operational flexibility to conveniently change or
terminate injection at any individual location and/or depth while continuing injection at
other individual locations and/or depths.

Injection Flow rates: The skid was capable of delivering a total of 1 to 15 gpm of grout,

corresponding to 0.1 to 1.2 gpm per individual location and/or depth. Actual delivery
rates depended on the rate of the subsurface formation to accept the grout.
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Grout Mixtures: The skid was capable of pumping, mixing, and injecting the grout
mixtures currently under consideration, including sodium silicate with or without emulsified
vegetable oil (EVO) and dibasic ester (DBE). Concentrations of grout components
currently under consideration to be delivered by the skid are as follows (Table 5.3):

Table 5.3: Grout Mixtures

Phase Sodium Silicate | EVO DBE Water

Small-Scale Demo: Conventional Silica Gel 10 vol% None 5vol% 85 vol%
Small-Scale Demo: New Silica Gel/EVO Material | 7 vol% 5 vol% 2 vol% 86 wt%

Large-Scale Demo To be determined

Skid Operation: The skid was manually operated and controlled. The measurements
obtained from any instruments (e.g., pressure gauges, flow indicators) were directly read
from the instrument. Piping and valves were configured and labeled to facilitate
understanding of how the flow is being routed at any time (e.g., from water supply to
dilution tank, from dilution tanks to manifold, etc.).

Process Flow

Description and Process Flow through Major Skid Components

A simplified process flow diagram (PFD) for the overall injection system is shown in Figure 5.4.
Each component is described in additional detail below:

Water: Clean potable water was obtained from an off-site company and delivered to the
site in a poly-tank.

Grout Component Preparation: In order to prepare the grout components for injection,
concentrated NaSi (with or without EVO) and DBE were transferred from the drums or
totes delivered to the site (i.e., Tanks T-01 and T-03, respectively) for dilution in two
larger tanks (i.e., Tanks T-02 and T-04, respectively). Dilute NaSi (with or without
EVO) was prepared by filling Tank T-02 with a sufficient volume of water and NaSi
(with or without EVO) to attain the specified dilution. Dilute DBE was prepared by
filling Tank T-04 with a sufficient volume of water and hardener to attain the specified
dilution. Concentrated grout components were pumped to the tanks by means of
centrifugal pumps (P-02 and P-03).
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Figure 5.4:  Process Flow Diagram for Chemical Grout Injection Skid

Tanks for Grout Components: Tanks T-02 and T-04 were used for mixing each
component with water to create a dilute mixture. These tanks were approximately 750
gallon capacity.

Mixing of Grout Components: In addition to being used to transfer the as-received grout
components to the dilute tanks, Pumps P-02 and P-03 were also used to recirculate dilute
tank contents in order to promote mixing, and deliver the dilute grout components to a 6-
element, 0.75-in diameter static mixer. Shut-off valves were opened and closed as
required to route the grout components to tanks or the static mixer as required for the
particular stage of the preparation or injection process.

Pressure Regulation: A pressure switch (PSH-01) was used to regulate the pressure
downstream of the static mixer to ensure a constant pressure to the injection manifold.
The injection skid was designed to shut off if the maximum pressure is met or exceeded.
This pressure threshold was adjustable in the field.
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e Injection Manifold: A manifold for delivery of the grout mixture to the injection points
is described in additional detail below.

Description and Process Flow through Injection Manifold

Details of the injection manifold are depicted on the PFD shown on Figures 5.5 and 5.6. As
noted above, the grout mixture flowed under constant pressure to the manifold, then into 12
branches of the manifold, and then to the injection points. The manifold and branches were
constructed of PVC, and the individual lines were constructed of 0.5-in diameter, clear, flexible
tubing. Each branch was equipped with a pinch valve, an injection point for water, a pressure
gauge, flow totalizer, and a sight flow indicator. Flow rate of the grout in each branch was
measured quantitatively using a flow totalizer which was placed on the outside of the piping and
moved from branch to branch of the manifold.

Process Flow Diagram for Infection Maniiold and Tubing
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Figure 5.5:  Process Flow Diagram for Injection Manifold and Tubing
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Figure 5.6:  Injection Skid (Left) and Injection Manifold (Right)

Measures to Address Potential Clogging of Manifold and Tubing

Clogging could potentially occur within the static mixer, manifold, branches, and tubing
downstream of the tee where the NaSi (with or without EVO) and accelerator come together if
the residence time within the piping exceeds the planned set time of 3-4 hours. The following
design considerations were implemented to deal with potential clogging:

e Minimize Number of Parts Subject to Clogging: The grout was mixed at the furthest
downstream portion of the skid feasible. In addition, flow rates in the individual
branches of the manifold were measured using a totalizer, as well as a meter which does
not contact the grout.

e Use Inexpensive, Replaceable Parts: The static mixer, manifold, branches, and injection
lines were constructed of inexpensive PVC pipe and tubing which can be replaced if
clogged.

e Keep Grout Moving: In addition to the quantitative flow rates measured by the
totalizers, sight flow indicators provided an immediate and direct indication of whether
flow is moving in each individual line. If flow was observed to be slowing in a particular
line, flow to the line was shut off and the line moved to another injection location.
Additionally, if the injection skid was shut off or injection is stopped for longer than an
hour, the injection lines were cleared out with clean water and contained in a drum.

During the grout mixing and injection processes described above, procedures were employed to
control the process and collect data. During field work, measurements were recorded on a
routine specified basis to characterize the process and to facilitate determining design parameters
for implementation of Phase 2 and full-scale design. In addition, specific process variables were
measured to identify possible system malfunctions or undesirable conditions. These variables
include: flow rates, volumes, and injection pressures.
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5.4.2 Small-Scale Demonstration

Injection Points

To ensure a good vertical distribution of grout, multiple nested injection points were used. The
vertical barrier was constructed by injecting the reactive grout mix as a liquid into multi-level
injection wells. Figure 5.7 shows the injection well design. To ensure good vertical placement
of the grout, four injection intervals will be used, each served by a 0.5 inch diameter PVC
injection well or injection tubing. The conceptual figure below shows a well with a 20-foot thick
injection zone. Figure 5.8 shows the plan view of the multi-level injection well.

The injection well system was designed to allow for repeated rapid placement without the need
for individual geologic logs at each injection point. Because of the heterogeneous nature of site
geology, it was anticipated some of the injection points will likely contact clay and will likely
not accept any grout. As these units already have a low permeability, this will not compromise
the performance of the barrier. The goal was inject grout in the mobile porosity, primarily the
sands and more permeable silts that intersect the flux reduction barrier.

NESTED INJECTION WELLS Borehole (direct push) Clustered Injection wells
(CROSS SECTIONAL VIEW) (3.5" diameter) (%" diameter)

- - T I F W N Y F 3
Cement Pack
~ 4 ft thickness R 4
S5t
Bentonite Seal l
(~ 1 ft thickness) -

Target Injection Zone 1
~ 4 ft thickness

Bentoni |
(~ 1 fi thickness) — 24 &

Target Injection Zone 2
~ 4 ft thickness

Bentonite Seal
(~ 1 ft thickness)

Target Injection Zone 3 197
~ 4 ft thickness 20

Bentonite Seal
(~ 1 ft thickness)

Target Injection Zone 4
~ 4 ft thickness

v

[ **NOT DRAWN TO SCALE™ |

Figure 5.7:  Conceptual Diagram of Direct Push Multi-Level Injection Wells With Four
Separate Injection Zones
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NESTED INJECTION WELLS
(PLAN VIEW)

Figure 5.8:  Plan View of Multi-Level Injection Well Design

Installation of Treatment Cell Barriers

Each cell in the Small-Scale demonstration was constructed in the configuration shown in Figure
5.9 below.

Figure 5.9:  Small-Scale Demonstration Configuration
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Two conventional sodium silicate grout barriers around two of the wells and two veg-oil
formulations grout barriers were designed. The barriers were constructed by first injecting
several hundred gallons of grout in liquid form; because the grout takes several hours to harden,
the grout injection would be followed by the injection of clean water to: 1) push the unhardened
grout out the ring; and 2) create an untreated zone around the well.

The approximate barrier construction parameters and injection volumes are as follows:

e Treatment barrier vertical depth: ~5 ft bgs to 30 ft bgs

e Approximate thickness of permeable portion of injection points: 10 feet
e Volume of grout mix per injection point: 420 gallons

e Total number of injection points: 4

e Total volume of grout mix: 1680 gallons

As described in Section 5.3.1 (Injection Skid Design), an injection skid was used to mix the
chemical grout formulations to the specified concentrations. During the injections, measurements
of process variables will be recorded on a frequent basis.

Post-Barrier Aquifer Transmissivity

As described in Section 5.2.1, groundwater was pumped from each pumping or injection well for
4 hours continuously after the installation of the barrier cells.

5.4.3 Large-Scale Demonstration

The Large-Scale demonstration was not performed because the performance metrics established
for the Small-Scale Demonstration were not achieved. The general site characterization strategy
to measure the performance of the Large-Scale Demonstration is provided below in the event
barrier-type technology is used by other groups in the future.

Monitoring Well and Piezometer Installation

Six monitoring wells were to be installed within the treatment barrier in order to assess the
change the hydraulic gradient, measure water levels over time using pressure transducers, and
obtain replicate mass flux measurements before and after barrier construction.

Additionally, one piezometer was to be installed outside the treatment barrier and will be used to
obtain water level measurements using a pressure transducer.

Injection Points

Injection points during the Large-Scale demonstration were to be constructed with injection point
spacing and radius of influence diameters (based on complete displacement into the entire pore
space) of 4 feet and 5 feet respectively (Figure 5.10).
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Figure 5.10: Large-Scale Demonstration Injection Points

Installation of Treatment Barrier

The conceptual design for the Task-3 Large-Scale barrier was (assuming 4 foot spacing):

e Spacing between injection points: 4 ft

e Approximate treatment barrier length and width: 40 ft x 40 ft

e Treatment barrier vertical depth: ~3 ft bgs to 20 ft bgs

e Approximate thickness of permeable portion of injection layers: 5 feet
e Volume of grout mix per injection point: 220 gallons

e Number of injection points: 40

e Total volume of grout mix: 8,800 gallons

Post-Barrier Mass Flux Measurements

Mass flux measurements were to be made after the installation of the barrier at the same wells
and at the same depths as the baseline mass flux measurements.

Post-Barrier Water Level Measurements

As with the baseline water level measurements, the following data was to be obtained after the
barrier construction: i) the groundwater elevations in all inside barrier monitoring wells to
determine the hydraulic gradient inside and outside the barrier, ii) groundwater discharge (liters
per day) within the treatment zone based on the flux meter Darcy Velocity and the area of the
barrier perpendicular to flow (this metric should serve as a secondary measure of groundwater
flow reduction after barrier installation), and iii) data from pressure transducers that measure
water levels and log data over time in one well outside the treatment zone, and at least one well
inside the treatment zone, to see the dynamic change of water levels inside and outside the
barrier due to recharge events and water level changes.
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Post-Barrier Groundwater Analysis

Geochemical parameters (dissolved oxygen, nitrate, sulfate, and ORP) were to be measured again
to determine post-test conditions several months after barrier installation. While only small
changes are expected for this phase of the testing because of the low ambient groundwater
velocities, measurements were to be taken during both the pre- and post-test events to determine if
any changes are apparent in flowing vs. clogged conditions. The Department of Energy’s
BIOBALANCE Tool (http://www.gsi-net.com/en/software/free-software/biobalance-toolkit.html)
can be used to estimate the potential increase in rate of degradation of chlorinated solvents
within the barrier using hydrogen equivalents for reduction in competing electron acceptors and
the corresponding in increase in available electron donors.

55 FIELD TESTING
The Small-Scale demonstration was conducted in October 2015.
5.5.1 Small-Scale Demonstration

Evaluation of Injection Material and Aquifer Transmissivity Reduction

As described above, the low transmissivity of the water-bearing unit at the test site precluded use
of conventional constant rate pumping tests. Instead, two different measurement methods were
employed: 1) comparison of how much groundwater could be extracted in 8 hours; and 2)
constant head injection tests.

In the first method the key performance metric was the ratio of extracted volumes of water were
calculated as follows:

¥
¥ =?f:

where,

r = Ratio of volumes

Vi = Volume extracted before installation of barrier

Vr= Volume extracted after installation of barrier
A lower value of “r” corresponding to better performance of the barrier, with a performance goal
of 90% reduction in groundwater flow.

When the first method produced unreliable results, the second method was employed where a
constant head injection test was performed and the flow vs. time data were analyzed for each
location to yield a hydraulic conductivity. This was compared to slug test values conducted by
CH2M-Hill at the existing monitoring well at the site.
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6.0 PERFORMANCE ASSESSMENT
6.1 EVALUATION OF FLOW-REDUCTION MATERIALS
6.1.1 Selection of Two Different Flow-Reduction Materials

As previously discussed, two grout materials were tested: 1) a sodium silicate grout with organic
hardener; and 2) the Solutions-IES silica gel/veg oil grout material.

6.1.2 On-Site Gel Tests with Site Soils

On-site gel tests were conducted in order to confirm the selected mixture concentration, as well
as assess the impact of site soils and groundwater chemistry on actual gel time (Figure 6.1).

As such, gel tests were conducted with various grout mixture concentrations in VOA vials
(without site soil) and small jars (with site soils). Mixtures of the sodium silicate grout consisted
of 10% sodium silicate by volume and 1 to 5% by volume of dibasic ester. Mixtures of the
vegetable oil formulation consisted of 7.5% sodium silicate by volume, 5.2 % vegetable by
volume, and 0.5 to 3% by volume of dibasic ester.

Results of the on-site gel tests indicated that both grout types gelled with site soils, with
approximate gel times of 2.5 hrs for the sodium silicate grout and 2.0 hrs for the vegetable oil
formulation.

Figure 6.1:  On-Site Gel Tests with Site Soils

6.2 INJECTION WELL AND BARRIER CONSTRUCTION

Four injection points were constructed (S-1, S-2, ES-1, and ES-2) in a clear area at Site 17 near
Building 1569 (Figure 6.2). Each well was constructed with 2-ft injection zones at depths ending
in a clay unit approximately 14.5 ft bgs, 18 ft bgs, 21.5 ft bgs, and 25 ft bgs. Table 6.1
summarizes well construction details for each injection point.
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Figure 6.2:  Location of the Phase 1 Demonstration at Site 17 at the Indian Head NSF
Table 6.1: Injection Point Construction Details
L Sticku Vot |ii$\e/2| ;-((:)rp()e:r]: Bgt:tfer:n()f
Well ID | Interval P Depth

Label (ft) (ft btoc) Length Interval | Interval

(ft) (ftbgs) | (ftbgs)
14.5 1.7 16 2 12.4 14.4
S-1 18 1.7 20 2 16.1 18.1
21.5 1.7 21 2 17.5 19.5
25 1.7 27 2 23.1 25.1
14.5 1.65 16 2 12.8 14.8
ES-1 18 1.65 20 2 16.1 18.1
21.5 1.65 23 2 19.6 21.6
25 1.65 27 2 23.1 25.1
14.5 1.8 16 2 12.0 14.0
18 1.8 20 2 163 18.3
ES-2 21.5 1.8 23 2 19.4 21.4
25 1.8 27 2 23.0 25.0
14.5 1.65 16 2 12.8 14.8
52 18 1.65 20 2 16.0 18.0
21.5 1.65 23 2 19.6 21.6
25 1.65 27 2 23.0 25.0

The injection skid as well as the following components were assembled on-site (Figure 6.3): 1)
associated mixing tanks; ii) tote of sodium silicate; iii) drum of dibasic ester; iv) drum of
vegetable oil; v) poly-tank with water; and vi) generator for skid operation.
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Figure 6.3:  Injection Skid Assembly with all Components

A pre-barrier groundwater extraction test was conducted at all four injection points immediately
after construction. The pre-barrier extraction tests indicated that injection point S-1 likely had
construction problems that sealed the injection ports that resulted in very low extracted volumes
(1.5 gallons in 3 hours). As such, S-1 was abandoned and no injections were done in well S-1.

After the pre-barrier extraction tests, exact mixtures and volumes of the silica gel grout mix were
created in the mixing tanks (one for water and sodium silicate or Solutions IES material, and the
other for water and dibasic ester). The injection skid allowed for the mixing and injection of the
grout mix into multiple depths simultaneously. Table 6.2 below summarizes the injected volume
into each interval and injection point, and ranges from 46 to 112 gallons.

Table 6.2:  Grout Volumes Injected per Interval

Well ID Depth Volume Liquid Chase Water
Interval Label | Grout Injected (gal) Injected (gal)
14.5 - —
S-1* 18 _ —
21.5 - =
25 - =
14.5 95 5
18 110 6
Es-1 21.5 107 7
25 105 6
14.5 55 7
18 49 3
ES-2 21.5 29 7
25 46 7
14.5 99 7
18 111 )
52 21.5 112 9
25 112 9

*S-1 abandoned due to inability to extract groundwater
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6.3 EVALUATION OF REDUCTION OF MASS FLUX
6.3.1 Results: Before/After Extraction Tests

Water levels were measured at all four locations before conducting pre-barrier extraction tests.
Peristaltic pumps equipped with manifold were used to pump from each depth simultaneously
per Injection Point for 4 hours. Pumping start and pumping end times were recorded, as well as a
total volume pumped. Post-barrier extraction tests were conducted in an identical fashion to the
pre-barrier tests and were conducted for four hours.

As seen in Table 6.3 below, the pre-Barrier Extraction test indicated very low yield (extraction
rate average of ~0.02 gpm per well) from the formation indicating lower permeability than
anticipated based on existing hydraulic conductivity data.

The data did not appear to be reliable due to one or more of the following reasons: i) low pre-
barrier extraction test volumes; ii) well construction; iii) the low permeability nature of the
aquifer; or iv) lack of time for sufficient rebound in the aquifer.

Table 6.3:  Volume Groundwater Removed During Pre- and Post-Barrier 4-Hour
Extraction Tests

Iniection Iniected Pre-Barrier Post-Barrier Pre-Barrier |Post-Barrier
{Nell GJrou t Extracted Volume Extraction Volume| Extraction | Extraction
Total (gal) Total (gal) Rate (gpm) | Rate (gpm)

S-1 None 1.5 -- 0.01 --

S-2 Sodium Silicate 13.1 18 0.05 0.08
ES-1 EVO + Sodiym 2.9 525 0.01 0.02

Silicate
ES-2 Sodium Silicate 5.4 7 0.02 0.03

6.3.2 Results: Constant-Head Water Injection Test

Due to the unclear results from the pre/post barrier extraction tests, a constant-head water
injection test was conducted in November 2015. The test was conducted to determine the
hydraulic conductivity of the aquifer after grout barrier injections.

Pre-Test Revaluation of MW-3 Slug Test Data

CH2M-Hill (2008) performed four slug tests at MW-3 and estimated the hydraulic conductivity
of the formation was in the 0.5 to 1.2 feet per day range with an average of 0.90 feet per day.
During the drilling of the Small-Scale Demonstration test wells, new detailed stratigraphic data
were available. GSI reanalyzed the data from 2008 assuming: 1) 6 feet of permeable saturated
thickness (silt or sand) vs. an original estimate of 15 feet; and 2) confined conditions. The
reanalysis with the new data reduced the average hydraulic conductivity of the transmissive zone
to 0.63 feet per day.
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Constant-Head Test Setup

The constant head pump test (injection test) consisted of injection of water into well clusters
located within the previously injected grout barrier to determine the barrier’s effect on the
hydraulic conductivity of the aquifer. Water injections were conducted at well clusters ES-1, ES-
2, and S-2. Figure 6.2 shows the locations of the well clusters. Three wells within the saturated
zone at each cluster were equipped with injection well heads and connected to the water storage
vessels with garden hoses (see Figure 6.2 for well head injection assemblies).

To maintain constant-head conditions throughout the duration of the test, the water storage
vessels were staged at an elevation of approximately 26 feet above the injection well clusters
(see Figure 6.4). The water vessels were located between 90 and 110 feet from the injection
wells. To ensure that a constant-head was maintained for the duration of the test the water levels
were continually maintained through addition of water to the vessels (see Figure 6.4). The
elapsed time of the test and the volume of water injected into each well cluster were recorded
during the test. The injection test was conducted for approximately five hours.

Constant-Head Test Analysis and Results

The hydraulic conductivity of the formation within the grout barrier was estimated with the
AQTESOLV software using the Jacob-Lohman curve solution to best approximate aquifer
parameters (see Figure 6.4 for an example screen shot). As shown below, the constant-head test
estimate indicates that hydraulic conductivities of the aquifer within the grout barrier ranged
from approximately 0.20 ft/day to 0.27 ft/day. This represents an approximate 64% reduction in
the average formation hydraulic conductivities as compared to pre-barrier installation conditions
(see Table 6.4 and Figure 6.6).

Table 6.4:  Aquifer Hydraulic Conductivities With and Without Barrier

ES: Silica Gel/Emulsified Oil Test Locations. S: Silica Gel Alone Test Locations.

Test Phase Location Hydraulic Conductivity
(fday)
0.84
0.51
No Barrier* MW-03 0.76
0.42
Average 0.63
ES-1 0.20
. . ES-2 0.21
kk
With Barrier 5.2 057
Average 0.23
Average Hydraulic 0
Conductivity Reduction 64%

*From CH2M-Hill, 2008 slug test data reanalyzed to update
saturated thickness information.

** From constant head injection tests (see Appendix F)
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Although test results indicate a reduction in the hydraulic conductivities of the aquifer there are
uncertainties associated with the constant-head test and the interpretation of the test results. In
particular, the estimation of the aquifer parameters in AQTESOLV relies on a best-fit
approximation of the Jacob-Lohman solution curve to injection test data, which as shown on
Figure 6.5 could entail a wide range of estimates. Therefore, the results of the constant-head test
should be viewed as best guess estimates based on field test data. Nevertheless, the results of the
injection test conducted at Site 17 at Indian Head NSF indicate that a significant reduction (64%)
in the hydraulic conductivity of the aquifer was achieved at locations where the grout barrier was
installed, but did not achieve the 90% reduction performance metric.

Figure 6.4: Well Head Injection Assemblies (Left) and Water Vessels Setup for the
Constant-Injection Test
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7.0 COST ASSESSMENT

The demonstration study included carefully tracking the cost of implementing the field
demonstration program. Subsequently, cost data were used to estimate the expected cost of
implementing a flux reduction barrier at a hypothetical site. As such, Section 7.1 summarizes
the costs tracked associated with the demonstration and presents actual demonstration costs,
while Sections 7.2 and 7.3 describe the expected costs for routine application of this
technology.

7.1  FIELD DEMONSTRATION COSTS TRACKED

The demonstration study included three key cost elements: 1) project planning and preparation,
i1) field program implementation, and iii) data evaluation and reporting as outlined below.

7.1.1 Demonstration Study Cost Element: Project Planning and Design

Costs for the project planning and design element of the study involved labor and supplies for
the following: 1) treatability study for including a novel vegetable oil formulation in the grout
(by subcontractor); ii) site selection and coordination with the site Project Manager (PM); iii)
engineering design of injection skid; iv) testing and specification of injection grout and
formulation and v) detailed design to adapt technology to site-specific needs (partially in
parallel to Phase II work). A single test Passive Flux Meter was also deployed to evaluate the
suitability of the site for a Phase II application of the technology at the site.

7.1.2 Demonstration Study Cost Element: Field Program and Performance Assessment

Costs for the field program included i) purchase of equipment and supplies to complete the
injection; ii) construction, transportation, and start-up support of the injection construction, (by
subcontractor); iii) clearing of utilities and installation of injection points (by subcontractors); iv)
rental of equipment such as a water tank for potable water, generator, pumps, etc.; and
v) associated labor and costs for installation and performance assessments.

7.1.3 Demonstration Study Cost Element: Data Evaluation and Reporting

Data evaluation and reporting include labor time for analyzing Phase 1 results. Detailed costs for
each of the cost elements of the demonstration study are provided in Table 7.1 below.
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Table 7.1:

Summary of Actual Costs for Field Demonstration

Cost Category Subcategory Description Cost
PROJECT PLANNING . Material/Labor (Solutions-IES;
AND DESIGN Treatability Study Lump Sum) $49,900
Labor $55,000
. . . Grout mix materials and testing $1,550
Engineering Design and Mi - Passive FI
Site Assessment isc. equmept( assive Flux
Meter and testing beakers, $4,220
etc.)
FIELD PROGRAM Injection Skid and Start-Up $50.008
AND PERFORMANCE Support (Subcontractor) '
ASSESSMENT Iniection Skid and Injection Materials and delivery
J . (1 Sodium silicate tote, 1 $3,026
Materials e
dibasic ester drum)
Injection Materials and delivery
(1 vegetable oil drum) $1,154
Utility Clearance Subcontractor $1,650
Dr.lll.mg .Subco'ntractor - drilling $8.730
4 injection points
Poly Tank Water
Subcontractor - rental of tank
$2,970
Installation and Start-Up [2nd ~3,000 gallons of water
delivery
Eqm.pment Rental (Generator, $5.506
forklift)
Labor $11,500
Othgr Expenses (meals, $12.110
lodging, travel, consumables)
Equipment Rental (1 water $576
Extraction Tests level meter, 4 pumps)
Labor $6,900
PolyTank Water Subcontractor
Constant-Head Tests |- rental of tank and ~1,000 $1,715
gallons of water delivery
Labor $6,900
Disposal of Purge Water and
remaining materials, including $3.813
lab analysis for waste '
Decomissioning characterization
Transportation of Skid to $4.812
Houston
Labor $700
Data evalugtlon and Labor $5.000
reporting
Total Costs $232,040
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7.2 COSTS OF FULL-SCALE INSTALLATION OF FLUX REDUCTION BARRIERS
7.2.1 Estimated Costs at a Hypothetical 1-Acre Site

Applicable costs associated with the field program element of the demonstration study have been
employed to develop costs for full-scale implementation of a flux reduction barrier for
remediation of affected groundwater. Based on a typical application of the technology at a
hypothetical site, full-scale implementation costs have been estimated. Some tasks and
associated costs incurred during the field demonstration would not be applicable for a full-scale
implementation of the technology; therefore, costs for these items have not been included for the
full-scale remediation.

Costs of a full-scale installation of a flux reduction barrier were estimated using the following
assumptions regarding the site:

e Treatment Area: A rectangular are with the dimensions of 218 ft by 200 ft, corresponding
to an area of 43,600 ft? (i.e., slightly more than one acre) and a total perimeter of length of
836 ft.

e Injection Point Spacing: 4 feet along perimeter

e Depth of Treatment Zone: From 5 ft bgs to 35 ft bgs, corresponding to barrier thickness
of 30 ft

e Porosity of Treatment Zone 30%
Table 7.2 highlights parameters and additional information of assumptions.
Costs were also dependent on the following considerations:
e Grout: Standard sodium silicate solution with dibasic ester hardener having the following

composition: 10% sodium silicate, 5% dibasic ester, 85% water (by volume)

e Cost for Grout Components: Cost of sodium silicate, dibasic ester, water and water tank
rental projected based on incurred field demonstration costs.

e Time for Implementation: Drilling and injection time estimated based on experience
gained during field demonstration.

e Decommissioning: Decommissioning costs estimated to be identical to the incurred field
demonstration costs.

e Additional Work: No performance assessment tests to be conducted.

Table 7.3 below summarizes the results of the projected costs at the hypothetical site. As such,
for a l-acre site with a total barrier thickness of 30 ft, the total cost of the technology
implementation is approximately $996K. Subsequently, the cost per cubic yard is $21/yd>.
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Table 7.2:

Parameters and Assumptions of Implementation at a Hypothetical Site
Variable | Value | Units | Notes
Injection Grout Materials
Radius of Influence of Injection Point 2 ft
Source: Powers, et al., 2007: Construction
Well Spacing 4 ft Dewatering and Groundwater Control: New
Methods and Applications, 3d ed.
Perimeter 836 ft
Number of Injection Points 209 =permeter/well spacing
Volume of Injection Grout Required per Well 136 ft3 Includes 20% overpumping
o 28365 =number qfinjection points x volume of injection
Total Volume of Injection Grout i fi3 grout required per well
Total Volume of Injection Grout| 212,183  |gal

Cost of Sodium Silicate $7.3 $/gallon Incurred costs, includes delivery charges

Cost of Dibasic Ester $18.4 $/gallon Incurred costs, includes delivery charges

Cost of Water and Poly Tank Rental $0.4 $/gallon Incurred costs, includes delivery charges

Cost of Injection Grout $1.99 $/gallon *Assume 10% NaSi, 5% DBE, and 85% water
Total Cost of Injection Grout Materials | $421,915 |$
Injection Skid

Capital Cost of Skid + Start-Up Support $50,000 $ Incurred costs, includes delivery charges

Total Cost for Skid and Generator Rental |  $50,000 |$

Installation and Start-Up

Drilling Hrs per Injection Point 3 Estimated incurred during field program
Number of Rigs 2
=number of injection points x Drilling Hrs per
Total Drilling Time 314 hrs injection Point / number of Rigs
*Assume 9 hrs drilling per day, with 15% safety
Number of work days to complete drilling 40 days factor; 5 days per work week
Number of Work Days 40 days 5 days per work week
Total Number of Days 56 days Includes weekends
Mobilization $1,500 $ Estimated from incurred costs
Addt'l costs per Injection Point (permits, $/injection
completion,etc.) $500 point Estimated from incurred costs
= Addt'l costs per Injection Point x Number of
Addt'] costs for Injection Points| $104,500 |$ Injection Points
Costper day|  $2,000  |$/day/truck  |Incurred costs
Utility Clearance $5,000 $ Estimated from incurred costs
Total Drilling Subcontractors | $336,733  |$
Injection Time
Hours per Injection Point (4 depths) 4 hrs/point Estimated incurred during field program
Simultaneous Injections 3 points/ time  [Per skid design
*Concurrent injection with drilling, requiring no
Total Injection Time 35 days additional time on site

Other Equipment Rental

Generator Rental $1,300 $/month Incurred costs, includes delivery charges
=Generator Rental per month x Total number of
Generator Total $2,429 $ Days/30
Forklift Rental $1,050 $/week Incurred costs, includes delivery charges
= Forklift Rental per Week x Number of Weeks.
Forklift Total $1,050 $ Assume 1 week for install and decomissioning
Car Rentals, Consumables $100 $/day Incurred costs
= Car Rentals, Consumables x Total number of
Car Rentals, Consumables Total $5,606 $ Days
Rentals Total $9.685 |$
Labor and Other Expenses
Assume 2 field presonnel onsite $2,300 $/day =Typical labor costs/hr x 10 hrs per day
Other exepenses (meals/lodging) $170 $/day Typical meals/lodging per day
Total Labor and Other Expenses | $101,664 |$ =Total daily costs x Total number of Days
Decomissioning
Waste Disposal of remaining materials,
including lab analysis for waste $3,800 $
characterization Incurred costs, includes delivery charges
Transportation of Skid| ~ $4,800 $ Incurred costs
Decomissioning Total |  $8,600  |$
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Table 7.3:

Cost Category

AND DESIGN

PROJECT PLANNING

Estimated Costs of Implementation at a Hypothetical 1-Acre Site
. Estimated
Subcategory Description Cost Notes
Treatability Study |n/a --| Not applicable
Engineering Design |Labor $65,000| Estimated
and Site Grout mix materials and testing $1,550|Estimated
Assessment Misc. equipment (testing beakers, etc.) $500(Estimated

FIELD PROGRAM

Injection Skid and
Materials

Injection Skid + Start-Up Support
(Subcontractor)

$50,000

See Table 7.3 for parameters and
assumptions

Injection Grout Materials, transportation,
and Water + Tank Rental (Sodium silicate
tote, dibasic ester drum)

$421,900

See Table 7.3 for parameters and
assumptions

Installation and

Drilling Subcontractors (including utility
clearance)

$337,000

See Table 7.3 for parameters and
assumptions

Other Equipment Rental (Generator,

$9,700

See Table 7.3 for parameters and

Strat-Up forklift, car rental) assumptions
Labor + Other Expenses (meals, lodging, $102.000 See Table 7.3 for parameters and
travel) ' assumptions

Performance
N/A --

Assessment

DECOMISSIONING

Decomissioning

Waste Disposal of remaining materials,
including lab analysis; labor; transportation
of skid.

$8,600

See Table 7.3 for parameters and
assumptions

Total for 1 Acre Site ($) $996,250
Treatment Volume (yd 3) 48,444
Cost per Cubic Yard ($/yd*) $20.6

7.2.2 Comparison of Flux Reduction Barriers with Other Technologies

The typical cost of installing a flux reduction barrier for remediation of groundwater affected
with chlorinated organics has been compared to the typical cost of implementing an Enhanced In
Situ Bioremediation (EISB) project at a Case 1 Study Site (Table 7.4), as described in Harkness
and Konzuk’s Chapter 16 in Kueper et al. (2014).

Table 7.4: Description of Case Study Site

Parameter Case Study Site
Area 1,500 m? (16,145 ft?; 0.11 acre)
Depth to Groundwater 1.5m (4.9 ft)
Depth to Aquitard 4.5m (14.8 ft)
Saturated Thickness 3.0 m (9.8 ft)
Porosity 0.3
Groundwater velocity 32 m/yr (105 ft/yr)
Barrier Thickness 3m (9.8 ft)

Here, the EISB project consists of the following key assumptions (Kueper, et al., 2014):

e Injection of emulsified vegetable oil (EVO)

e EVO applied through a series of 50 injection wells spaced on 5.4 m (17.7 ft) centers
distributed across source area

¢ 2-inch diameter injection wells screened across the saturated zone
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e Addition of 349 kg (768 lbs) of commercial EVO solution to each injection point, along
with 25,090 L (6,630 gallons) of groundwater to ensure complete distribution. Two
injections assumed.

e Injections will be performed by a two-person crew requiring 26 days of labor including
mobilization, setup and breakdown.

Additionally, in order to provide an equal comparison, costs for a Flux Reduction Barrier was
estimated for the parameters outlined in the Case Study Site (Table 7.5). Also, a total monitoring
time period of source area monitoring wells for 10 years is assumed for both technologies. For
Flux Reduction Barriers, assessment of mass flux using Passive Flux Meters is included in
monitoring, in addition to groundwater analyses.

As seen in Table 7.5 below, the total 10-year project cost for EISB is $1,200K and that of a Flux
Reduction Barrier is $640K. The cost per volume of both remedies is $663/yd®> and $355/yd?,
respectively. Note that these costs per unit volume are much greater than those typically
observed at chlorinated solvent sites (McGuire et al., 2016), because i) the Case Study site is
small (0.1 acre and 10 ft of treatment zone thickness); and ii) total monitoring costs for 10 years
after remediation are incorporated.

Table 7.5: Detailed Cost Analysis Comparison between EISB and Flux Reduction

Barriers
Flux
Cost Element EISB! Reduction Notes
Barriers
Design

Laboratory Studies | $25,000 $2,050

In-field hydraulic and injection testing | $19,000

Detailed design, permitting, and report | $88,000 $65,000

Procurement | $12,000 Included in "Detailed design"

Total Design | $144,000 $67,050

Capital

Mobilization/demobilization $4,000 Included in "Implementation labor"

Injection Skid $50,000

Well surveying $4,000 $5,000

Drilling and well installation | $106,000 $108,623

Flow control equipment, instrumentation, controls | $114,000 --

Start-up costs $7,000 -

Materials (including amendments, shipping,
utilities) | 501000 | $48,633

Implementation labor, travel, per diem | $65,000 $34,177

Bioaugmentation | $57,000

Waste management and disposal |  $24,000 $8,600

Field and home office support | $56,000 -

Included in Drilling and well

Contractor oversight | $67,000 -- installation

Reports |  $27,000 $27,000

Total Capital | $592,000 $282,033

Notes: 1) Source: Kueper et al., 2014, Table 16.5. Note that monitoring was estimated to be for 10 years for both technologies.
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Table 7.5. Detailed Cost Analysis Comparison between EISB and Flux Reduction Barriers (cont’d)

Flux
Cost Element EISB! Reduction Notes
Barriers
O&M (per event/yr)
Equipment rental $9,000 --
Operation — materials (including shipping. and $61,000 _
electrical)
Operation — labor, travel, per diem $65,000 -
Operation — oversight | $13,000 -
Replacement parts and materials, well rehab $3,000 --
Field and home office support | $15,000 -
Reports | $18,000 --
Total O&M (per injection/yr operations) | $184,000 $0 No O&M required for barriers

Monitoring Cos

ts (during/post-treatment)

Monitoring well installation (first year only) | $10,600 $10,600
Labor (quarterly monitoring) $7,200 $7,200
Analytical, groundwater (quarterly monitoring) $8,000 $8,000
Waste management and disposal $1,400 $1,400
Reports (annual) | $10,000 $10,000
Mass flux measurements (year 1) -- $7,440 Assume 2 locations sampled
once in year |
Mass flux measurements (recurring after year 1) - $827 eAVses:yn;e;eall(r);:ations sampled
Total monitoring (year 1) $37,200 $44,640 Assume quarterly monitoring
Total monitoring (recurring after year 1) $26,600 $27,427
Total Monitoring Costs for 10 Years | $276,600 $291,480
TOTAL PROJECT COST ($) | $1,196,600 | $640,563
Treatment Volume (yd®) 1,804 1,804
TOTAL PROJECT COST ($/yd3) $663 $355

Notes: 1) Source: Kueper et al., 2014, Table 16.5. Note that monitoring was estimated to be for 10 years for both technologies.

Additionally, Kueper et al., 2014 presented implementation costs using In Situ Chemical
Oxidation (ISCO), Thermal Treatment, and Pump and Treat at this Case Study Site. Total
monitoring costs for these technologies is assumed to be the same as that of EISB, described
above for a 10-year project life. As seen in Table 7.6, the total project cost for these
technologies ranges from $1,200K to $3,960K, as compared to that of $640K for Flux Reduction
Barriers. As such, Flux Reduction Barriers are the more cost-effective technology alternative.

55



Table 7.6:  Cost Comparison of Flux Reduction Barriers with Other Remedial Options
Cost Component | EISB | 1SCO | Thermal | Fumpand | FluxReduction
Treat Barriers
Design 144 134 248 254 67
Capital 592 705 2080 465 282
0&M 184 990 0 2967 0
Monitoring 277 277 277 277 291
Total ($K) 1,200 2,100 2,600 3,960 640
Total ($/yd3) 663 1,170 1,440 2,200 355

*Note: monitoring costs for EISB, ISCO, Thermal, and Pump and Treat assumed to be all for 10 years for

comparison purposes. Keuper et al., 2014 listed varying monitoring time periods for these technologies.

7.3  COST DRIVERS

The cost of implementing flux reduction barriers is driven by the following factors: 1) treatment
depth, i1) site geology and injection point spacing. These factors influence the total volume of

injection material required, as well as the drilling time for injection point installation.
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8.0

IMPLEMENTATION ISSUES

How to Build Source Zone Barriers

The technical literature is very helpful to understand how to design and build permeation
grouting barriers. Two key references are Powers et al. (2007) and Karol et al. (2003)
(Section 5.1.1)

Different grouts can be applied for different conditions, with acrylamides being useful for
very low permeability formations and cements for high permeability ones. The minimum
range for application of silica gel grouts was reported to 1x10¢ to 1x10~ cm/sec by one
reference, while a second reference suggested a minimum hydraulic conductivity of 1x10°
* cm/sec. Note that silica gel is much cheaper and easier to use than acrylamide grouts
and concrete grouts are more commonly used for coarse alluvial material.

Groups interested in implementing the barrier technology have two broad options: 1)
Hire a geotechnical contractor and use permeation grouting equipment (such as tube-a-
manchette) or other barrier technologies (e.g., slurry wall or sheet piles); 2) or use
commonly used remediation equipment such as direct push rigs with modified injection
equipment to mix silica gel, hardener, and water (see Section 5.4 and Appendix E for
information about the mixing skid used for this project).

Benefits of Barriers

One of the benefits of the barrier technology is the potential for enhancing NSZD by
establishing an enhanced reductive dechlorination zone when the competing electron
acceptors are diverted. One research paper (Newell and Aziz, 2004) estimate a potential
increase in NSZD rates of 226 kg/year (500 Ibs/yr) at a typical chlorinated solvent site
with electron acceptor diversion and 100% efficiency; see Appendix A for an example
calculation at a hypothetical site and the BIOBALANCE tool (Kamath et al, 2008) for
more information. A key requirement is that the site is contains electron donor in the
source zone, either that is from naturally occurring organic material in the source zone;
fermentable oils or other electron donors that were released along with the chlorinated
solvents (a fairly common occurrence at DoD sites); or there has been an election donor
addition project to accompany the construction of the barrier.

What Type of Site Conditions Are Needed

For high efficiency barriers with significant flow reduction, the site must have a lower
low permeability unit such as a clay to prevent up flow; and a four sided barrier is
recommended (three sided barriers are likely to have lower performance (Section 5.1.3).

For accessing the lower cost silica gel grouting technology, the hydraulic conductivity of
the transmissive unit should be in the range of 5x10™ to 10 cm/sec.
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The source zone should contain electron donor to realize the benefit of electron acceptor
diversion that a barrier provides. Sites with faster groundwater will have more benefit
than sites with slow groundwater.

Using Existing Remediation Technology for Barriers

This ESTCP demonstration was able to use existing remediation technology (direct push
rigs and injection skids) to build four small barriers for the Small-Scale Demonstration.

The mixing process is generally more complex than standard injection-based remediation
projects because the injection skid needs to mix three fluids, delivery multiple locations
simultaneously, let operators see pressure, flowrate, and have contingency for grout set-
up in the injection manifolds. The design described in Section 5.4 and Appendix E
worked well.

Designing Permeation Grout Barriers

Permeation grouting requires filling all the porosity, not just the mobile porosity. This
increases the amount of grout required for the barrier as total porosity in the 24% to 44%
range are typically used for the volume of grout needed calculation compared to 2% to
10% for the mobile porosity. Note the Small Scale Demonstration and the calculations in
Section 6 assumed 30% porosity for the fine sand present in the test area.

Munitions can complicate installation, but same holds for any injection based technology.

The silica gel grout was much more reliable in terms of grouting times when the
inorganic hardener (dibasic ester (DBE)) was used (Section 5.3). On-site gel tests are
important to confirm that the groundwater chemistry will work with the design mix of gel
and hardener (Section 6.1.2). This is particularly true at sites with saline groundwater.

If a direct push rig is used for injection and the injection zone is more than a few feet
thick, multi-level injection wells (Section 5.4.2) are important to ensure even vertical
distribution of the grout. If a permeation grouting contractor is used, a tube-a-manchette
rig will provide good vertical distribution of grout in the barrier.

Design and Performance of Small Scale Demonstration

It was difficult to assess performance of the barrier for the Small-Scale Demonstration at
the chosen location. Contributing factors include:

The hydraulic conductivities were relatively low (0.63 feet per day (2x10* cm/sec)
(Section 6.3.2) resulting in low pumping rates (< 0.1 gpm) and low volumes of extracted
groundwater during the before- and after-tests (< 20 gallons);

Potential construction problems associated with the multi-level injection wells in a very
fine-grained heterogeneous unit (Section 5.4.2) as one injection well had to be abandoned
(Section 6.2).
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The “donut” configuration (Section 5.1.2) may have not been efficient at testing the
permeation grouting process; a larger demonstration area may have resulted to better test
data. However using constant head injection tests, an average of 64% reduction in flow
resulted, which is significant but below the 90% reduction performance goal. This
result, and relatively low hydraulic conductivities in the planned Northern Plume test
area, led to the decision not to perform the Large-Scale Demonstration.

Applications for the flux reduction technology are likely to have better performance at
sites with higher permeability and higher groundwater velocity than at the site used for
the demonstration, both for demonstrating the hydraulic effect of the barrier and the
benefits from electron acceptor diversion.

Novel Grouting Material

The Solutions-IES grout material consisting of a silica gel/veg oil mix appeared to work
as well as conventional silica gel for reducing flow (Table 6.4), but since the Small-Scale
Demonstration was performed in a relatively unimpacted zone, the project was unable to
test its dechlorination capabilities in the field. The theory behind the gel/oil material is
sound as permeation grouting barriers are designed to reduce but not eliminate
groundwater flow through them, therefore providing a mechanism for increased treatment
with the oil.
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GSI Job No. G-3938
Issued: 17 January 2014
Page 1 of 1

APPENDIX A

TCE MASS REMOVED BY ELECTRON ACCEPTOR DIVERSION
ESTCP Barriers Project

Calculated

Literat. Value

CALCULATE REDUCTION IN FLOW AT HYPOTHETICAL SITE

b = saturated aquifer thickness 6.1
i = regional hydraulic gradient 1.0E-02
K = hydraulic conductivity 0.0200
Width of barrier / treatment zone perpend. to flow 137

Groundwater Darcy Velocity (K*i) 6.3

Volumetric Groundwater Flowrate 5,246,525
% Reduction in Flowrate After Barrier Construction

Volume Groundwater Diverted 4,721,872

Plan View of Barrier

m
m/m
cm/sec
m
m/yr
Liters/year
%
Liters/year

Notes

Groundwat
er with
Competing
Electron
Acceptors
(Oxygen,
Nitrate,
Sulfate),

GROUNDWATER
FLOW

Enhanced
Reductive
Dechlorination
Zone

Vertical Barrier

\Get these data from background

\ monitoring well(s) upgradient
‘| of the source

Thickness of transmissive zone; from boring logs

From potentiometric surface maps

From slug test, pump test, estimates based on material

From plume/source zone maps

Calculated; can overwrite if desired. Do not use seepage velocity.

Calculated; can overwrite formula if desired
Performance of barrier; 90% is typical for pemeation grouting
Calculated; can overwrite formula if desired

\
CALCULATE INCREASE IN BIODEGI‘EADATION DUE TO ELECTRON ACCEPTOR DIVERSION

“ Ibs TCE degraded to ethene per Ib of H2: 22
Assumed Efficiency (% of hydrogen going to dechlorination)**: 50%
|}
Competing Electron |Concentration in| Difference in
Acceptors in Groundwater Electron
Upgradient Assimilated
Groudnwater Zone Capacity for TCE
(mg/L) (kglyr)
DO 8
Nitrate 6
Sulfate 50
Total Total: 293 kilograms/year

* Newell and Aziz (2004) (Median from Table 1)

** Newell and Aziz (2004) assumed 100% effiency to demonstrate potential of diversion
This parameter is difficult to estimate, but After a few years, the hydrogen will go to
50% is a good planning level value.

either methanogenesis or dechlorination.
*** BIOBALANCE Tool

This is the amount of extra CVOC
biodegradation that could occur if
a barrier is installed and competing
electron acceptors are diverted
away from the source zone.

Add this value to reduction in CYOC
mass discharge due to the barrier
to get the toal beneft from a

barrier project.
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APPENDIX B.1
Soil Boring Log for 1IS17MWO03

PROJECT NUMBER BORING NUMBER
166176 1S17MW03 SHEET 1 OF 1
‘ CHZVIHILL
= SOIL BORING LOG
PROJECT : NDWIH LOCATION : Site 17
ELEVATION : See survey report DRILLING COMTRACTOR : Parratt-Wolff Inc.
DRILLING METHOD AND EQUIPMENT USED : ATV Rotary Drill Rig, CME 850, 8* hollow stem augers, 2' split spoon sampling
WATER LEVELS . First encountered at 11 ft bgs START : 811/00 END : 8/11/00 LOGGER : Fred Calef
DEPTH BELOWW SURFACE (FT) STANDARD CORE DESCRIPTION COMMENTS
INTERVAL (FT) PENETRATION
RECOVERY (FT) TEST SOIL NAME, USCS GROUP SYMBOL, COLOR, DEPTH OF CASING, DRILLING RATE,
#TYPE RESULTS MOISTURE CONTENT, RELATIVE DENSITY, DRILLING FLUD LOSS,
676" 65" OR CONSISTENCY, SOIL STRUCTURE, TESTS, AND INSTRUMENTATION.
N) MINERALOGY,
Clay. Med-stiff. Dryto moist. Orange.
| o-2 1.3 15 3345 |Ereathing zone PID = 0 .
{7
Clay. Med-sm. Dryto moist. Orange to graywith _
| 2-4 15 5 5'(71'25)*‘3 orange "streaks.” Slightly wetter than previous spoon, [Breathing zone PID = 0 ]
N Jgreenish gray clay with some silt. VWet. Some organics 1
5_| 4-86 025 3s wH-uH-wH-4 Breathing zone PID = 0 ]
(wH)
Clay. Ted-sti. Dryto moist. Light gray with orange
_| 6-8 2 4S 6-9-99 "streaks.” Breathing zone PID = 0 |
(18)
Clay. ITEGA Dryto moist. More moist than .
_| 8-10 2 58 3-2-22 previous spoon. Reddish-gray. Some orange Breathing zone PID = 0 -
“ "streaks.”
10 _ _
oo clay. Med-soft. Moist. Reddish gray. .
_| 10-12 2 6S G-('l;:;l)-s 18-24" fine-med sand. Orange. VWet. Well sorted. Breathing zone PID = 0 -
- [0 fne-med sand. Orange. Saturated. Well sorted. . i
_| 12-14 2 s 3998 12-24" Fine sand. Wetto saturated. Med-soft. \Well  |Breathing zone PID = 0 i
(18) sorted. Orange.
N TFine sand with clay. Saturated to wet. V\ell sorted. 1
15 _ | 14-16 2 8s 5-7-6-3 Orange. Breathing zone PID = 0 ]
(13)
_ Setting well at 16 feet bgs | a
20 ] —]
25 ] _|

(CH2MHill, 2008)
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APPENDIX B.1

Geologic Cross-Section
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Figure 2-1
Locations of Groundwater Samples
A and Geologic Cross Seclions
Site 17 Groundwater Feasibility Study
N NSF-IH, Indian Head, Maryland
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3. DESCRIPTION OF THE LITHOLOGY IS OBTAINED FROM SOIL BORING AND MONITORING WELL LOGS AND INFERRED BASED ON MIP PROFILES.

4. SEE APPENDICES AAND B IN THE FINAL REMEDIAL INVESTIGATION REPORT (CH2M HILL , 2004) FOR SOIL BORING AND MONITORING WELL LOGS.
5.
6.
7.
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Figure 2-2

Geologic Cross Section A-A'

Site 17 Groundwater Feasibility Study
NSF-IH, Indian Head, Maryland
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APPENDIX B.1
Groundwater Sampling Results at ISIT7MW03

Station ID IS17MWO03
Sample ID IS17GW031213
Sample Date 12/05/13

Chemical Name

Volatile Organic Compounds (UG/L)

cis-1,2-Dichloroethene 05 U
Trichloroethene 081 B
Vinyl chloride 05 U

Wet Chemistry (MG/L)

Ethane 0.0013 U
Ethene 0.0016 U
Methane 0.019
Nitrate 0.042 U
Sulfate 33

Dechlorinating Bacteria (CELLS/ML)

Dehalococcoides 05 U

Notes:

Bold indicates detections

B - Analyte not detected above the level reported in blanks

U - The material was analyzed for, but not detected

ug/L = micrograms per liter

mg/L = milligrams per liter

Cells/mL = Cells per milliliter

The Sample ID is read as follows: | is for Indian Head; S is for site; 17 is the site number; MWO03
is groundwater sample from station 3; and 1213 is the month (December) and year of
collection (2013)

(CH2MHill, 2014)
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APPENDIX B.2
Soil Boring Logs

PROJECT NUMBER:

BORING NUMBER:

) 387444 1517DP69D SHEET 1 OF 1
-
SOIL BORING LOG
PRGJECT : NSF Indian Head, Sita 17 LOGATICN : Indian Head, Maryland
ELEVATICHN : DRILLING CONTRACTOR. : Parratt - Wolff
DRILLING METHCD AND EQUIPMENT : Geoprobe, DPT
WATER LEVELS - — START - 6/24/2014 END - B/24/2014 LOGGER - C_Reed
DEFTH BELOW EXISTING GRADE (f) SOIL DESGRIPTION o
o
INTERVAL (fts = P
SCIL NAME, USCS GROUP SYMBECL, CCLOR, =1 = PIC {ppm) WELL DIAGRAM
RECOVERY ) MOISTURE GONTENT, RELATIVE DENSITY CR zlz]z
S CONSISTENGY, SOIL STRUGTURE, MINERALCGY 2lE]z
- %) 5
(TIME) mjo]z
] o0 ST (MILT 1 (S A A i
i 0.0 - 1.0' - reddish brown {5 YR 5/4), moist, firm, trace 2-4': 47.4 ppm
i fine to medium sand and subangular gravel ]
4 3.0 Gravelly Lean Clay (CL) 4
i z 1.0 - 8.0' - reddish gray {5 YR 5/2), moist to wet, soft,
i little fine to medium angular gravel i
1 40 i
i ] 4-8: 8.1 ppm
5_ p—
i 3.0 |
1 so ]
& i 8-10': 6.5 ppm
] 10-12- 20.2
i Lean Clay (CL) i ppm
10 20 9.0 -17.5'- gray {5 YR 5/1) to red yellow {5 YR 6/6),
i z wet, very soft, trace fine sand ]
1 120 ]
] ] 12-14 375.4
1 Collect samples 1 ppl-‘ﬂ "
., 18170S69D1214 at I sl
g 2.0 1010 and . PR
15 1 1517DS6EEDP1214 at 1
— 1015 —
1 180 ]
i ] 16-18: 2.8 ppm
» 1_5 .
1 180
Bottom of Boring at 18.0 ft bgs on 6/24/2014 ]
(CH2MHill, 2014)
Final Report: Contaminant Flux Reduction
Barriers for Unconsolidated Media February 2017
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PROJECT NUMBER:

BORING NUMBER:

\ 387444 1IS17DP70D SHEET 1 OF
@ cHz2MHILL
-
SOIL BORING LOG
PRGJECT : NSF Indian Head, Site 17 LOCATICN : Indian Head, Maryland
ELEVATICN : DRILLING CONTRACTOR : Parratt - Wolff
DRILLING METHCD AND EQUIPMENT : Geoprobe, DPT
WATER LEVELS - — START ;- 6/24/2014 END : 624201 LOGGER - C._Roed
DEFTH BELOW EXISTING GRADE ift) SOIL DESCRIPTION o
5]
INTERVAL ift) o=
SOIL NAME, USCS GROUP SYMBOL, COLOR, = Nl PID {ppm) WELL DIAGRAM
RECOVERY fy MOISTURE CONTENT, RELATIVE DENSITY OR alz]z
P —— CONSISTENCY, SOIL STRUCTURE, MINERALOGY SRl E
MME} Zlel=
00 Sandy it (ML) ] -2 0.0 ppr
i 0.0 - 1.0' - yellow red (5 YR 5/6), moist, firm, litte fine 2-4': 16.5 ppm
i to medium sand i
=) 30 Gravelly Lean Clay (CL) i
B : 1.0 -6.0' - red gray (5 YR 5/2), moist to wet, soft, little
i fine to medium angular gravel i
1 40 ]
- | 4-6: 7.5 ppm
5 | | 6-8. 7.8 ppm
— 3.0
i Clayey Sand (SC) ¥
i B.0 - 13.5' - reddish brown {5 YR 3/2), wet, medium _?
o) density, fine to coarse sand, some day ]
17
i _/ 8-10" 8.6 ppm
] _/ 10-12: 28.4
3.0 — ///
1 120 :%
] ] 12-16- 20.8
i Collect samples 7//‘]/ pprm
i 1S17DS70D1012,
] 15 | 1817DS70D1012MS, [ Lean Clay (CL) ]
£ and 13.5-17.5' - gray {5 YR 5/1), moist to wet, very soft, |
15 IS17DS70D1012SD at]  trace fine sand ]
1 18O ]
B ] 16-20% 1.5 ppm
. 1.0 1
1 180
Bottom of Boring at 18.0 ft bgs on 6/24/2014 ]
(CH2MHill, 2014)
Final Report: Contaminant Flux Reduction
Barriers for Unconsolidated Media February 2017
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@ cH2MHILL

PROJECT NUMBER:

387444

BORING NUMBER:

IS17DP71D

SHEET 1 OF 1

SOIL BORING LOG

PRGUJECT : NSF Indian Head, Site 17

LCCATICN : Indian Head, Marylan

d

ELEVATION :

DRILLING CONTRACTOR : Farratt - Wolff

DRILLING METHCD AND EQUIPMENT : Geoprobe, DPT

WATER LEVELS : — START : 6/24/2014 END : 67242014 LOGGER : C. Reed
DEFTH BELOW EXISTING GRADE (ft) SCIL DESCRIPTICN ©
&
INTERVAL ift} & I
SOIL NAME, USCS GRCUP SYMBOL, COLOR, =0 B PID {ppm) WELL DIAGRAM
RECOVERY @ MOISTURE CONTENT, RELATIVE DENSITY OR S E
SAMPLE 1D CONSISTENCY, SOIL STRUCTURE, MINERALOGY zl=)2
MME} = k=8
00 Sandy it (L] ] 02 0.0 ppm
B 0.0 - 1.0' - yellow red (5 YR &/8), moist, firm, litle fine 2-4: 0.2 ppm
i to medium sand i
=l 2.5 Gravelly Lean Clay (CL) ]
| ' 1.0 - 7.0' - reddish gray {5 YR 5/2) to gray {5 YR 8/1),
| wet, very soft, little fine to medium angular gravel
1 40 i
| | 14-8 7.9 ppm
5_ P
= 3.0 1
1 so :V
i Clayey Sand (SC) il ¥ 8-12": 78.4 ppm
B 8.0 - 8.0' - very dark gray {5 YR 3/1), wet, medium é
I density, some clay, fine to coarse sand
10 ollect sample 1
— 1.0 1517DS71D0810 at —
= 0828 1
1 120 ]
B Lean Clay (CL) 12-16: 2.6 ppm
i 12.0 - 17.5' - gray (5 YR 5/1), moist to wet, very soft, |
B trace fine sand ]
& 3.0 1
15 ]
1 180 ]
= i 16-20: 1.3 ppm
= 1.8 E
1 180
Bottom of Boring at 18.0 ft bgs on 6/24/2014 ]
(CH2MHill, 2014)
Final Report: Contaminant Flux Reduction
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@ CcHzZMHILL

PROJECT NUMBER:

387444

BORING NUMBER:

I517MW11

SHEET 1 OF 1

SOIL BORING LOG

PRCJECT : NSF Indian Head, Sita 17

LOCATICN : Indian Haad, Maryland

ELEVATION -

DRILLING CONTRACTOR : Parratt - Wolff

DRILLING METHCD AND EQUIPMENT : Geoprobe DPT, HSA, DPT

WATER LEVELS - — START - 6/24/2014 END - /242014 LOGGER - C._Read
DEFTH BELOW EXISTING GRADE if) SOIL DESCRIPTION o
s]
INTERWAL (ft) & ©
SCIL NAME, USCS GROUP SYMBOL, CCLOR, = PID {ppm) WELL DIAGRAM
RECOVERY () MOISTURE CONTENT, RELATIVE DENSITY OR alz]z
—— CONSISTENCY, SCIL STRUCTURE, MINERALOGY 1
slalE
(TIME) mfjol=z
00 Sty Sand (oM | o o T T Bueise o
i 0.0 -4.0' - red brown {5 YR 4/4), dry to moist, medium b Stes|
i densily, fine to coarse sand, some fine to coarse ] g;?;g:m
_ 20 subrounded gravel and silt Bertonite
4 - Grout —
i B 3 2PVG
4 E s, Solid Riser |
4.0 i Bentonite |
i Silty Sand (SM) 4-8: 0.0 ppm Seal ]
5_ ] 4.0 -8.0' - gray {5 YR 5/1), wet, loose, fine to coarse - Sand
i sand, little silt i 3 i
b 2.0 1 1
1 a0 ] ]
i N 8-9% 0.0 ppm i
} 8-10' 0.0 ppm ¥ .
Sandy Silt (ML) 10-12: 0.0 ppm oy
10 20 Gollect sample 9.0 - 10.5' - very dark gray (5 YR &/1), wet, soft, little Siotted |
i 7 15175B160812at 1615]_ fine sand 1]} Screan
=] Sandy Lean Glay (CL) ,7 B
iz} 10.5 - 14.5' - gray {5 YR 6/1), moist to wet, soft, some | |
120 fine to medium sand i ]
i i 12-18" 0.0 ppm i
7 Collect sample ] ]
i 151758161216 at 1620 T ]
1 30 ""i5i78B16P 1216 at o]
15| 1625 Lean Clay (CL] fibgs —1|
o} 14.5 - 18.5' - reddish yellow {5 YR &/6), moaist, firm, |
16.0 trace fine sand ] ]
B | 16-20' 0.0 ppm ]
7 5.0 Callect sample 1 1
] Y |Is178B161618 at 1630 ] ]
20 | o0 1l ]
Bottom of Boring at 20.0 ft bgs on 6/24/2014 i i
(CH2MHill, 2014)
Final Report: Contaminant Flux Reduction
Barriers for Unconsolidated Media February 2017
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@ cHz2MHILL

PROJECT NUMBER:

387444

BORING NUMBER:

IS17MW12

SHEET 1 OF 1

SOIL BORING LOG

FPRCJECT : NSF Indian Head, Site 17

LOCATICN : Indian Head, Maryland

ELEVATICN -

DRILLING CONTRACTCR : Parratt - Wolff

DRILLING METHOD AND EQUIPMENT : Geoprobe DPT, HSA, DPT

WATER LEVELS - — START : 6/25/2014 EMND . 8/252014 LOGGER . C_Reed
DEFTH BELOW EXISTING GRADE () SOIL DESCRIPTION o
o
INTERVAL (3 i =
SOIL NAME, USGS GROUP SYMBOL, GOLOR, S1El= PIG {ppm) WELL DIAGRAM
RECOVERY fy MOISTURE CONTENT, RELATIVE DENSITY OR S E
S APLED CONSISTENCY, SOIL STRUCTURE, MINERALOGY £lelz
TIME) 18]z
1 oo SE (ML] TS o T =
i 0.0 - 2.0' - yellow red {5 YR 4/6), moist, soft, little fine Steel
i to coarse sand ] Casing wilf]
Bollards
= 2.0 Bentonite
- - Grout -
4 i o P
4 i : Solid Riser]
4.0 A . Bentonite |
i Silty Sand (M) 4 4-6% 120.7 ppm Sesl ]
5| 4.0 -5.0'- gray {5 YR 5/1), wet, loose, fine to coarse g 6-8: 110.2 ppm Sand |
i sand, some silt il ]
=) 3.0 Sandy Lean Clay (CL) i
4 5.0-11.0' - gray {5 YR 6/1), wet, very soft, some fine -]
i to medium sand i a
1 so i i
] ] 8-10" 238.1 ]
4 ] PRI " el
= 10-12: 769.3 i
10 7 ollect samples B [ B
— 4.0 1S175B170812, MS, = Slofted —
B and SD at 1305 1 Screen
] Lean Clay (CL) i ]
12.0 11.0 - 12.5" - yellow red {5 YR &/6), moist to wet, firm, | ]
] little fine sand % 12-14; 97.7 1
_ Lean Clay (CL) i PRm i
. & 12.5 - 18.5' - gray {5 YR 6/1), moist, stiff, race fine i 14-18"- 8.4 ppm i
llect samples d
— 3.5 0 H Sark E Bottorn of
e 15175B171216 at 1310 ] e
_— fibgs ]
1 180 ] ]
] ] 16-20: 148.7 ]
4 i Ppm i
i a5 Collect samples ] ]
] -9 |15178B171618 at 1315 ] ]
20 7| 200 ]
Bottom of Boring at 20.0 ft bgs on 6/25/2014 ]
(CH2MHill, 2014)
Final Report: Contaminant Flux Reduction
Barriers for Unconsolidated Media February 2017
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PROJECT NUMBER:

BORING NUMBER:

) 387444 IS17MW13 SHEET 1 OF 1
-
SOIL BORING LOG
PRGJECT : NSF Indian Head, Site 17 LOCATICN : Indian Head, Maryland
ELEVATICN - DRILLING CONTRACTOR : Parratt - Wolff
DRILLING METHCD AND EQUIPMENT : Geoprobe DPT, HSA, OPT
WATER LEVELS : — START : 6/25/2014 END : 67252014 LOGGER : C. Reed
DEFTH BELOW EXISTING GRADE (ft) SOIL DESCRIPTION ©
o
INTERVAL ift) ol=
SOIL NAME, USCS GROUP SYMBOL, COLOR, =0 PID {ppm) WELL DIAGRAM
RECOVERY ) MOISTURE CONTENT, RELATIVE DENSITY OR SEE
P — CONSISTENCY, SOIL STRUCTURE, MINERALOGY H
(TIVE) = Bl B
1 o0 SE (ML] RgRe RNV =
] 0.0 - 2.0' - yellow red (5 YR 4/6), dry to maist, soft, 2-4': 0.0 ppm Steel
] trace fine to medium sand ] Casing witf]
Bollards
] £ Silty Sand (SM) g?g:?mte 1
B 2.0-5.5"- gray {5 YR 4/1), moist to wet, loose, fineto spve
o) coarse sand, little silt i Solid Riser |
4.0 i Bentonite |
i i 4-6': 0.0 ppm Seal
5_ | ] 5-8: 0.1 ppm Sand
i 35 Sandy Lean Clay (CL) 1
i ' 5.5 - 8.5' - pinkish gray {5 YR B/2), wet, very soft, ] i
ol some fine to medium sand ] i
1 so i ]
| ] 8-10" 0.0 ppm ]
i ] 10-12: 0.0 ppm SR
4 PVC .
10 4.0 Collect sample Lean Clay (CL) Siotted |
B 2 151758180812 at 1040] 9.5 - 13.0' - yellow red (5 YR 5/6), wet, firm, trace to Screen |
B little fine sand | ]
1 1zo ] I
i ] 1214 0.0 ppm i
i 14-16 0.0 ppm i
B Lean Clay (CL) i
i a0 Collect sample 13.0 - 18.5' - red brown (5 YR 6/3), moist, stiff, trace Bott .,
151758181216 at 1045)  fine sand ] e
15 —] ftbgs —]
1 18O ] ]
i ] 16-20' 0.0 ppm ]
] a5 Callect sample ] i
] -2 |15175B181618 at 1050 ] ]
20 ] 200 Nl
Bottom of Boring at 20.0 ft bgs on 6/25/2014 ] i
(CH2MHill, 2014)
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PROJECT NUMBER: BORING NUMBER:

387444 IS17MW14 SHEET 1 OF 1
SOIL BORING LOG

@ CcH2MHILL

PRGUJECT : NSF Indian Head, Site 17 LCCATICN : Indign Head, Maryland

ELEVATION - DRILLING CONTRAGTOR - Parratt - Wolff

DRILLING METHOD AND EQUIPMENT : Geoprobe DPT, HSA, DPT

WATFR LEVELS - — START - 6/24/2014 END - 8/24/2014 LOGGER - C. Reed
DEPTH BELOW EXISTING GRADE (ft) SOIL DESCRIPTICN o
o
INTERVAL ift) cl=
SOIL NAME, USGS GROUP SYMBEOL, GOLOR, S1E]s PID (ppm) WELL DIAGRAM
RECOVERY () MOISTURE GONTENT, RELATIVE DENSITY CR ol
SAVPLE 1D GONSISTENGY, SOIL STRUGTURE, MINERALGGY zl=z)2
MME) slc)=
o 00 Sandy SiTt (VL] ] O-Z. 0.0 ppr iy
] 0.0 - 1.5' - dark red brown (5 YR 3/4), dry to moist, ] 2-4' 0.0 ppm Stesl
] fine to coarse sand g:i;g:"”_r
= 3.0 Silty Sand (SM) Bentonite
i 1.5 - 3.0' - dark red gray {5 YR 4/2), maist, medium Grout i
e density, fine to coarse sand, many silt, wood >pve
o fragments i re Solid Riser ]
40 . Bentonite |
i Poorly Graded Sand (SP) ] 14-6': 0.0 ppm Seal i
5_ | 4.0 - 6.0 - dark gray {5 YR 4/1), wet, medium density, _ | 6-8: 3.7 ppm Sand _|
i fine to medium sand, little silt ] ]
i &0 Lean Clay with Sand (CL) ]
B 6.0 - 12.0 - light reddish brown {5 YR 6/4), moist to ]
o] wet, very soft to firm, some fine to medium sand ]
8.0
i ] 8-12" 2.8 ppm |
] B 2"-0.010"
=t - PVG &
10| 40 Collect sample _ Siotted |
i 151758190812 at 1500 ] saee ]
1 120 ] ]
i Lean Clay (CL) ] 12-16% 0.0 ppm i
i 12.0 - 19.5' - reddish yellow {5 YR &/6), moist, firm, i
B trace fine sand ] : ; ]
Collect sample e
& 3.0 1 Bottorn of
s A 1517SB191216 al 1505 ] TRin
=i — fibgs —]
1 180 ] ]
i ] 16-20% 0.0 ppm ]
] 25 Collect sample ] ]
] -2 |1517SB191618 at 1510 ] ]
20 | 200 ]
Bottomn of Boring at 20.0 ft bgs on 6/24/2014 i i

(CH2MHIill, 2014)
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APPENDIX B.2
Cross-Sections

B
e MW-11

MW-11

<1 pg/LTCE

0.91 pg/L cis-1,2DCE
0.90 pg/L VC

MW-4 MW-14 MW-13

(Offset by 15') [Offset by 10°)
o ) vesa
Legend:
- Silty
Sand

B s
. Clay

Screen
Interval
PFM
measurement
Water
Y tavie (bgs)
-7
;:EW_@‘ MW-14 MW-13 _
3,000 pg/L TCE 170 pg/L TCE Recent GW Sampling
780 pg/L cis-1,2DCE || 13 pg/L cis-1,2DCE Results
21 ug/LVC 1.6 pg/L VC
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APPENDIX B.2
Soil and Groundwater Sampling Results, 2014

Groundwater Concentrations (ug/L)

ISI7TMWO04|1S17MW11|I1S17MW12|IS17TMW13|I1S17MW 14
TCE 400000 0.91J 83000 170 2900
cis-1,2-DCE| 130000 1U 1900 13 920
VC 1600 0.9 1000 1617 50 U
Soil Concentrations (mg/kg)
IS17MW11 IS17TMW12
8-12 ft bgs | 12-16 ft bgs|16-18 ft bgs | 8-12 ft bgs | 12-16 ft bgs | 16-18 ft bgs
TCE 0.0012J | 0.0009J 0.0008 J 20 310
cis-1,2-DCE| 0.001J 0.0008 J 0.0008 J 2.2 22U
VC 0.0017U | 0.0013U 0.0012 U 0.14J 22U
1IS17MW13 IS17MW 14
8-12 ft bgs | 12-16 ft bgs|16-18 ft bgs | 8-12 ft bgs | 12-16 ft bgs | 16-18 ft bgs
TCE 0.0006 J | 0.0009J 0.0007 J 2.8 3
cis-1,2-DCE| 0.0013 U | 0.0014U | 0.0013 U 0.1J 0.087 J
VC 0.0013 U | 0.0014U | 0.0013 U 0.13U 0.13U
Notes:

1. TCE = trichloroethene; cis-1,2-DCE = cis-1,2-dichloroethene; VC = vinyl chloride.
2. U = non-detect;

Final Report: Contaminant Flux Reduction
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EXECUTIVE SUMMARY

This report presents the results of a series of laboratory tests conducted as part of the project
Contaminant Flux Reduction Barriers for Managing Difficult-to-Treat Source Zones in
Unconsolidated Media (ER-1328). This work was conducted to identify effective formulations
for creating low permeability (K) barriers. An ideal formulation would be onethat is:

e |ow cost;

e easytoinject;

e able to reduce the hydraulic conductivity (K) of sand by at least afactor of 10, preferably
afactor of 100;
persistent in the subsurface longer than typical vegetable oils; and

e dlowly fermented thereby enhancing reductive dechlorination.

An initial list of potential amendments was generated based on chemical, physical, biological
and handling characteristics of the materials and potential costs of application. Amendments
considered included:

1) thixotropic emulsions;

2) hydrogenated oils;

3) divalent salts of long-chain fatty acids; and

4) mixtures of emulsified vegetable oil (EVO), sodium silicate (NaSi) and dibasic ester
(DBE).

Mixtures of EVO, NaS and DBE were identified as having the best potential for field
application based on ease of injection, ability to reduce formation permeability, and cost. Based
on this screening, several different combinations of EVO, NaSi and DBE were selected for
further evaluation.

A series of laboratory studies were then conducted to determine:
1) application rate required to achieve the desired reduction in K;
2) the ease of distribution (by injection) in one-dimensional columns; and
3) gas production over time during injection tests

Falling head permeameter tests were conducted on different mixtures of EVO, NaSi, and DBE to
determine the amendment application rate required to reduce the K of coarse sand. All
treatments reduced K by approximately 5 orders of magnitude (i.e., to less than 0.01 m/d)
compared with an untreated control. However, K later increased in two of the treatments. This
increase in apparent K is believed to be due to shrinkage of the grouted material when exposed to
air at the bottom of the column.

Laboratory injection tests were then conducted to: 1) determine the injection pressures and flow
rate expected to occur during injection of the formulation into sand; and 2) measure the impact of
the injection on K. Clear PVC columns were packed with coarse sand and saturated with water.
The different amendment formulations were injected into the columns and monitored to evaluate

Treatability Report: Flux Reduction October 2014
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ease of injection. The effective K of each column was measured before amendment injection
and at 40 hours, 1 week and 4 weeks after injection. There was no measurable pressure buildup
during the injection phase, indicating this amendment formulation can be easily injected in
permeable aquifer material. Formulations containing 7.5% sodium silicate and either 5 or 10%
EVO did not set up properly due to mixing with other water in the columns, and these
formulations were eliminated from consideration. A traditional grout formulation containing
30% NaSi was most effective in lowering K. However, formulations containing either 5% or
10% EVO and 10% NaSi also performed well, reducing K by 1 to 4 log units. As 5% EVO
mixture performed dlightly better than the 10% formulation, it was chosen as the fina
formulation for field application.

Batch fermentation tests were established to measure gas (CH4 and CO,) production rates over
time as an indication of relative biodegradability of the different formulations. At 112 days after
start up, all amendments produced significantly more gas than untreated controls. Gas
production in bottles treated with only NaSi and DBE is believed to be due to anaerobic
fermentation of the DBE. These batch incubations will be monitored for at least 6 months to
evauate long-term fermentation of the different materials.

Treatability Report: Flux Reduction October 2014
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1.0 INTRODUCTION

In the demonstration project Contaminant Flux Reduction Barriers for Managing Difficult-to-
Treat Source Zones in Unconsolidated Media (ER-1328), flux reduction materials will be
injected in the subsurface to form a barrier around a treatment zone in order to enhance
biodegradation of chlorinated solvents.

The overall project involves three key tasks as follows:

Task 1. Flux Reduction Material Formulation: Vegetable oil-based formulations will be
created and tested in lab-scale batch and column studies to determine the most effective
formulation for creating barriers. Factors that will be taken into account include: stability,
viscosity, decrease in permeability of soil, and costs of the material. The results of the lab-scale
tests will be used to select one vegetable oil-based formulation for the small-scale field
demonstration (Task 2).

Additionally, the extensive scientific literature regarding properties and field injection protocols
of silica gel (SG) will be used to select i) the most cost-effective SG material (either sodium
silicate or colloidal silica), and ii) the specific SG electrolyte/reagent necessary for subsurface
gelling. The results of this evaluation will be used to select one type of silica gel for the small-
scale field demonstration (Task 2).

Task 2: Small-Scale Field Demonstration, Technology I mplementation: Two treatment cells
(5-foot radius) will be established, testing two different flux reduction materials in a clean zone
at the site: a vegetable oil-based formulation determined from Task 1, and a silica gel solution.
Each treatment cell will consist of: i) a perimeter of injected flux reduction materia, ii) a
pumping test well at the center, and iii) an observation well directly upgradient of the treatment
barrier. A constant head, variable flow pumping test will be conducted both before and after the
establishment of treatment barriersin order to determine the reduction in transmissivity (T).

Task 3: Field Demonstration, Large-Scale Demonstration: A larger scale technology
demonstration will be completed using the best performing material identified during the Task 2
field work (i.e.,, either a silica-based flux reduction material or a vegetable oil-based flux
reduction material). At this Site, it is anticipated that an area of up to 70 ft. by 70 ft. will be
treated. Six observation wells will be drilled in the treatment area in order to i) take mass flux
measurements using Passive Flux Meters at 3 wells; ii) take measurements of water levels in
order to calculate the hydraulic gradient, and iii) take measurements of geochemical parameters
such as dissolved oxygen, nitrate, sulfate, and oxidation reduction potential (ORP) . Both pre-
treatment and post-treatment data will be collected to determine the change in: mass flux,
hydraulic gradient, and geochemical parameters.

This Technical Report details the laboratory phase (Task 1) of the vegetable oil based
formulation.

Treatability Report: Flux Reduction October 2014
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1.1 BACKGROUND

As part of Task 1 of this demonstration, several different flux reduction formulations were
evaluated, and two specific formulations were selected for the small-scale field demonstration.
The materials and evaluation methods used were as follows:

1) SilicaGel Material: Silicagel materia consisting of either sodium silicate or colloidal
silica. Because these silica-based compounds are extensively used in the construction
dewatering field, no lab work was required as part of this material screening process.

2) Vegetable Oil-Formulation: Vegetable oil-based flux reduction agents were evaluated.
Because using oil as a flux reduction agent is a novel application, laboratory and batch
studies were conducted by Solutions-1ES to screen this material.

This Technical Report highlights the scope of work and formulation of the vegetable oil-based
material to be field tested under Task 2 (and possibly Task 3) of this project.

12 OBJECTIVEOFTASK 1LAB STUDY: FORMULATION OF A VEGETABLE
OIL-BASED MATERIAL

Objectives for the demonstration project were to: 1) evaluate two different flow reduction
materials, edible oils and silica gels, in terms of cost, ease of installation, and effectiveness; 2)
determine cost factors of this technology relative to conventional remediation strategies for
chlorinated solventsin terms of key unit costs ($ per cubic yard and $ per acre); 3) determineif a
1 order of magnitude or greater reduction in mass discharge from actual treatment zones is
achievable using this flux reduction technology; and 4) demonstrate benefits from electron
acceptor diversion around chlorinated solvent treatment zones.

Vegetable oil-based formulations were created and tested in lab scale batch and column studies
to determine the most effective formulation for creating barriers. Factors that were taken into
account include: stability, viscosity, decrease in permeability of soil, and costs of the material.

Specifically, the laboratory studies entailed:
1. Testing various vegetable oil based amendments to select two formulations for
further evaluation

2. Formulations were then evaluated by:
o Determining the required application rate
o Injection tests
o Fermentation tests

An ideal formulation would be one that is. (a) low cost; (b) easy to inject; (c) reduces the
permeability of sand by at least a factor of 10, preferably a factor of 100; (d) persistence in the
subsurface greater than typical vegetable oils; and (d) slowly ferments enhancing reductive
dechlorination.

Treatability Report: Flux Reduction October 2014
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20 TECHNOLOGY
21 TECHNOLOGY DESCRIPTION

The overall technology demonstration involves the testing of a flux reduction material
incorporating an emulsified vegetable oil (EVO). By injecting these materials to form a barrier
around a treatment zone, groundwater flow carrying competing electron acceptors will be
diverted, resulting in an enhanced reductive dechlorination zone (Newell et al., 2003).

22 ADVANTAGESAND LIMITATIONSOF THE TECHNLOGY

Advantages:
e Drastically reduces flux of contaminant out of, and flux of competitive electron acceptor
into treatment zone;
e Applicationinthefield issimilar as a standard injection;
e Long lasting material;
Fairly low cost material.

Limitations:
e Timelimited injection;
e Impossibleto treat all of the aquifer material (i.e., it will treat high K zones);

e Have to surround the entire source area to be really effective in cutting groundwater flux
off.
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3.0 PERFORMANCE OBJECTIVES

Under Task 1, laboratory treatability studies were conducted by Solution-IES to identify a
vegetabl e oil-based formulation that meets the following criteria

1. Formulation can be injected through a conventional well screen or direct push injection
rod and distributed at least 0.3 m away from the injection point in sand at a pressure less
than 25 psi and flow rate of at least 0.25 L per m of screen.

2. Once distributed, the formulation will reduce the permeability of sand by at least a factor
of 10, preferably afactor of 100.

3. Persistence in the subsurface that is greater than typical vegetable ails.

4. Slowly ferment to methane indicating the slow production of acetate and/or H, which
could be used to support reductive dechlorination.
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4.0 TEST DESIGN

41 IDENTIFICATION OF AMENDMENTS

An initia list of potential amendments was generated based on chemical, physical, biological
and handling characteristics of the materials and potential costs of application. The amendments
considered for testing included:

a. Thixotropic emulsions - Mixtures with high starting viscosities that lower when energy is
put into the material, allowing them to be pumped into an aquifer. Characterized by high
material costs ($50/ft> aquifer) and limited radius of influence as viscosity increases with
distance from the injection point.

b. Hydrogenated dils - Qils that are a solid at room temperature. These materials require
heating prior to injection, and may suffer limited radius of influence similar to thixotropic
emulsions as they cool during injection. Material costs are moderate at $4-8/ft> aquifer.

c. Divaent sats of long-chain fatty acids (soap) - Soap scum is formed when long-chain
fatty acids react with divalent cations (Ca*?, Mg*?) and precipitate. Soap scum can be
precipitated in situ through injection of a concentrated soap formulation and dissolved or
colloidal Caor Mg. Set-up time can be reduced by mixing reagents above ground prior to
injection, or increased by injecting reagents separately and allowing them to mix in-situ.
Costs are comparable ranging from $2-10/ft® aquifer.

d. Mixture of EVO, Sodium silicate and dibasic ester — Materia has low viscosity prior to
set-up. Set-up time can be controlled by varying the amount of dibasic ester (DBE)
included in the formulation. Commercially available DBE is an ester of a dicarboxylic
acid. Injection would very similar to typical geotechnical grouting practices, and material
cost would be low at $2-3/ft* aquifer.

The amendments listed above were pre-screened to identify at least two formulations that have
good potential for successful field application. Following the screening, it was determined that
the most practical option was EVO mixed with sodium silicate due to a combination of cost, ease
of use, and reliability. Several formulations consisting of varying combinations of EVO, sodium
silicate, and DBE were then evaluated to determine:

i) application rate required to achieve the desired reduction in permeability;
ii) injection tests to evaluate the ease of distribution in one-dimensional columns;
iii) fermentation tests to measure gas production over time.

42 DETERMINATION OF REQUIRED APPLICATION RATE

Treatment formulations were first tested to determine the amendment application rate (i.e.,
amendment loading) in grams formulation per gram sand required to reduce the permeability of
sand by at least a factor of 10, and preferably by a factor of 100. Falling head tests were
conducted to measure the permeability of the sand with and without the amendments. In
preliminary work, we determined that setup time could be controlled by varying the quantities of
sodium silicate (NaSi), dibasic ester (DBE), EVO and water in the formulation. However,
gelling reliability was reduced when the weight percentage of sodium silicate was less than
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7.5%. The mixtures listed in Table 1 were selected for further testing based on their relatively
low material costs combined with substantial reductions in permeability.

Table 1 - Falling Head Tested Formulations

Formula # EVO Na,SiO3 DBE | Water
wt% wt% wt% wt%

E10-S10 10% 10% 1.8% 78%
E10-S75 10% 7.5% 2.5% 80%
E5-S10 5% 10% 1.8% 83%
E5-S75 5% 7.5% 2.5% 85%
EO-S10 0% 10% 1.8% 88%
EO-S75 0% 7.5% 2.5% 90%

421 Materials

Permeability tests were conducted by packing #2 filter sand (Drillers Service, Inc.,
http://www.dsienv.com/FilterSand-DSl.htm) in 7.5 cm diameter by 60 cm long PVC columns.
The columns were constructed and maintained in the Civil, Construction and Environmental
Engineering Laboratory at North Carolina State University in Raleigh, NC. The materials used
in the formulations were obtained from the following sources:

e Dibasic Ester, Flexisolve Lot # WB 12894131

e De-ared water

e Sodium Silicate, PQ Corporation, CAS # 1344-09-8

e EOSPro, CBL # 72064, 822/13, PO # 512336

4.2.2 FallingHead Test Procedure

Columns were prepared from 7.5 cm x 60 cm long sections of PV C pipe. Filter sand was added
to the column in 2.5 cm lifts, compacted with ten blows of a standard compaction hammer
(AASHTO Method T180, 2012), and then another lift was added up to a depth of 7.5 cm. Once
the sand reached the target depth, 1000 mL of the treatment formula was slowly added, allowing
the amendment solution to permeate the sand. A small hole was drilled in the side of the column
immediately above the sand surface to allow excess amendment solution to overflow from the
columns. Once fully saturated, the hole was sealed and the columns were |eft overnight to allow
each treatment to gel. After 24 hours, tap water was added to the top of the column, providing a
total of 61 cm of head at the start of the test. The hydraulic conductivity (K) of each column was
determined by measuring the change in water level in the column over time using Equation 1
below.

K =2 10g) Eq. 1
t hs
Where:
K= permeability (cm/s)
L= sand depth (cm)
Treatability Report: Flux Reduction October 2014
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t= elapsed time ()
h; = initial water level (cm)
h, = new water level (cm)

The falling head tests were conducted over a period of 100 hours. Figure 1 below shows the
falling head test equipment used during this procedure.

Figure 1. Falling head test equipment showing procedurefor loading a column with a
gelling formulation

423 Results

Falling head tests conducted on control columns packed with clean #2 filter sand yielded K
values between 580 and 605 meters per day (m/d). The control K was used as the basis of
comparison with the gel combinations.

The gel formulation tests were started after allowing each gel to set in the columns for 24 hours,
and monitored for up to 100 hours after gel set time. The results of the falling head tests are
shown below in Figure 2. All treatments lowered the initial K by approximately 5 orders of
magnitude (i.e., to less than 0.01 m/d) compared with the control #2 filter sand (Table 2).
However, the permeability later increased in two of the treatments (E5-S10 and EO-S10) at 40 to
45 hours after start of the test.
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Figure 2. Graph of hydraulic conductivity versustimefor falling head tests.

Table 2 Falling head test results
After 24 hours After 100 hours
Treatment K (m/d) Log Reduction in K K (m/d) - Redléjctlon n

Control 600 -~ 600 --
E10-S10 0.004 52 0.007 49
E10-S75 0.004 5.2 0.05 4.1
E5-S10 0.004 5.2 Column failed
E5-S75 0.002 55 0002 | 5.6
EO-S10 0.002 5.4 Column failed
EO0-S75 0.0006 6.0 001 | 4.6

Figure 3 below shows the sand after removal from the falling head test columns. In the left image
you can see the intact gelled sand, and on the right you can see pore space filled with the white
gel formulation.
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a

' Figréé. Extracted #2 filter sand from falling head columns.

The falling head test results showed that al of the potential formulations are initialy effective in
reducing the permeability of the sand. However, leakage increased over time. After removing
the soil from the columns, it was evident that water was able to travel around the edge of the
column, between the soil matrix and the PVC column, resulting in some short circuiting of the
treatment. Sodium silicate based grouts are reported to shrink over time which may have caused
the grouted sand to pull away from the PV C pipe, resulting in the apparent increase in hydraulic
conductivity over time. This shrinkage was probably increased by exposure of the column
bottom to air and associated drying.

43 INJECTIONTESTS

Injection tests were conducted to: 1) determine the injection pressures and flow rate expected to
occur during injection of the formulations into sand; and 2) the impact of the injection on
permeability.

4.3.1 Equipment

The injection tests were conducted in 28 cm long x 2.59 cm diameter PVC columns as seen in
Figure 4. The columns were packed under saturated conditions in increments by adding 1 ml
deionized (DI) water followed by 2 grams #2 filter sand followed by compaction by repeated
tamping with a 1-cm diameter metal rod. After packing, the columns were weighed and porosity
was determined using empty weight, packed weight, column volume and specific gravity of
water and sand. Once packed, the columns were flushed with at |east three pore volumes (PV) of
de-aired DI water to remove entrapped air or until hydraulic conductivity stabilized, whichever
was greater.
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Figure4. Em ty and packed PVC columns used for injibn tests.

4.3.2 Procedure

The K of the ssimulated aquifer material (i.e., #2 filter sand packed in each column) was
measured before amendment injection and at 40 hours, 1 week and 4 weeks after injection.
Permeability was measured by applying a constant head to the top of the column, while
discharging the column outflow to a reservoir held at a constant elevation. The total volume of
effluent produced over time was recorded and used to calculate hydraulic conductivity using the
terms of Equation 2 below.

K =1log(Q L) /(AtAH) Eq. 2

= volume discharged from column (cm®)
=  sand depth (cm)
=  cross-sectional areaof column (cm?)
= Elapsed time ()
AH = differencein water level across column (cm)

Columns were built for up-flow injection. A syringe pump was used for injection of the flux
reduction material at arate of 2.5 mL/min (Figure 5). Injections were completed in the following
sequence:

e 0.2 pore volumes (PV) of de-aired DI water,

e 0.5PV of formulation,

e 03PV of de-aired DI water

After the injection was complete, valves were closed and the columns were allowed to sit for 40
hours to allow the amendment formulation to set. Prior to measuring K, inlet filter screens were
replaced in al columns to reduce the potential for inlet clogging. Throughout the injection
procedure, injection pressure was monitored at the column inlet with a pressure gauge (0 to 15
psi in-line gage). There was no measurable pressure build-up in any injection.

The constant head test was conducted at 40 hours, 1 week, and 4 weeks after injections to assess
changes in permeability over time. After 4 weeks, water with food color dye was injected
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through the column to help visualize how flow through the flux reduction material occurred. The
flux reduction materials tested included 10% sodium silicate mixtures with 5 and 10% EVO. A
formulation consisting of 30% sodium silicate, similar to concentrations typically used for
geotechnical grouting was run for comparison. Column tests were also run with formulations
containing 7.5% sodium silicate and either 5 or 10% EVO. However, these formulations did not
set up properly due to mixing with DI water and the experiments were terminated.

Figure 5. Pressurized, up-flow injection of treatment formulation in column.
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433 Results

Results for injection tests show that all of the materials tested were easily injected into the test
columns. The injection pressure never exceeded the minimum detectable pressure of 1 psi,
indicating no significant pressure build up in any injection.

Formulations containing 7.5% NaS did not setup properly due to dilution of the amendment
with water. Asaresult, the 7.5% NaSi formulations were eliminated from further consideration.
Table 3 shows measured changes in K for formulations containing EVO and 10% NaSi at 40 hr,
1 week and 4 weeks after amendment injection.

Table 3 - Constant Head Test Summary
Formulation EO0-S30 | E5-S10 | E10-S10
Gel Time (hours): 0.5 18 7
Elapsed Time Log Unit Reduction
40 hours No Flow 2.8 1.3
1 week No Flow 3.0 13
4 weeks No Flow 4.5 17

As expected, the traditional grout formulation with 30% sodium silicate was most effective in
lowering permeability of the sand compared to the formulations with lower percentage (10%) of
sodium silicate. The 10% silica gel formulations that included EVO also performed well, as
evidenced by 1 to 4 log unit reductions in permeability. There was also little or no change in K
over time, indicating grout shrinkage was not significant. The reduced shrinkage in these tests
compared to the constant head tests may be because the columns were kept saturated throughout
the monitoring period, reducing drying. The 10% sodium silicate-EV O mixtures appeared to gel
more slowly than pure silica gel (7 to 14 hours compared to <1 hour), which would allow for
these mixtures to be used in conventional injections.

Dyed-water injections at 1-month after initial injections showed that most of the pore space in
the treated zone is completely clogged, with short circuiting through one or two preferential flow
paths. Figure 6 below shows an example of a column following dyed-water injection. A single
preferential flow path is visible around the edge of the column. When the column was sectioned,
there was no visual evidence of dye breakthrough in the center of the column.
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2

Figure 6. Example of a treated column following dyed water injection at 1 month. The
columns were operated in a downflow mode during dye addition. The dye free zone at the
bottom of the column is the area treated with the treatment formulation.
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44  FERMENTATION TESTS

Batch fermentation tests were run to measure gas (CH4 and CO,) production rates over time as
an indication of relative biodegradability of the different formulations.

The experiments were designed to:
(a) Confirm that gas production from the amended bottlesis greater than the controls;
(b) Confirm the gas production rate is similar or slower than pure soybean oil so the material
will be long-lasting in the subsurface; and
(c) Use gas production rates to qualitatively assess the expected persistence of the
formulation in the subsurface.

These fermentation tests were conducted following procedures similar to those used by Borden
and Rodriguez (2006).

441 Materials

The batch incubations were constructed in 160 mL serum bottles with the organic amendment,
#2 filter sand, 100 mL of nutrient/buffer medium (Borden and Rodriguez, 2006) and 2ml of
inoculum. The inoculum was prepared with a mixture of 94% nutrient/buffer medium, 5%
anaerobic digester udge (Cary WWTP, NC) and 1% supernatant from EOS Pro microcosms.
The inoculum mixture was prepared 2 weeks in advance, allowing residual methane production
to slow. The tested substrates are listed below. Each treatment was run in triplicate:

a. Control (No substrate)

b. E5-S10

c. E10-S10

d. EO-S10

e. Soybean oil

f. EOS Pro Emulsified Vegetable Oil

To simulate conditions that might occur in the subsurface, the substrates containing sodium
silicate (E5-S10, E10-S10, EO-S10) were mixed with filter sand and placed in petri dishes
(Figure 7). After alowing these mixtures to set for 24 hours, small cubes of each sand-
amendment mixture were added to the bottles to provide 0.2 g of fermentable material. Nutrient
and buffer medium was then added to each bottle and the headspace was flushed with nitrogen
(N2) gasfor 5 minutes and sealed with athick rubber stopper. Once sealed, 2.0 mL of the mixed
inoculum was added to each bottle (Figure 8). For non-gelled substrates (control, soybean ail,
and EVO), 0.2 g of substrate was added directly to the bottles. All bottles contained atotal of 50
g #2 filter sand.
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Figure 8. Microcosm bottles.

Microcosm bottles were incubated in the dark at 37 °C to assess the total volume of gas produced
(primarily CH,4 and CO,). Gas production was monitored weekly for the first month and then bi-
weekly using a wetted glass syringe.

442 Resaults

Figure 9 shows the cumulative gas production versus time for the different experimental
treatments. Results shown are the average of triplicate incubations for each treatment. At 112
days after the start of incubation, the E5-S10 treatment had produced significant amounts of gas
with lower production from the E10-S10 and EO-S10 treatments. The large amount of gas
produced in the EO-S10 treatment is presumably from the 1.8% DBE included in this treatment.
These incubations will be monitored through the remainder of the project period with final
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results included in the project final technical report. We anticipate that gas production from the
EO-S10 incubations will slow over time as the easily biodegradable DBE is consumed.
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Figure 9. Average cumulative gas production versustimefor different experimental
treatments.
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5.0 DISCUSSION

Several different mixtures of EVO, NaSi, DBE and water were tested to evaluate their suitability
for use as a grout to reduce aquifer permeability and also to provide fermentable organic
substrate that could support reductive dechlorination.

Permeability reduction tests showed that both formulations of 5 and 10% EVO listed as E5-S10
and E10-S10 (Table 1) reduced the permeability of the #2 filter sand by at least one log unit,
which meets the test objective. The 5% EV O formulation performed dlightly better, giving a 3 to
4 log unit reduction. Hence, the formulation was chosen as the final formulation: 5% EV O, 10%
Sodium Silicate, 1.8% Dibasic Ester, and 83% water.

All sodium silicate — EV O formulations were effective in reducing permeability of tested soils. A
potential advantage of the EVO-NaSi formulation is the longer gel time, which would allow for
traditional injection technology to be used, reducing drilling and labor costs. Addition of the
EVO is adso expected to enhance long-term biodegradation of anaerobically biodegradable
contaminants.
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APPENDIX D
ESTCP QUESTIONS AND REPSPONSES

QUESTION 1: It seems possible that by blocking groundwater flow to part of an aquifer, there

may be unintended consequences to the surrounding area. Please discuss potential side
effects of this technology and how they may be assessed during the demonstration.

Response: To address this issue, we have divided the unintended consequences into three
separate questions:

a.

Could a flux reduction barrier result in excessive groundwater mounding upstream of the
barrier?

Answer: Two lines of evidence indicate that excessive upgradient mounding would not be a
problem. First, numerous (likely hundreds) of slurry wall enclosures have been constructed
across the country, and we are not aware of any anecdotal reports of excessive mounding in
the upgradient direction that have caused any problems. Second, our groundwater modeling
indicated that at most only 0.05 feet of upgradient mounding could be expected under typical
situations, a level that should not cause any negative impacts. To investigate the mounding,
an additional piezometer could be installed upgradient and the change in water level before
and after construction of the flux barrier could be measured.

Could a flux reduction barrier reduce the yield of a nearby groundwater pumping well?

Answer: The short answer is a flux barrier would not reduce flow to a groundwater pumping
well except in very rare, preventable situations. The conceptual model is similar to a
stream: if one places a large stone in the stream, the water will flow around the rock and any
water supply withdrawal downgradient or side gradient will not be compromised. Figure 1
below shows how quickly the groundwater streamlines wrap around the barrier, and that
normal groundwater flow is restored up to 90 feet downgradient of the barrier.

One theoretical case where a vertical barrier could reduce the yield of a nearby groundwater
pumping well would be in a case of small buried valley aquifer, where the barrier would
extend across the entire buried valley. This would cause the groundwater to flow in some
other direction and potentially reduce well yield. This situation would require a combination of
an extremely large barrier in a relatively rare hydrogeologic setting, and be easily
recognizable beforehand, so in practice well yields would not be affected by the construction
of a barrier.
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Figure 1: Simulation of Groundwater Flow Around Constructed Barrier. Note: (---) depicts

flux reduction barrier, (blue lines) indicate equipotential lines and (pink arrows) show
groundwater flow pathlines.

Could a flux reduction barrier restrict flow to the degree that infiltration would cause
groundwater elevations to increase inside the barrier and affect subsurface structures, such
as basements?

Answer: Groundwater elevations would not increase significantly inside the barrier. For
instance, for a % acre enclosure with sandy surficial soils/vadose zone and an annual
precipitation rate of 50 in/yr, the total infiltration is approximately 0.3 gpm (Weidemeier et al.,
1999) within the site barrier. Assuming the hydraulic conductivity is 1x10™ cm/s inside the
barrier, the additional hydraulic gradient required to move this flow through the barrier is 0.07
ft/ft. Thus, for a barrier width of approximately 2 ft, this translates to a change in hydraulic
head of 0.14 ft, or 1.6 inch. Essentially, for a typical site and precipitation rate, the change in
groundwater elevation inside the barrier would be minor, and is not expected to affect
subsurface structures.
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QUESTION 2: Will there be more potential for vapor intrusion if the technology is
implemented under an active building?

Analysis: This question was analyzed from two perspectives:

1. An analysis of the potential increase in groundwater elevation at a hypothetical
site that includes: leaky barriers and upwelling;
2. Engineered factors to add additional safety factors; and

3. Two indirect ameliorating factors (change in mass discharge, and degradation of
chlorinated solvent contaminants in the vadose zone).

Potential Groundwater Level Increase from Barrier

First, the process we envision will not increase the depth to the water significantly. The
barriers are not designed to be completely impermeable, and some flow through the
barrier is expected.

Our conceptual model is that groundwater flow alone will not cause the potentiometric
surface to increase over the highest groundwater elevation in the vicinity of the barrier
(i.e. within a short distance upgradient of the barrier):

No Barrier With Barrier

Qualitative Assessment

The increase with groundwater elevation at Point A is the groundwater elevation a short
distance upstream. As demonstrated in the MODFLOW modeling below, this distance
upgradient is fairly short, tens or maybe hundreds of feet, but not miles. When this is
applied to typical hydraulic gradients in shallow groundwater plumes (1 foot per hundred
feet or less) the increase in water level at Point A above is limited.

Recharge into the containment zone will result in higher water levels inside the barrier,
with the highest elevation increase at Point B. However, our experience is that at most
contaminated source zones groundwater recharge is a relatively small percentage of the
water balance at any site. The reason for this is the amount of recharge upgradient of
the source zone that is carried by the groundwater flow in the aquifer is usually much
greater than the recharge through the source area alone. A barrier will reduce the
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natural flow by 90 to 99%, but at many sites the remaining flow will still be greater than
the recharge. The water level within the barrier will find the equilibrium level so that the
inflow matches the outflow. Our conceptual model suggests this will be a relatively small
increase in groundwater elevation.

MODFLOW Modeling

These qualitative factors describe the project team’s understanding of the barrier system
flow regime. To provide a quantitative estimate of the groundwater level increase at a
hypothetical site, a six layer system was modeled in MODFLOW. The top four layers
represent a heterogeneous system with variable hydraulic conductivities of 10 cm/sec,
10 cmisec, 10? cm/sec, 10* cm/sec, respectively, each 10-feet thick. The entire
system is underlain by a 10° cm/sec clay which in turn is underlain by an
uncontaminated sand unit.

Model K Kwall K/Kwai

Layer (cm/sec) (cm/sec) Ratio Layer Type
Layer 1 10 10°® 10*° Convertible
Layer 2 10* 10°° 10 Confined
Layer 3 10 10°® 10*° Confined
Layer 4 10* 10°° 10 Confined
Layer 5 10° 1 1 Confined
Layer 6 10 1 1 Confined

Note: All six layers were set at ten feet thick each.

A containment zone, 100 feet by 100 feet, with an extremely low permeability barrier wall
(10°® to 10™° cm/sec) was assumed. While unrealistic, the goal of the modeling was to
evaluate a very tight barrier that would exaggerate any potential groundwater elevation
increase.

The median hydraulic gradient reported in the HGDB Database (0.006 ft/ft)
(Hydrogeologic Database, Newell et al,. 1990) was applied to all four top units.

Our goal was to model a typical site where recharge is more of a regional process that
results in generally evenly spaced elevation contour lines. When high recharge is
modeled on a site specific basis to a low-moderate transmissivity aquifer like the one
above, then a non-uniform water table is created: low hydraulic gradient upgradient,
then high hydraulic gradient downgradient. This type of pattern is only found in nature
where almost all of the flow through a site is from recharge (not from upgradient inflow).

A recharge rate of 2 inches per year was found to be the maximum recharge rate that
could be entered in the model without significant distortion of the groundwater elevation
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contour lines. In other words, for the hydraulic conductivities and thicknesses in the
table above, two inches of infiltration appeared to be an upper level amount of recharge
that maintained a conventional-looking potentiometric surface map with generally evenly
spaced contour lines.

With this model run under steady state conditions, the before-barrier (natural conditions)
and after-barrier water levels were evaluated at two places in Layer 1: Points A and B.
Groundwater elevation increases of only 0.5 feet and 1.1 feet were observed upgradient
and inside the barrier, respectively.

Groundwater Groundwater

Elevation at Elevation at
Point A Point B
(Upgradient) (Inside Barrier)
Modeling Scenario (feet) (feet)
Natural Conditions 54.99 54.42
Flux Barrier 55.45 55.54
Increase in Groundwater Elevation 0.46 112

Due to Flux Barrier

The model was also used to evaluate a leaky upgradient wall as described in the IPR
comments. For this purpose, the upgradient portion barrier hydraulic conductivities in
each layer were reduced by a factor of 100. That is, to 10° cm/sec, 10%cm/sec, 10®
cm/sec, 10°® cm/sec, respectively for each layer. For the leaky upgradient wall scenario,
groundwater elevation increases of 0.4 feet and 1.1 feet were observed upgradient and
inside the barrier, respectively.

Groundwater Groundwater

Elevation at Elevation at
Point A Point B
(Upgradient) (Inside)
Modeling Scenario (feet) (feet)
Natural Conditions 54.99 54.42
Leaky Flux Barrier 55.44 55.56
Increase in Groundwater Elevation 0.45 114

With Leaky Flux Barrier

Finally “upwelling” as described in the IPR comments was simulated by modeling the
system with no wall in layer four (in the case of unexpected hydrogeologic changes).
Groundwater elevation increases of 0.5 feet and 0.8 feet were observed upgradient and
inside the barrier, respectively, for the upwelling system.

Groundwater Groundwater

Elevation at Elevation at
Point A Point B
Modeling Scenario (Upgradient) (Inside)
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(feet) (feet)
Natural Conditions 54.99 54.42
Flux Barrier “Upwelling” 55.45 55.23

Increase in Groundwater Elevation

Due to Flux Barrier “Upwelling”

How does a relatively small increase in groundwater elevation affect vapor intrusion?
The current conceptual model of vapor intrusion has contaminants entering structures in
two generally pathways: 1) through preferential pathways such as sewers or other
structures that intersect the groundwater at some other point away from the structure;
and 2) via diffusion from the underlying plume through the vadose zone. For the first
pathway, a slightly higher groundwater elevation is likely to have little or no effect on the
vapor intrustion. For the second pathway, a diffusion-based model such as the
Johnson-Ettinger (J&E) model can be used to estimate the sensitivity of vapor intrusion
to the groundwater elevation.

In the J&E model, the mass flux of vapors from the water table to the building is
generally inversely proportional to the distance between the bottom of the foundation
and the water table. In an uncertainty study of the J&E model, Weaver and Tillman
(2005) decreased the groundwater elevation from 29.5 to 22.1 feet (decrease of 7.4 feet
or a 25%) and reported an increase in vapor intrusion risk of 34.7%. In general, the
percentage increase in vapor intrusion risk predicted by the J&E model would be related
to the percent decrease in the distance from foundation to groundwater.

Despite the limited evidence for groundwater elevation increase, we will recommend in
the Final Report that any implementation of a flux reduction barrier under a building
include groundwater level monitoring to ensure no unexpected problems from flooding
and/or vapor intrusion.

Key Points: Groundwater Modeling

e Qualitative factors suggested that high groundwater elevations would not result from the
construction of a flux reduction barrier at most sites.

e MODFLOW modeling of a conservative case with high assumed recharge rate (11.4 inches
per year) indicated that any increases in groundwater would be limited to 1.1 feet in the
scenario modeled, accounting for location (upgradient mounding and pooling inside the
barrier), leaky upgradient barrier, and upwelling below the wall.

e Groundwater levels within a flux reduction barrier should be monitored to ensure that no
unexpected rise in groundwater elevation occurs during routine operation of the barrier.

Engineered Factors
Two types of engineered factors could be applied to the flux reduction barrier concept to

reduce the potential for high groundwater levels that could exacerbate vapor intrusion
problems under active buildings.
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First, the flux reduction barriers can be constructed with engineered “spillways” that
would relieve any groundwater mounding within the barrier due to high recharge sites or
extreme recharge events (hurricanes), broken water lines, etc. A conceptual picture of
the spill way concept is shown below, where the downgradient portion of the barrier is
completed at the highest elevation desired by the building and facilities personnel at the
site (Point C on the graphic below). In this graphic, most of the groundwater leaving the
spillway when it is use would be clean water, as any recharge would have a limited
ability to mix with deeper contaminants caused by DNAPL. Therefore, the recharge
water would not contribute to increased mass discharge from the barrier.

As a second engineered factor, any runoff from the building roof and/or associated
parking lots could be redirected to areas where this runoff would not be converted to
infiltration. Standard stormwater conveyance practices, such as redirecting building
downspouts, lining grass swales, and other methods could reduce recharge into the flux
reduction barrier. Our Final Report will provide guidelines to potential implementers of
this technology and describe how simple calculations and groundwater flow modeling
can be used to determine if these improvements should be performed a priori.

In the unusual case where elevated groundwater conditions are observed after
construction, these stormwater conveyance practices can be implemented as a
mitigation measure to reduce the influx of recharge into the barrier.

Key Points: Engineered Factors

e Stormwater runoff from buildings and associated infrastructure (i.e., parking lots), can be
rerouted to reduce any problems from excessive recharge into the flux reduction barrier.

e This could be done before construction of the barrier as a preventive measure, or after, as a
relief measure.

e Based on the groundwater flow modeling, we do not expect stormwater rerouting to be
needed at most sites. The Final Report will provide guidelines to potential implementers of
this technology on how to estimate the risk of elevated groundwater conditions due to a flux
reduction barrier.

D-7




Appendix D
GSI Job No. G-3938
Issued: 3 February 2017

Two Indirect Factors

Two other considerations regarding the potential for the flux contaminant reduction
barriers to cause vapor intrusion problems are reduction in mass flux and the
biodegradation of chlorinated solvent daughter products.

Mass Discharge Limitation

McHugh et al. (2003) noted that in some cases, vapor intrusion predicted by models
(such as the J&E Model) is greater than the actual mass discharge of contaminants
delivered to the area under the building. For cases where a large fraction of the
groundwater plume is predicted by the J&E model to serve as a vapor intrusion source,
the reduction in mass flux with these barriers would reduce the modeled impact of vapor
intrusion and reduce the modeled concentrations in the building. This would likely be
relatively rare, as the mass discharge is typically not checked against the J&E model
very frequently, and the mass discharge limitation only occurs on a minority of sites.

Contaminants More Aerobically Degradable

Vapor intrusion experts note that aerobically degradable compounds such as benzene,
TEX compounds, and vinyl chloride are rarely the focus of vapor intrusion problems
because aerobic reactions in the vadose zone are robust and reaction rates are fast.
These reactions occur in the narrow band where the contaminant and the oxygen from
the surface intersect. One of the anticipated benefits of flux reduction barriers is making
source zones more anaerobic, which in turn would mean a higher percentage of the
vapors leaving the source zone would likely be aerobically degradable daughter
products (e.g., vinyl chloride and potentially cis-1,2-DCE).

These two factors, while potentially reducing the chance that a flux reduction barrier
would create increased vapor intrusion problems, are only supporting factors and are not
the main processes that will limit vapor intrusion from this technology.

Key Points: Two Indirect Factors

e Reduction in mass discharge in barriers, and the potential change to more aerobically
degradable daughter products, are two indirect factors which may help to reduce the small
risk of vapor intrusion from the flux reduction treatment zone to active buildings even more.
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SUPPORTING INFORMATION
EXCERPTS FROM UNCERTAINTY AND THE JOHNSON-ETTINGER MODEL FOR
VAPOR INTRUSION CALCULATION

Abstract

The Johnson-Ettinger Model is widely used for assessing the impacts of
contaminated vapors on residential air quality. Typical use of this model relies on a suite
of estimated data, with few site-specific measurements. Software was developed to
provide the public with automated uncertainty analysis applied to the model. (See
http://www epa.gov/athens/onsite.) An uncertainty analysis was performed on the model,
that accounted for synergistic effects among variable model parameters. This analysis
showed that a simple “one-at-a time” parameter uncertainty analysis provides a rough
guide for the uncertainty generated by individual parameters and allowed their ranking.
The one-at-a-time analysis, however, underestimated the uncertainty in the model results
when all or groups of parameters were assumed to be uncertain. An apparent increase in
simulated cancer risk caused by the uncertainty introduced from the input parameters was
as much as 1285%. The model response to the input parameters showed that for the
example studied, there was a positive skew in the model response to parameter variation.

In this uncertainty analysis, USEPA varied depth from building to groundwater (“depth
below grade”) from 22.1 ft to 36.0 ft. (£ 25%)

Table 8 OSWER defaults, ranges and sources of variability for example simulation.

Parameter Variability Values

Howroe Low OSWER | High

defaunlt

Mixing height [fi] OSWER range | 8 12 16
Floor-wall crack width [mm] OSWER range 0.5 1 5
Air exchange rate [hr'] OSWER range | 0.1 0.25 1.5
Depth below grade [ft] +- 25% 22.1 295 36.9
Porosity +/-25% 029 0.387 0.484
Residual moisture content +-25% 0.029 0.039 0.049
Moisture content OSWER range | 0.039 0.103 0.17
Soil gas flow rate [L/min]| OSWER range 1 5 10
Temperature [C] +/- 25% 11.25 15.0 18.75

The resulting one-at-at-time analysis showed the risk predicted by the model by varying
“sample depth” by + 25% (the depth below grade) varied slightly more than + 25%: risk
uncertainty ranged from- 20.5% to +34.7%.
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Table 10 Single Parameters used for One-At-A-Time (OAT) uncertainty assessment of the example

problem.
Code | Parameter Parameters Change in Risk Given Uncertainty
Groups in Results
Decreased Risk | Increased Risk
A Single Floor-Wall Crack Width 0.0% 0.0%
B Single Temperature 0.0% 0.0%
C Single Soil Residual Water Content -7.6% 7.8%
D Single Soil Gas Flow Rate -44.1% 11.0%
E Single Porosity -34.9% 33.1%
F Single Sample Depth -20.5% 34.7%
G Single Mixing Height -25.0% 50.1%
H Single Water Content -53.8% 65.2%
I Single Air Exchange Rate -83.3% 150.0%
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M-3, EQUIPMENT (T-02) LAYOUT DRAWING
M-4, EQUIPMENT (T-03) LAYOUT DRAWING
SECTION 3 - PROCESS EQUIPMENT & VALVES
TANK, 750 GALLON, HDPE, 1.9 SG - CUSTOM ROTO MOLD 750VTSXLPE
DRUM STANDS - HARPER 8814-41
TRANSFER PUMP, 0.75 HP - GOULDS 1ST1D5D4
TRANSFER PUMP MOTOR, 0.75, 208 VAC - BLUFFTON 1313460103
INJECTION PUMP, 1.5 HP - GOULDS 1ST1F5B4
1 INCH STATIC MIXER, 6-BLADE, PVC (1 SPARE) - KO-FLO 1-40C-4-6-2
TRANSFER PUMP BALL VALVE, 1.5" PVC - SPEARS SPL3629-015 (1-1/2 INCH)
TRANSFER PUMP BALL VALVE, 1" PVC - SPEARS SPL3629-010 (1 INCH)
TRANSFER PUMP CHECK VALVE, 1" BRASS - LEGEND LEG105-105

Phone (508) 226-1100 Fax (508) 226-1180 84 Dunham Street Attleboro, MA 02703
WWWw.nes-inc.biz
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TRANSFER PUMP THROTTLING GATE VALVE, 1" BRASS - LEGEND LEG104-465
INJECTION MANIFOLD PINCH VALVE, 0.5 OD TUBE - PBM PVHLC1MV-05
SECTION 4 - PROCESS INSTRUMENTATION
FLOW TOTALIZER, 0.5 INCH — OMEGA FTB-4105A
FLOW METER, 1 INCH - DWYER VFC-143-EC
FLOW TOTALIZER, 0.75 INCH - OMEGA FTB-4107A
FLOW TOTALIZER, 1 INCH - OMEGA FTB-4110A
PRESSURE INDICATOR, 0 - 60 PSI (6 SPARE) - DWYER SGY-10422N-GF
PRESSURE SWITCH, 4 - 75 PSI - DWYER A1F-PC-SS-1-2
PRESSURE INDICATOR, 0 - 60 PSI - DWYER SGY-10422N-GF
SECTION 5 - ELECTRICAL DRAWINGS & TABLE(S)
T-2, INTERLOCK TABLE
[-1, CONTROL PANEL LAYOUT DRAWING
T-3, ELECTRICAL PANEL BOM
[-2, WIRING DIAGRAMS & TERMINAL DETAILS
E-1, LINE DIAGRAM
SECTION 6 - CONTROL COMPONENTS
NEMA 4 ENCLOSURE 36 X 36 X 12 MILD STEEL/WHT - HAMMOND EN4SD20X20X8GY

MUSHROOM SWITCH RED TRIGGER ACTION - TURN TO RELEASE - SQUARE D ZB5AS844

Phone (508) 226-1100 Fax (508) 226-1180 84 Dunham Street Attleboro, MA 02703
WWWw.nes-inc.biz
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SECTION 1 - SUMMARY OF EQUIPMENT
OPERATING INSTRUCTIONS (BY GSI)
COMPONENT SUMMARY

WARRANTY STATEMENT
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National Environmental Systems
84 Dunham Street
Attleboro, MA 02703

NES MAJOR COMPONENT SUMMARY REVISION A JUNE 2015

PROJECT NO.: 14-203 GSI 3938- ESTCP FLUX CLOG EQUIPMENT - INDIAN HEAD, MD

COMPONENT TAG QTYy MANUFACTURER MODEL SERIAL NUMBER
SECTION 1 - SUMMARY OF EQUIPMENT

OPERATING INSTRUCTIONS (BY GSI)

COMPONENT SUMMARY

WARRANTY STATEMENT

SECTION 2 - MECHANICAL DRAWINGS & TABLE(S)

M-1, PROCESS & INSTRUMENTATION DIAGRAM (P&ID) M-1

T-1, INSTRUMENTATION TABLE T1

M-2, LAYOUT DRAWING M-2

M-3, EQUIPMENT (T-02) LAYOUT DRAWING M-3

M-4, EQUIPMENT (T-03) LAYOUT DRAWING M4

SECTION 3 - PROCESS EQUIPMENT & VALVES

TANK, 750 GALLON, HDPE, 1.9 SG T-02 & T-03 2 CUSTOM ROTO MOLD 750VTSXLPE N/A
DRUM STANDS T-04 & T-05 2 HARPER 8814-41 N/A
TRANSFER PUMP, 0.75 HP P-01 1 GOULDS 1ST1D5D4 E1504863
TRANSFER PUMP MOTOR, 0.75, 208 VAC P-01 1 BLUFFTON 1313460103 1503100377
INJECTION PUMP, 1.5 HP P-02 & P-03 2 GOULDS 1ST1F5B4 E1503712
INJECTION PUMP MOTOR, 1.5 HP, 208 VAC P-02 & P-03 2 BLUFFTON 1313480103 1504021757 / 1504021827
1 INCH STATIC MIXER, 6-BLADE, PVC (1 SPARE) SM-01 1 KO-FLO 1-40C-4-6-2 N/A
TRANSFER PUMP BALL VALVE, 15" PVC 3 SPEARS SPL3629-015 (1-1/2 INCH) N/A
TRANSFER PUMP BALL VALVE, 1" PVC 12 SPEARS SPL3629-010 (1 INCH) N/A
TRANSFER PUMP CHECK VALVE, 1"BRASS 3 LEGEND LEG105-105 N/A
TRANSFER PUMP THROTTLING GATE VALVE, 1" BRASS 3 LEGEND LEG104-465 N/A
INJECTION MANIFOLD PINCH VALVE, 0.5 OD TUBE 12 PBM PVHLC1MV-05 N/A

SECTION 4 - PROCESS INSTRUMENTATION

FT-102/105 & FT-

41000121/41901812// 4100172/
41901806 / 41000116 / 41000115 /
41000195 / 41000125 / 41901807 /
41000194 / 41000113 / 41000120 /

FLOW TOTALIZER, 0.5 INCH 201/212 15 OMEGA FTB-4105A 41901898 / 41901897 / 41000112
FLOW METER, 1 INCH FM-101 & FM-102 2 DWYER VFC-143-EC N/A
FLOW TOTALIZER, 0.75 INCH FT-104 & FT-106 2 OMEGA FTB-4107A 44102644 / 4100641
FLOW TOTALIZER, 1 INCH FT-101 1 OMEGA FTB-4110A 5675220044
PRESSURE INDICATOR, 0 - 60 PSI (6 SPARE) PI-101/ 104 4 DWYER SGY-10422N-GF N/A
PRESSURE SWITCH, 4 - 75 PSI PSH-101 1 DWYER A1F-PC-SS-1-2 N/A
PRESSURE INDICATOR, 0 - 60 PSI PI-201/212 12 DWYER SGY-10422N-GF N/A
SECTION 5 - ELECTRICAL DRAWINGS & TABLE(S)

T-2, INTERLOCK TABLE T2

1-1, CONTROL PANEL LAYOUT DRAWING I-1

T-3, ELECTRICAL PANEL BOM T2

1-2, WIRING DIAGRAMS & TERMINAL DETAILS -2

E-1, LINE DIAGRAM E-1

SECTION 6 - CONTROL COMPONENTS

NEMA 4 ENCLOSURE 36 X 36 X 12 MILD STEEL/WHT ENCL 1 HAMMOND EN4SD20X20X8GY UL: A11975140
BACK-PANEL - FITS ENCL. 36 X 36 - MILD STEEL/WHT ENCL 1 HAMMOND EP2020 N/A
MOUNTING FEET SET OF 4 - ZINC PLATED ENCL 1 HAMMOND EZPMFHD N/A
PANEL WING-KNOB PAD-LOCKING HANDLE BLACK ENCL 2 SCE SCE-PLWKB N/A
RELAY 2PDT 10AMP 120VAC W/INDICATOR LIGHT CR 2 IDEC RH2B-UL-AC 120V N/A
SOCKET DIN RAIL/SURFACE 8-BLADE FOR RH2B CR 2 IDEC SH2B- 05 N/A
CIRCUIT BREAKER 6A 1-POLE 120/240 VAC 1-PHASE 10KA DIN-MOUNT CcB 1 SQUARE D MG24430 N/A
PUSH BUTTON OPERATOR NON-ILLUM BLACK PB 1 SQUARE D ZB5AA 2 N/A

2 POSITION SELECTOR SWITCH ILLUM. GREEN MAINTAINED SW 1 SQUARE D ZB5AK1233 N/A




National Environmental Systems

84 Dunham Street
Attleboro, MA 02703

NES MAJOR COMPONENT SUMMARY REVISION A JUNE 2015

PROJECT NO.: 14-203 GSI 3938- ESTCP FLUX CLOG EQUIPMENT - INDIAN HEAD, MD

COMPONENT TAG QrYy MANUFACTURER MODEL SERIAL NUMBER
MUSHROOM SWITCH NON-ILLUM RED TRIGGER ACTION - TURN TO RELEASE ESTOP 1 SQUARE D ZB5AS844 N/A
CONTACT BLOCK 1-N.C. SCREW CLAMP PB 1 SQUARE D ZBE102 N/A
MOUNTING BASE 120V GREEN PROTECTED LED sw 4 SQUARE D ZB5AVG3 N/A
POWER DISTRIBUTION BLOCK 175 AMP 3-POLE 600V DB 1 SQUARE D 9080-LBA362104 N/A
DISTRIBUTION BLOCK PLASTIC COVER 3-POLE DB 1 SQUARE D 9080-LB23 N/A
PK12GTA LOAD CENTER GROUND BAR 12 TERMINALS GB 1 SQUARE D PK15GTA N/A
PILOT LIGHT HEAD RED LT 2 SQUARE D ZB5AV043 N/A
MOUNTING BASE 120V RED PROTECTED LED sw 2 SQUARE D ZB5AVG4 N/A
MOUNTING COLLAR LATCH PB 2 SQUARE D ZB5AZ009 N/A
CONTACT BLOCK 1-N.O. SCREW CLAMP PB 3 SQUARE D ZBE101 N/A
TERMINAL BLOCK END BARRIERS GRAY TB 7 SQUARE D NSYTRAC22 N/A
TERMINAL BLOCK END ANCHORS B 6 SQUARE D NSYTRAABV35 N/A
TERMINAL BLOCK SCREW CLAMP 20 AMP 600 V GRAY TB 25 SQUARE D NSYTRV22 N/A
TERMINAL BLOCK SCREW CLAMP 20 AMP 600 V BLUE B 25 SQUARE D NSYTRV22BL N/A
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WARRANTY

All products not manufactured by RapidTech LLC d/b/a National Environmental Systems, carry the
original manufacturer’s warranty. Copies are available on request.

RapidTech LLC d/b/a National Environmental Systems, warrants its packaged and manufactured
equipment against any defect in material or workmanship, under normal use and storage for a
period of twelve (12) months from date of manufacture and invoice, regardless of system start-up
date. In the event that products are found to be defective within the warranty period, RapidTech
LLC d/b/a National Environmental Systems, sole obligation and remedy shall be the furnishing of
replacements for any defective parts, and such replacement parts shall be furnished but not installed
by RapidTech LLC d/b/a National Environmental Systems _RAPIDTECH LLC D/B/A NATIONAL
ENVIRONMENTAL SYSTEMS, WILL NOT BE LIABLE FOR SPECIAL OR CONSEQUENTIAL
DAMAGES IN ANY CLAIM SUIT OR PROCEEDINGS ARISING UNDER WARRANTY, NOR WILL
RAPIDTECH LLC D/B/A NATIONAL ENVIRONMENTAL SYSTEMS, ACCEPT ANY LIABILITY FOR
CLAIMS FOR LABOR, LOSS OR PROFIT, REPAIRS OR OTHER EXPENSES INCIDENTAL TO
REPLACEMENT.

The warranty requires that the purchaser complete all operations and maintenance as detailed in
each section of the Operation & Maintenance Manual supplied with the purchased system. In
addition installation must comply with nationally recognized electrical and mechanical standards as
well as best engineering practices in effect at the time of purchase.

The product warranty expressed above is our only warranty and may not be verbally changed or
modified by any representative of RapidTech LLC d/b/a National Environmental Systems All freight
costs incurred in shipping parts to or from RapidTech LLC d/b/a National Environmental Systems, or
to the manufacturer if necessary are at the expense of the customer.

RapidTech LLC dba National Environmental Systems, will invoice the cost of any replacement parts.
These parts will be credited upon certification the original part was defective and the defective part
was returned within one week of notifying RapidTech LLC d/b/a National Environmental Systems, of
the malfunction. If the part is found to have been misused no credit will be issued. In order for
RapidTech LLC d/b/a National Environmental Systems, to ship a replacement part on account, all
outstanding invoices must be current.

RapidTech LLC d/b/a National Environmental Systems, expressly disclaims any warranties,
expressed or implied, including any warranty of merchantability or fit for particular purpose or any
warranty arising from a course of dealing or usage of trade. Except to the extent required by
applicable law. RapidTech LLC d/b/a National Environmental Systems, shall not be liable, in tort,
contract or otherwise, for any loss or damage, whether direct, consequential or incidental, of any
person or entity arising in connections with the equipment.

RapidTech LLC d/b/a National Environmental Systems
Phone (508) 226-1100 Fax (508) 226-1180 84 Dunham Street Attleboro, MA 02703
wWww.nes-inc.biz
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SECTION 2 - MECHANICAL DRAWINGS & TABLE(S)
PROCESS & INSTRUMENTATION DIAGRAM (P&ID)
T-1, INSTRUMENTATION TABLE
M-2, LAYOUT DRAWING
M-3, EQUIPMENT (T-02) LAYOUT DRAWING

M-4, EQUIPMENT (T-03) LAYOUT DRAWING

Phone (508) 226-1100 Fax (508) 226-1180 84 Dunham Street Attleboro, MA 02703
www.nes-inc.biz
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INJECTION SKID OPERATION AND CONTROLS

During the grout mixing and injection processes, procedures will be employed to control the
process and collect data. Manual controls will be available to control the following process
variables:

Table E.1: Process Controls.

Control Purpose

Shut-off valves  Control routing of flow from the water source and
between various tanks.

Pressure Reducing Valve PRV-01 » Control pressure supplied to manifold.

Throttling valve on discharge from » Control flow rate from fire hydrant through Pump

Pump P-01 P-01 to either Tank T-02 or T-04.

Throttling valve on discharge from « Control flow rate from Tank T-01 to Tank T-02

Pump P-02  Control flow rate from Tank T-02 to Static Mixer
SM-01.

Throttling valve on discharge from » Control flow rate from Tank T-03 to Tank T-04

Pump P-03 « Control flow rate from Tank T-04 to Static Mixer
SM-01.

Backflow preventer » Prevent backflow from skid to water supply.

Check valves » Prevent backflow of mixed grout to upstream parts
of skid.

Note: Shut-off valves and PRV-01 are shown on PFD. For clarity, throttling valves, backflow
preventer, and check valves are not shown on the PFD but will be included in the final design.

During field work, measurements should be recorded on a routine specified basis to characterize
the process and to facilitate determining design parameters for implementation of full-scale
design. In addition, certain process variables should be measured to identify possible system
malfunctions or undesirable conditions. Process measurements and possible malfunctions are
summarized below:
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Table E.2: Process Monitoring.

Data Point
Verify Process/Measure Quantity
Flow rate and total flow through
Pump P-01

Purpose

Fill Tanks T-02 and T-04 with specified volume of
water to achieve required dilution

Flow rate and total flow through
Pump P-02

Fill Tank T-02 with specified volume of NaSi (with or
without EVO) to achieve required dilution

Determine volume of NaSi (with or without EVO)
injected

Flow rate and total flow through
Pump P-03

Fill Tank T-04 with specified volume of accelerator to
achieve required dilution
Determine volume of accelerator injected

Gallon markings on Tanks T-02 and
T-04

Verify volume of water pumped to Tanks T-02 and
T-04

Verify volume of NaSi (with or without EVO)
pumped to Tank T-02

Verify volume of accelerator pumped to Tank T-04

Pressure at Pressure Reducing Valve
PRV-01

Verify that pressure supplied to manifold within range
(plus or minus) of specified injection pressure

Pressure on individual injection lines

Verify that pressure supplied to manifold within range
(plus or minus) of specified injection pressure

Flow rate though individual injection
lines

Estimate volume of grout delivered to each injection
point or depth interval

Identify Possible Malfunction or Undesirable Condition

Pressure on discharge of Pumps
P-01, P-02, and P-03

High pressure indicator of possible line blockage
Low pressure indicator of possible leak

Pressure on individual injection lines

High pressure indicator of potential low flow and line
clogging

High pressure indicator of potential formation
fracturing

Sight flow indicator on individual
injection lines

Low or no flow indicator of potential line clogging
High flow indicator of potential formation fracturing

Flow rate though individual injection
lines

Low or no flow indicator of potential line clogging
High flow indicator of potential formation fracturing

Flow rate and pressure on individual
injection line

Sudden increase in flow rate at constant pressure in one or
more injection lines may indicate fracturing of formation

Water levels in injection points adjacent
to injection points being used for
injection

Increases in water levels could indicate possible surface
breakthrough of grout.
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Appendix F
GSl Job No. G-3938

Issued: 3 February 2017

APPENDIX F

Hydraulic Conductivity Calculations Small-Scale Demonstration

CALCULATION 1: CONSTANT HEAD AQUIFER TESTS

ES-1 (k = 0.20 ft/day)
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ES-2 (k =0.21 ft/day)
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CALCULATION 2: REANALYSIS OF MW-3 SLUG TEST DATA

Original site report assumed saturated thickness 15 feet; changed this value to 6 feet to reflect 6
foot sand layer observed in MW-3. GSI reanalyzed all four slug tests using AQTSOLVE, Bower
Rice, unconfined.

ORIGINAL K FOR REANALYSIS
MW-3 FROM REPORT
K (Ft/day) K (Ft/day)
1.2 0.84
0.5 0.51
1.2 0.76
0.7 0.42
Avg: 0.90 Avg: 0.63
Dataset 1
Curve-Matching Using AQTESOLV
K
yo (ft/day)
Early-Stage 9.73E-06 ft/s 1.81 0.84
Late Stage 5.86E-06 ft/s 0.963 0.51
Dataset 2
Curve-Matching Using AQTESOLV
K
yo (ft/day)
Early-Stage 8.83E-06 ft/s 1.782 0.76
Late Stage 4.86E-06 ft/s 0.952 0.42
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DATASET 1

Displacement (f)
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DATASET 2
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Appendix G: Points of Contact

Point of Organization Phone/Fax/email Role in
Contact Project
Charles J. GSI Environmental, | Phone : 713-522-6300 Pl
Newell Inc. Fax : 713-522-8010
2211 Norfolk, Suite | Email : cjnewell@gsi-net.com
1000, Houston, TX
77098-4054
Poonam R. GSI Environmental, | Phone : 713-522-6300 Co-PI
Kulkarni Inc. Fax : 713-522-8010
2211 Norfolk, Suite | Email : prk@gsi-net.com
1000, Houston, TX
77098-4054
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