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Executive Summary
Key Points

We tested a new Hydrogen-based Treatment technology (H.T) where gaseous hydrogen and
other gases were injected into a fine-grained vadose zone at a former missile silo site in
Nebraska. The hydrogen gas was designed to stimulate biodegradation of the chlorinated solvent
contaminants that persisted in this zone even after 3 years of soil vapor extraction (SVE). The
process can be thought as a type of “Anaerobic Bioventing” for unsaturated zones containing
chlorinated solvents.

Over the 6-month test, we injected a total of 830,000 standard cubic feet of gas with the
following average composition: 10% hydrogen, 79% nitrogen, 10% propane, and 1% carbon
dioxide. The nitrogen and propane were added to help keep the system anaerobic from oxygen
diffusing into the test zone. The propane also served to keep the density of the gas mixture closer
to that of nitrogen and air. By doing this the buoyant tendency of hydrogen was alleviated. The
carbon dioxide was added to ensure a carbon source for the dechlorinating bacteria. Because of
inconclusive sampling results during the test, the total gas flow rate and hydrogen composition
were doubled for the last month of the injection phase and the total gas flow rate was increased
from 2.5 scfm to 5.0 scfm and hydrogen composition was increased from 10% to 20%. An
increase in hydrogen and propane concentrations and decrease in oxygen concentrations were
observed at the monitoring points after increase in the flow rate and hydrogen composition.

Mass in Treatment Zone Pre-Test (grams) | Post-Test (grams) % Change
TCE 289 127 -56%
cis1,2-DCE+trans1,2-DCE 472 589 +24%

Total 760 717 -6%

The molar mass of chlorinated compounds was unchanged (7.1 moles before vs. 7.1 moles after).
Therefore while the system was successful at converting TCE, a “cis-DCE stall” condition at the
site appeared to be present at the site.

Key conclusions from the test:

e The H,T process removed half the TCE from the test zone that was remaining after this zone
had been treated with soil vapor extraction for 3 years. This indicates the process may be
effective for treating finer-grained units that are difficult to treat with SVE.

e In-test measurements of redox-related parameters (oxygen, methane) indicated that deeply
anaerobic conditions were not achieved uniformly through the test zone, a likely contributing
factor for the observed cis-DCE stall condition. For example, the average oxygen content in
the treatment zone soils during test ranged from 0.1% to 11%, indicating partial anaerobic
conditions for most of the treatment zone.

e Lab microcosm work where the gas mixture was added to soil samples from the site
indicated that samples that had been bioaugmented with dechlorinating bacteria performed
much better than unamended soils, indicated a dechlorinating bacterial limitation at the site.
Additional microcosm results indicated that low moisture may have been a contributing
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factor to this bacterial limitation. The research team concluded that the system’s inability to
create deeply anaerobic conditions was likely a major factor in the cis-DCE stall issue.

Unit cost for a full-scale H, T system (assumed to be about 50,000 cubic yards) is projected to
be $39 per cubic yard. This would compare to the following costs per cubic yard: $37 for a
new-build soil vapor extraction system; $20 to keep an existing SVE system in operation for
another two years; and $97 for excavation.

It is possible to safely injection the hydrogen, nitrogen, propane, carbon dioxide gas mixture
in the test zone. The radius of influence from the injection point was approximately 15 feet.
In-test vapor VOC monitoring data were not very helpful in evaluating the progress of
remediation.

The H,T system for this test was more successful than the existing SVE system at removing
TCE from the fine-grained soils at this test site, but was not successful at removing a
significant fraction of the cis-DCE. To help drive a full-scale H,T drive a treatment zone to
deeply anaerobic conditions, some type of barriers over the top and around the sides of the
treatment zone (even something as simple as adding water to reduce the gas permeability of

the soils) might help break out of a cis-DCE stall condition.

The pre-test success criteria and outcomes are summarized below:

Performance
Objective

Success Criteria

Success Criteria Achieved?

Achievement of
a greater radius

ROI that is 50% greater
compared to ROI of liquid

YES
e ROI for He was 15 feet

of influence addition to the unsaturated | ¢ Low O, concentration in MWSs up to 40 feet

(ROI) zone e H,, and propane detected in MWs up to 40 feet

Greater 50% or greater reduction in | YES FOR TCE, NO FOR DAUGHTER PRODUCTS
reduction in baseline (no action) mass e TCE mass reduced by 56% over six months. (This was TCE
baseline (no and/or estimated mass flux remaining in soil after 3 years of SVE operation).

action) mass

o Number of soil samples above 57ug/kg standard dropped from
27% to 10%
e Total moles of CVOC unchanged due to apparent cis-DCE stall.

Higher cost
savings
compared to the
continued
operation of an
SVE system

Greater cost savings
compared to the continued
operation of a SVE system
or use of an injection-based
system.

SOMETIMES

e For full-scale application, H,T unit costs (in $/cu. yrd) were $39
vs. $97 for excavation vs. $37 for SVE (although continued SVE
appeared to be ineffective).

¢ Continued operation of SVE for two years was estimated to be
$20/cu. yrd vs. $39/cu. yrd for H,T. However, the H,T process
was more efficient at removing TCE (but not daughter products)
from fine-grained soils than SVE.

Reduction in the
carbon footprint
compared to

50% reduction in the
carbon footprint compared
to SVE w/ oxidizer or

MOSTLY YES
e H,T carbon footprint was 8 tons of CO, compared to 21tons for
SVE (high end)

SVE carbon. e H,T CO,footprint was 43% of SVE (low end)
Safety Flammabilities of less than | YES
10% of LEL at surface ¢ No health and safety incidents occurred
e H,, and propane never detected in ambient air
Ease of Use Lower time requirement for | YES

system setup and operation
compared to SVE

One field technician did the weekly O&M, made the pressure-flow
readings and collected the data.
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Background and Technology Description

A Hydrogen-based Treatment (H,T) technology for unsaturated zones contaminated with
chlorinated solvents was tested during this project. This technology can be applied when DoD
site managers would like to shut down an existing SVE system, but where monitored natural
attenuation may not be sufficient to control the groundwater plume that is sourced by the residual
contaminants in the unsaturated zone. With such a technology, the cost for remediating these
groundwater plumes can be greatly reduced, and a much more sustainable remedy can be
implemented. Since the H,T technology relies on some very important technical criteria that can
affect its performance (e.g., radius of influence, bioavailability, etc.), field-scale application of
this technology required verification through a treatability study and a field-scale demonstration.

“Anaerobic Bioventing” is an attractive option for unsaturated zone remediation because gases
can disperse farther into the unsaturated materials than liquids. Gases can also potentially diffuse
more thoroughly through the subsurface, to some extent minimizing the problems of preferential
flow pathways that are more common with liquid flow. Previous studies have shown that
anaerobic biotreatment of chlorinated volatile organic compounds (CVOCs) in the unsaturated
soils (i.e., anaerobic bioventing) has potential as a remediation alternative for unsaturated soils.
In H,T, reductive dechlorination and bioventing are combined to create a remediation technology
for sites where the unsaturated zone requires some type of treatment of chlorinated solvents. This
approach for bioremediation of unsaturated soils containing chlorinated solvents was originally
proposed in a patent by Hughes et al. (1997).

In the H,T system, a mixture of nitrogen, hydrogen, propane, and carbon dioxide gases are
injected into an unsaturated treatment zone. Nitrogen serves to flush oxygen from the soil gas,
enhancing conditions for the anaerobic degradation of chlorinated solvents. Propane is used as an
electron donor for scavenging oxygen (i.e., aerobic bacteria will use the propane to remove
oxygen) and making the gas mixture neutrally buoyant. Hydrogen is used as the electron donor
for dechlorinating bacteria. Nitrogen and hydrogen can be purchased and delivered to the site
(which are refilled or changed out regularly by the gas provider as part of the gas delivery
contract) or generated on-site depending on the size of H,T application (i.e., total flowrate and
treatment time).

The stoichiometry of the dechlorination reaction indicates that for every 1 mg of hydrogen
utilized by dechlorinating bacteria, 21 mg of perchloroethene (PCE) can be completely converted
to ethene. In the unsaturated zone, the H,T process relies on a gas injection skid consisting of
piping, gages, safety equipment, process control system, and gas supply vessels that could
connect to a piping manifold and injection wells at the site. At some sites, one advantageous
configuration could be the conversion of a low-performance SVE system to H,T, where the
existing SVE blower and treatment system is decommissioned and replaced by the H,T injection
skid connected to the existing manifold and injection wells.

Performance Objectives and Results

Soil and vapor samples collected prior, during, and after the gas injection to evaluate the system
performance at the demonstration site (Atlas Missile Site 10 in Former Lincoln AFB, York,

Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones xii ER-201027
Using Direct Hydrogen Delivery



Nebraska). Following completion of the sampling and analysis program, the data was reviewed
and analyzed to determine whether the success criteria for each performance objective have been
met.

Radius of Influence: The effectiveness of the technology for unsaturated soil remediation is a
function of the transport of the gas mixture out from the injection wells through the contaminated
source zone. The H,T system has a larger radius of influence for gas injection than liquid
chemical addition such as molasses or permanganate in liquid-based bioremediation of the
unsaturated zone. The H,T system also increases the treatment of lower-permeability units due to
the high diffusion coefficient of the hydrogen. Therefore, it is expected that the H,T system has
larger ROI in lower-permeability soils compared to SVE system.

Measurements of different gases at the monitoring points were used to evaluate the ROI of the
H,T system at the demonstration site. Monitoring points were located between 10 to 40 feet
from the injection points. Success was defined as ROI that is 50% greater compared to ROl of
liquid addition to the unsaturated zone, estimated to be 5 to 10 feet. The ROI achievement was
evaluated in two ways:

(1) Tracer test using helium/nitrogen tracer gas. Helium gas reached the 10-ft distance
monitoring wells at all depths (i.e., shallow, medium, and deep). Tracer gas reached almost all
the monitoring wells including the 15-ft distance monitoring wells after Day 4. However, the
levels of helium were not high enough at the monitoring points farther than 15 feet from the
injection points (i.e., 50% of the helium concentration in the injection gas) to confirm that the
ROI extended beyond approximately 15 feet. The tracer test also generated data that
demonstrated the presence of preferential pathways.

(2) Evaluating the ROI by looking at the concentrations of oxygen, hydrogen, and propane gases
before, during, and after the gas injection phase in multi-level monitoring points. Average
oxygen concentrations were reduced from 16.1% to 0.4% in shallow monitoring points, from
16.8% to 5.7% in medium monitoring points, and from 16.3% to 5.7% in deep monitoring
points. The low oxygen concentrations in the shallow monitoring points were observed at
distances up to 40 feet away from the point of injection, while for the medium and deep
monitoring points, oxygen concentrations increased significantly at around 15 feet distance from
the point of injection. While deeply anaerobic conditions never reached at the medium and deep
monitoring points, significant reduction in oxygen concentrations was attainable at the medium
and deep monitoring intervals.

Hydrogen was detectable at all depths and distances as far as 40 feet from the injection point,
exceeding the 15-feet target ROl. As expected hydrogen concentrations never maintained the
injected concentration of 10% in the treatment zone. The highest hydrogen concentrations (i.e.,
approximately 0.5%) were observed at the shallow depths (i.e., 15 ft-bgs) and generally
decreased as the depth increased and as the distance from injection point increased. Propane was
more easily distributed than hydrogen both with respect to distance from injection and depth.
The detected propane concentration before gas injection (i.e., May 2011) ranged from <0.02
ppmv to 4.5 ppmv. Measured propane concentrations after gas injection (i.e., December 2011)
ranged from 11.5 ppmv to 85,030 ppmv. Propane was easily distributed at significant distances
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from the point of injection at the 20, 30, and 40-ft bgs depths. For example, propane
concentration of 16,397 ppmv was observed at MW-8D which is 40 feet away from the injection
point.

Baseline Mass Reduction: The mass of trichloroethene (TCE) and its daughter products in soil
was measured both before and after the demonstration was calculated. This analysis included the
change in concentration and mass for 48 sample pairs collected from all of the injection and
monitoring well locations during pre- and post-treatment characterization phases. Success was
defined as 50% or greater reduction in baseline (no action) mass.

The median TCE concentrations of all 48 samples (i.e., 12 sampling locations and 4 depths)
dropped from 8 pg/kg during the pre-treatment characterization phase to 4 pg/kg during the post-
treatment characterization phase. The median cis-1,2-dichloroethene (cis-1,2-DCE)
concentrations of all 48 samples (i.e., 12 sampling locations and 4 depths) increased from 17
pg/kg during the pre-treatment characterization phase to 40 pg/kg during the post-treatment
characterization phase. The median TCE concentration decreased approximately 50% and
median cis-1,2-DCE concentration increased approximately 123%.

The number of soil samples with TCE concentrations above 57 pg/kg which is the Nebraska
Department of Environmental Quality (NDEQ) soil remediation goal dropped from 13 samples
in pre-treatment to 5 samples in post-treatment. The number of soil samples with cis-1,2-DCE
concentrations above 400 pg/kg which is the NDEQ soil remediation goal dropped from 10
samples in pre-treatment to 9 samples in post-treatment.

The total estimated TCE mass in the treatment zone (excluding results from MW-9, since this
well is located outside the treatment area) dropped from 289 g during the pre-treatment
characterization phase to 127 g during the post-treatment characterization phase. The total
estimated cis-1,2-DCE mass increased from 464 g during the pre-treatment characterization
phase to 573 g during the post-treatment characterization phase. The estimated mass showed that
approximately 56% reduction in TCE mass and approximately 24% increase in DCE mass (sum
of cis 1,2- and trans 1,2-DCE) were observed, for a total of 6% reduction in total chlorinated
compounds. The total moles of chlorinated compound were unchanged during the test, with 7.1
moles pre-treatment and 7.1 moles post-treatment. (Only trace amounts of vinyl chloride were
ever observed in any of the sampling conducted for this test). Total estimated CVOC mass in the
treatment zone dropped from 760 g during the pre-treatment characterization phase to 717 g
during the post-treatment characterization phase.

Several t-test and Mann-Whitney analyses were performed to compare the means of the 48-pair
TCE samples from pre- and post-treatment characterization phases. Average TCE concentration
dropped from 166 ug/kg during the pre-treatment characterization phase to 74 ug/kg during the
post-treatment characterization phase. The t-test conducted on the 48-pair samples resulted in p-
value of 0.092 that corresponds to a 91% confidence in support of the hypothesis that the post-
treatment TCE concentrations are significantly smaller than the pre-treatment TCE
concentrations. The Mann-Whitney analysis also resulted in a similar p-value of 0.104 that
corresponds to a 90% confidence in support of the hypothesis that post-treatment TCE
concentrations are significantly smaller than the pre-treatment TCE concentrations.
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Both t-test and Mann-Whitney analyses show that there is approximately 90% confidence that
the post-treatment TCE concentrations are significantly less than the pre-treatment TCE
concentrations. The data sets are characterized by large variability (e.g., extreme positive
outliers) and a relatively large number of non-detects, which tends to adversely affect the power
of statistical tests to detect differences. Similar analyses were performed for cis-1,2-DCE and the
results show that there is greater than a 90% but less than a 95% probability that the post-
treatment cis-1,2-DCE soil concentrations are significantly greater than the pre-treatment cis-1,2-
DCE soil concentrations.

Carbon Footprint: The carbon footprint was estimated for two variations of H,T (i.e., liquid
nitrogen/hydrogen cylinder delivery versus on-site nitrogen and hydrogen generation) and
compared to two variations of SVE system operation (i.e., continuous versus pulsed operation at
25% time). Success was defined as 50% reduction in the carbon footprint compared to SVE.

Two carbon footprint cases were studied: (1) high end carbon footprint case where a constant
operation of SVE+GAC was compared with direct liquid nitrogen/hydrogen cylinder delivery,
and (2) low end cases, where a pulsed operation of SVE+GAC was compared with on-site
nitrogen and hydrogen generation.

For the high end carbon footprint case, the carbon footprint was 21.4 tons of CO, for SVE+GAC
versus 8.1 tons of CO, for the H,T system. For the high end case, the carbon footprint of H,T
system operation is approximately 62% less than SVE system operation. For the low end case,
the carbon footprint was 7.7 tons of CO, for SVE+GAC versus 4.4 tons of CO, for the H,T
system. For the low end case, the carbon footprint of H,T system operation is approximately
43% less than SVE system operation. Note that the high-end hydrogen case has approximately
the same footprint as the low-end SVE case.

The carbon footprint calculations were performed for the demonstration site operating for a year
(i.e., a treatment zone with dimensions of approximately 2,200 ft? area and 40 foot thickness).
There were considerable uncertainties in the calculations. At some sites, use of SVE and
activated carbon could result in a lower carbon footprint than the direct hydrogen injection
process. The most sensitive parameters included: 1) use of cylinders, gas in cryo-liquid form;
tube trailers, or on-site nitrogen and/or hydrogen generators; 2) amount of electricity used by
SVE system blower and gas generators; 3) amount of gas used in the direct hydrogen delivery
process; and 4) number of trips required to deliver gas to the site.

Safety: One of the potential risks associated with field implementation of the H,T system is the
use of gases (i.e., H, and LPG) that are explosive under certain conditions. Although the
concentration of the explosive gases in the gas mixture is 20% by volume, it was expected that
the H,T process was considered safe because the flammable gases disperse quite readily in the
atmosphere and no detections of flammable gases above ground were observed. It is also
expected that the oxygen levels at the injection points below ground surface are close to zero.
Nevertheless, standard engineering practices can be used to provide a safe system. As part of
H,T performance objective the concentrations of H, and propane were monitored at the surface
to maintain levels below the lower explosive levels (LEL) at the surface. The objective was
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considered to be met if flammabilities of less than 10% of the LEL at surface are achieved. Soil
gas monitoring included explosivity measurements using an explosivity meter.

No health and safety incidents occurred during the demonstration, and flammable gas
concentrations above the ground surface were not detectable. It should be noted that hydrogen
and propane concentrations exceeded the LELSs at some points below ground surface, but there
was not enough oxygen available at those points to make the system potentially explosive. While
concerns regarding safety of hydrogen and propane injections are reasonable, the results of this
demonstration indicate the technology can be implemented safely.

Ease of Use: The effectiveness of the H,T technology is also related to the relatively easy
implementation of the H,T system compared to other technologies such as SVE. It was
anticipated that the ease of permitting (no air permits were required for this demonstration) and
the ease of operation make the implementation of this technology quick and easy. Success
criteria for this performance objective were evaluated qualitatively. It should be noted that a site-
specific comparison of H,T vs. SVE operation should be implemented because the ease of use
also depends whether engineering controls for safety is implemented for H,T or vapor-phase
emissions control system is needed for SVE.

Required operator manpower was evaluated for both the existing SVE system and for H,T
system. Feedback from field personnel regarding ease of use of H,T compared to SVE was also
used. The metric for this performance objective was the frequency at which an operator needed
to visit the site. The reasons for site visitation during normal operations included gas cylinder
change-outs, system leak test, pressure and flow readings, and monitoring. This occurred once
per week (i.e., weekly O&M) or every few weeks (i.e., tank re-fill or cylinder replacement),
which was considered reasonable.

Implementation Issues

The primary application for H,T is anticipated to be treatment of contaminants such as TCE in
unsaturated soil for the purpose of groundwater protection. A site-specific feasibility study
should be conducted to evaluate H,T compared to other alternatives such as excavation, soil
vapor extraction, and thermal treatment. Specific permits for H,T may be required by local codes
and will include drilling, well installation permits and hazardous materials storage permits. Other
permits may be necessary and will be dependent on local codes.

A summary of H,T-specific implementation issues are:

e One of the main safety concerns associated with H,T application is the flammability of
hydrogen and LPG and the potential production of methane gas. Flammable gases were
not detected above the ground surface. Thus, release of flammable gas to the atmosphere
was not a safety issue. It was shown in this demonstration that the safety concerns could
be addressed easily by following the safety codes (e.g., NFPAS50A, NFPASS5, etc.),
placing flammable gas/no smoking placards, and monitor measured gas concentrations
and compare them to lower explosive level (LEL) at the surface soil and ambient air.
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e Soil permeability and heterogeneity, soil moisture, etc. can greatly affect the performance
of H,T system. Computer modeling as well as pilot tests can be conducted to improve the
design basis.  These can generate data related to soil gas permeability, radius of
influence, hydrogen utilization rates, and oxygen infiltration, all of which are valuable for
deciding whether or not H,T should be applied at a site. For example, for this
demonstration, preliminary diffusion modeling conducted by Dr. Brian Looney, indicated
significant oxygen diffusion from the sides, and that likely was one of the reasons that
deep anaerobic conditions were not achieved in the middle or deep monitoring intervals.

e A suitable population of dechlorinating organisms (Dehalococcoides) (DHC) is needed to
ensure complete conversion of PCE or TCE to non-toxic products (e.g., ethane).
Quantitative polymerase chain reaction (qPCR) testing is recommended to quantify and
characterize DHC bacteria at a site where H,T application is considered. gPCR testing
can be done with either groundwater or soil samples.

e In-test measurements of redox-related parameters (oxygen, methane) indicated that
deeply anaerobic conditions were not achieved uniformly through the test zone, a likely
contributing factor for the observed cis-DCE stall condition. Although the H,T process is
best suited for fine-grained soils with a reasonable degree of pneumatic interconnectivity,
the structure of silty, loess-like soil at the site may have included some micro-fractures,
which probably conveyed the majority of the volume of gas around some areas within the
treatment zone. The disconnected zones of low permeability may have retained enough
oxygen to inhibit reductive dechlorination within these zones. The research team
concluded that the system’s inability to create deeply anaerobic conditions was likely a
major factor in the cis-DCE stall issue.

e Lab microcosm work where the gas mixture was added to soil samples from the site
indicated that samples that had been bioaugmented with dechlorinating bacteria
performed much better than unamended soils, indicated a dechlorinating bacterial
limitation at the site. The team strongly recommends that one should understand the
bacterial limitation and issues involved with vadose zone bioaugmentation before
attempting this technology.

e Additional microcosm results indicated that low moisture may have been a contributing
factor to this bacterial limitation. Lab microcosm work showed that a high moisture
content (30%) promoted the most complete reductive dechlorination under conditions
with high electron donor concentration (10%) and bioaugmentation. However, lower
moisture contents (17% to 19%) promoted reductive dechlorination of TCE to cis-1,2-
DCE more effectively than a high moisture content (30%) when the electron donor
concentration was low (1%). The later condition for moisture content and electron donor
concentration was similar to the condition observed in the field.

e Liquid nitrogen was supplied in a commercially available trailer during this
demonstration project. Approximately 20-30% of the liquid nitrogen was wasted due to
ventilation to the atmosphere. The lost volume of nitrogen from tube trailers should be
considered when the decision for using tube trailers versus nitrogen generator is being
made.

e Hydrogen was supplied in cylinders and LPG was supplied in a tank during this
demonstration project. Using both hydrogen and LPG at the site increases safety
concerns, and relevant safety codes must be followed for the distance between LPG tank
and the hydrogen cylinders (i.e., 30 feet for this demonstration). For large-scale projects
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where an on-site hydrogen generator is used, it is more economical to replace LPG by
hydrogen gas.

e If generators are to be used at a site, whether the generators are powered by fuel or
electricity, the safety concerns must be addressed with regard to the placement of the
generators and their proximity to the treatment area.

Implementation Cost

A cost model was developed for H,T system. Four scenarios were considered and compared in
this cost assessment based on data collected during this H,T demonstration. In each scenario the
H,T system was compared with an alternative SVE system or soil excavation. All scenarios were
based on the system design used in the demonstration and have an ROI of 15 feet. The cost
model is based on implementing H,T, SVE, or excavation of the entire source zone (i.e., area
with initial TCE soil concentration above 57 pg/kg). The hypothetical treatment zone is 46,000
cubic yard (i.e., 27,500 ft* and 45 feet deep). Both H,T and SVE costs are based on two-year
system operation. The H,T implementation cost included construction of gas injection skid,
injection and monitoring well installation, pre- and post-treatment soil and vapor
characterizations, cost of gas using nitrogen and hydrogen generators, and a gas composition of
20% hydrogen and no LPG, and weekly O&M.

For H,T technology, the cost of potential bioaugmentation and barrier measures including
capping or wetting the margins to prevent oxygen intrusion were roughly estimated.
Bioaugmentation costs were included as a contingency (assuming bioaugmentation can be done
effectively at some sites) to achieve complete dechlorination. It was assumed that water barrier
wells were installed at the treatment zone perimeter using 74 temporary holes (i.e., assuming 5-
foot ROI). It was assumed that water would be injected at an injection rate of 5 gallons per
minute (gpm) per well. Bioaugmentation was implemented to the entire treatment zone area with
10-foot radius of influence. | was assumed that the bioaugmentation was performed in 88 wells
(i.e., assuming 10-foot ROI) at an injection rate of 10 gpm per well was assumed.

In Scenarios 1 and 2, the cost of H,T system operation for two years based on the implemented
demonstration design conditions was $49/cy compared to the entire SVE system operation (i.e.,
$37/cy) and soil excavation (i.e., $97/cy). In Scenario 3, the cost of H,T system operation based
on the implemented demonstration design conditions was $49/cy compared to the continuation of
the existing SVE system operation (i.e., $20/cy). Finally, in Scenario 4, the cost of H,T system
operation by using the existing SVE wells as gas injection wells was $46/cy compared to the
continuation of the existing SVE system operation (i.e., $20/cy).

It was concluded that while the cost of H,T was greater than SVE system operation, the decision
to switch to H,T operation over an SVE system should be made based on the overall
performance and not only on the cost assessments. For example, in the demonstration site where
an SVE system was operating since 2008, the SVE system was not able to reduce the mass in the
vadose zone due to the very low permeability soil (i.e., clayey silt loess material), likely due to
preferential removal from a high-permeability layer at the bottom of the treatment interval. Small
molecules of hydrogen gas, on the other hand, were able to diffuse into the small pores of the
low-permeability soil.

Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones xviii ER-201027
Using Direct Hydrogen Delivery



Sensitivity analyses were performed to evaluate the effect of gas flowrate and ROI on the unit
cost of H,T implementation. At a gas injection flowrate of approximately 5 scfm the gas cost
using bulk gas versus an on-site generator was similar. For total gas flowrates higher than 5 scfm
the use of nitrogen and hydrogen generators are more economical. These cost calculations are for
a two-year H,T system operation. If the H,T system operation is longer than two years, the cost
savings by using gas generators will be increased.

Sensitivity of H,T operation costs to radius of influence were evaluated for ROI values from 5 to
25 feet in a treatment area of 27,500 ft>. The number of injection wells was increased
dramatically from 15 to 350 when the ROI is decreased from 25 feet to 5 feet. By increasing the
ROI from 10 feet to 15 feet, the total cost of H,T operation is reduced by approximately 23%
(i.e., $64/cy to $49/cy), while increasing the ROI from 15 ft to 20 feet, the total cost of H,T
operation is reduced by approximately 10% (i.e., $49/cy to $44/cy). It was assumed that the total
number of pore volumes injected within two years of H, T operation was similar for all the ROI
values and therefore, the gas cost for all different ROI values were the same. The analysis shows
that the effect of ROI on the total H,T cost is significant and an accurate estimate of site ROl is
needed.
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1.0 INTRODUCTION
11 BACKGROUND

As of 2005, the Department of Defense (DoD) has identified nearly 6,000 sites at its facilities
that require groundwater remediation and has invested $20 billion for site cleanup over a ten-
year period (GAO, 2005). At many of these sites, unsaturated chlorinated volatile organic
compounds (CVOCs) source zones located above the water table are producing and sustaining
groundwater plumes. Many of these unsaturated sources are currently being treated with soil
vapor extraction (SVE) technologies. Long-term SVE projects can be very costly, as the
treatment process for the recovered vapors is expensive.

A low-cost, more passive treatment technology for unsaturated zones contaminated with
chlorinated solvents was tested during this project. This technology can be applied when DoD
site managers would like to shut down an existing SVE system, but where monitored natural
attenuation may not be sufficient to control the groundwater plume that is sourced by the residual
contaminants in the unsaturated zone. With such a technology, the cost for remediating these
groundwater plumes can be greatly reduced, and a much more sustainable remedy can be
implemented. “Anaerobic Bioventing” is an attractive option for unsaturated zone remediation
because gases can disperse farther into the unsaturated materials than liquids. Gases can also
potentially diffuse more thoroughly through the subsurface, to some extent minimizing the
problems of preferential flow pathways that are more common with liquid flow.

Several studies have been conducted on the use of hydrogen as an electron donor for the
anaerobic bioremediation of saturated and unsaturated porous media (Evans and Trute, 2006;
Mihopoulos et al., 2002; Newell et al., 1997; Aziz et al., 2003a; Aziz et al., 2003b; Mihopoulos
et al., 2000; Shah et al., 2001; Mihopoulos et al., 2001, Evans et al., 2009). Hydrogen technology
using pure H; gas has been extensively tested as a treatment technology for groundwater
(AFCEE, 2004; GSI, 2003; Fisher et al., 1999; Newell et al., 2001) and showed good
performance where H, injections alone were able to promote vigorous biodegradation. Details on
the laboratory data supporting successful application of anaerobic bioventing are presented
below.

The biological reduction of VOCs using hydrogen in groundwater has been pioneered by the Air
Force Center for Engineering and the Environment (AFCEE). The AFCEE Principals and
Practices guide (AFCEE, 2004) summarized gaseous hydrogen technology in the saturated zone:

“5.5.6.3 Gaseous Hydrogen

Because microorganisms known to completely degrade PCE to ethene use hydrogen as an
electron donor, addition of hydrogen is the most direct approach to stimulating anaerobic
dechlorination. Although hydrogen is highly combustible, it is an inexpensive substrate that
can be delivered safely with the proper engineering controls. Besides direct addition of
hydrogen to groundwater, other methods to deploy hydrogen via hydrogen-releasing
compounds, hydrogen-generating electrodes, and permeable membranes also are being
developed (Newell et al., 2002; Novak et al., 2002). The feasibility of distributing uniform
concentrations of gaseous hydrogen throughout large portions of a contaminated aquifer is
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still under research and development. In addition, hydrogen does not provide a carbon
source for microbial growth and development. While hydrogen may stimulate activity of
dechlorinating species, their growth depends on the availability of a carbon source for cell
development. Therefore, the use of gaseous hydrogen may be better suited for aquifers with
relatively high quantities of organic carbon (i.e., Type 1 and Type 2 sites).

The Air Force has conducted two pilot-scale treatability tests involving direct addition of
hydrogen to groundwater (Newell et al., 2001 and 2002). The first was a pull-push-pull test
of groundwater contaminated with DCE at Offutt AFB, Nebraska, in November 1998.
Concentrations of DCE decreased from 430 micrograms per liter (ug/L) to non-detectable
levels over the 48-hour period of the test, indicating that anaerobic dechlorination of DCE
was achieved. Direct hydrogen injection into the subsurface also was conducted at Launch
Complex 15 at CCAFS, Florida (Appendix E.8). The pilot test used low-volume, pulsed
biosparging with hydrogen into a sandy aquifer over an 18-month period. Three biosparge
points were placed approximately 12 feet apart in a row perpendicular to groundwater flow.
Hydrogen gas was sparged into each well at different rates and amounts during the first part
of the pilot test. During the final year, most sparge pulses were at 10 to 12 standard cubic
feet per minute (scfm) per well for 10 minutes once a week using 100 percent hydrogen gas.
To evaluate potential stripping effects of the sparging process, an identically constructed and
operated well was sparged with nitrogen. In addition, a side gradient transect of monitoring
wells was installed and monitored to evaluate natural attenuation effects. The treatment zone
and the natural attenuation and nitrogen sparge control zones were monitored to determine
the effectiveness of the hydrogen addition. Concentrations of TCE and DCE decreased, while
an increase in VC, ethene, and methane concentrations was observed. These data suggest
that dechlorination proceeded to completion under methanogenic conditions. Based on these
results, the Air Force is planning additional testing of hydrogen to stimulate anaerobic
dechlorination. A similar system is currently being operated at the Old Jet Engine Test Cell
Site at Offutt AFB, Nebraska.”

In general, these studies indicate that anaerobic biotreatment of CVOCs in the unsaturated soils
(e.g., anaerobic bioventing) has potential as a remediation alternative for unsaturated soils. Since
the technology relies on some very important technical criteria that can affect the performance of
the technology (e.g., radius of influence, bioavailability, surface cover, etc.), field-scale
application of this technology requires verification through a field-scale demonstration.

1.2 OBJECTIVE OF THE DEMONSTRATION

The overall objective of this project is to show if hydrogen-based treatment (H,T) can serve as
a remediation technology for the unsaturated zone, either as the initial remediation technology
applied at a site or as a polishing technology that will allow site managers to shut down
expensive, low performance soil vapor extraction systems (SVE) that are no longer cost
effective. H,T is implemented by injecting a primarily inert gas mixture of nitrogen (Ny),
propane (C3Hsg), hydrogen (H,), and carbon dioxide (CO,) gas through a series of widely spaced
injection points to degrade chlorinated organic compounds. The nitrogen (N2) serves as a non-
explosive carrier gas for the process. The propane serves as an inexpensive electron donor that
naturally-occurring bacteria can use to remove oxygen from the vadose zone and control gas

Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones 21 ER-201027
Using Direct Hydrogen Delivery



buoyancy. The hydrogen stimulates dechlorinating bacteria to biodegrade chlorinated organic
compounds, forming innocuous daughter products such as ethane or ethane. This demonstration
answers key questions about the performance, implementability, and cost of the technology. If
successful, the H,T system can serve as a cost-effective and more sustainable remediation
technology (i.e., lower carbon-footprint) for unsaturated soils containing chlorinated solvents.

13 REGULATORY DRIVERS

Two main drivers for cleanup of TCE in soil at many sites is protection of groundwater and/or
vapor intrusion. The current maximum contaminant level (MCL) established by U.S. EPA is 5
ug/L, while the maximum contaminant level goal (MCLG) for TCE is zero. Various states also
may have drinking water regulations that apply to TCE. The Nebraska Department of
Environmental Quality (NDEQ) has established a remediation goal of 57.0 pg/kg for TCE
concentration in soil.
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20 TECHNOLOGY
21 TECHNOLOGY DESCRIPTION

In-situ biodegradation of chlorinated solvents (called reductive dechlorination) and bioventing
are two proven remediation technologies with extensive application in groundwater and the
unsaturated zone, respectively. Most of the groundwater applications of reductive dechlorination
are based on the addition of soluble or semi-soluble substrates (i.e., molasses, lactate, HRC
polymers, edible oils) where the substrates ferment to form dissolved hydrogen (as a waste
product), and then the dissolved hydrogen is used by dechlorinating bacteria to degrade
chlorinated solvents. The role of hydrogen as an electron donor is widely recognized as the key
factor governing the dechlorination of chlorinated compounds (Holliger et al., 1993; DiStefano et
al., 1992; Maymo-Gatell et al., 1995; Gossett and Zinder, 1996; Smatlak et al., 1996; Hughes et
al., 1997; Evans and Trute, 2006; Shah et al., 2001). There have been a wide variety of injection
schemes, ranging from direct push of the amendments to groundwater recirculation systems.
The addition of liquids to the unsaturated zone is difficult. However, relatively few
biodegradation projects of this type have been performed in the unsaturated zone.

Bioventing (where air is injected at slow rates into the unsaturated zone) has proven to be very
effective in remediating releases of petroleum products including gasoline, jet fuels, kerosene,
and diesel fuel. Several Number of field demonstrations and pilot applications of bioventing
were reported in the literature for petroleum sites (for example, Ely and Heffner, 1988; Hinchee
et al., 1991a; Hinchee et al., 1991b; Miller and Hinchee, 1990; Thomas and Ward, 1989; Urlings
et al., 1990). Bioventing typically is applied in situ to the unsaturated zone and is applicable to
any chemical that can be biodegraded rapidly by aerobic processes, and has been implemented
primarily at petroleum-contaminated sites. Conventional bioventing using air has not been used
for remediating releases of most chlorinated solvents such as PCE, TCE, or other more highly
chlorinated compounds because these compounds either do not degrade or degrade relatively
slowly in aerobic environments.
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Vadose zone Vadose zone
1+—= = —
o) vl
1= B o g
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1= — )
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Figure 1: Comparison of H,T and bioventing
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In the H,T, reductive dechlorination and bioventing are combined to create a remediation
technology (hydrogen-based treatment or H,T) for sites where the unsaturated zone requires
some type of treatment of chlorinated solvents. This approach for bioremediation of unsaturated
soils containing chlorinated solvents was originally proposed in a patent by Hughes et al. (1997).
Figure 1 shows the comparison of H,T and bioventing. Biodegradation of the soil contaminant is
facilitated by injection of gaseous oxygen in bioventing or hydrogen gas in H,T.

The conceptual configuration for gas injection implementation is shown in Figure 2. In the H,T
system, a mixture of nitrogen, hydrogen, propane, and carbon dioxide gases are injected into an
unsaturated treatment zone. Nitrogen serves to flush oxygen from the soil gas, enhancing
conditions for the anaerobic degradation of chlorinated solvents. Propane is used as an electron
donor for scavenging oxygen (i.e., aerobic bacteria will use the propane to remove oxygen).
Hydrogen is used as the electron donor for dechlorinating bacteria. Nitrogen and hydrogen can
be purchased and delivered to the site (which are refilled or changed out regularly by the gas
provider as part of the gas delivery contract) or generated on-site depending on the size of H,T
application (i.e., total flowrate and treatment time). The stoichiometry of the dechlorination
reaction indicates that for every 1 mg of hydrogen utilized by dechlorinating bacteria, 21 mg of
perchloroethene (PCE) can be completely converted to ethene.
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Figure 2: Conceptual configuration for gas injection implementation (tracer not shown)
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In the unsaturated zone, the H,T process relies on a gas injection skid consisting of piping,
gages, safety equipment, process control system, and gas supply vessels that could connect to a
piping manifold and injection wells at the site. At some sites, one advantageous configuration is
conversion of a low-performance SVE system to H,T, where the existing SVE blower and
treatment system is decommissioned and replaced by the H,T injection skid connected to the
existing manifold and injection wells.

Hydrogen-based biodegradation can be applied in three ways:

1) As a replacement for traditional soil treatment technologies (SVE, excavation, liquid-
based biodegradation, thermal treatment, or chemical oxidation) at sites where no
treatment has yet occurred;

2) As a polishing step to replace expensive SVE systems that are no longer removing large
amounts of contaminant mass; and

3) Potentially as a method to eliminate migration of solvent vapors to indoor air. In some
cases, the existing SVE system hardware (injection points, manifolds, monitoring points)
can be retrofitted to accommodate H; injection.

2.2 TECHNOLOGY DEVELOPMENT

H,T technology development is very similar to the Gaseous Electron Donor Injection
Technology (GEDIT) that has been described in detail previously (Evans, et al., 2009; Evans and
Trute, 2006; Evans, 2007; Evans et al., 2011). The previous ESTCP project (ER-0511) applied
the GEDIT technology for perchlorate and nitrate remediation (Evans et al., 2009). For that
perchlorate remediation project, a gas mixture consisting of 79% N, 10% CsHg, 1% CO,, and
10% H, was injected into the subsurface. Because the results of that project demonstrated
success in the degradation of perchlorate, a similar gas mixture was used for this demonstration.

Mihopoulos et al., (2000) conducted soil column experiments and studied the dechlorination of
vapor phase PCE by lab-scale “anaerobic bioventing”. They used Hydrogen as their electron
donor. Using the soil column inoculated with anaerobic dechlorinating bacteria, the experimental
results showed that by passing a gas composed of 1% H, and >0.1% CO, in N,, methanogenic
conditions were established and that PCE was rapidly converted with terminal products VC and
trans-1,2-DCE. PCE half-life in the column was 7 minutes. Intermediate product detected but
never accumulated in the column were TCE and cis-1,2-DCE. They acknowledged that in order
to have a complete dechlorination of PCE to ethane, the bioventing process must be initiated by
anaerobic followed by aerobic dechlorination.

Mihopoulos et al., (2001) conducted soil column experiment to study the complete remediation
of PCE contaminated unsaturated soils to ethene by sequential anaerobic-aerobic bioventing.
Two columns were connected in series. In the first column they injected hydrogen at level of 1%
as electron donor for the anaerobic step. In the second column oxygen at 4.2% was used as an
electron acceptor in the aerobic step. Experimental results showed complete dechlorination of
PCE to ethene with PCE and VC half-lives of less than 10 minutes in anaerobic and aerobic
steps, respectively.
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The sequential anaerobic-aerobic bioventing can be easily implemented as in some cases
anaerobic bioventing may use the same type of gas delivery system as the aerobic bioventing.
Since some of the VOCs or SVOCs generated during the anaerobic bioventing may be slow to
degrade under anaerobic conditions, the following aerobic treatment may be implemented in two
ways: the more volatile compounds may diffuse into the soil surrounding the treatment zone,
where aerobic degradation may occur. SVOCs and VOCs remaining in the treatment zone may
be treated by following anaerobic bioventing with aerobic bioventing. Since aerobic and
anaerobic bioventing share similar gas delivery systems, the switch can be made by simply
changing the injected gas.

Tezel et al., (2004) investigated a sequential biotic-abiotic treatment of gaseous TCE where TCE
was degraded to ethylene and ethene by passing through an anaerobic column followed with an
elemental iron metal (Fe(0)) packed column. The anaerobic condition was reached by injecting
H,, CO, and N, gas mixture. The only by-product detected from the anaerobic step was cis-1,2-
DCE.

Shah et al., (2001) conducted lab-scale experiments to evaluate potential of anaerobic bioventing
for the treatment of unsaturated soils contaminated with 1,1,1-trichloro-2,2-bis(p-
chlorophenyl)ethane (DDT) and 2,4-dinitrotoluene (DNT) using hydrogen as the electron donor.
It was observed that by feeding a gas mixture of 1% H,, 1% CO, and N, methanogenic
conditions were established. DDT was dechlorinated and 1,1-dichloro-2,2-bis(p-
chlorophenyl)ethane (DDD) was observed as the intermediate product. The half-life for DDT
dechlorination was 8.5 months. DNT completely disappeared after six months and no
intermediates could be detected.

Mihopoulos et al., (2002) conducted two-dimensional experimental and numerical studies to
investigate the establishment of an anaerobic zone of influence by nitrogen injection in the
vadose zone. The oxygen exclusion experiments were performed in a pilot scale flow cell (2m x
1.1m x 0.1m) using different venting flows and two different outflow boundary conditions (i.e.,
open and partially covered). Results showed that anaerobic conditions were achieved in a
reasonable time period. It was shown that use of covers on the surface could significantly reduce
the volume of forcing gas used, where an increase in oxygen exclusion efficiency is consistent
with a decrease in the outflow area above the injection well.

Evans and Trute (2006) conducted lab-scale column experiments and tested the effectiveness of
several electron donors (e.g., hydrogen, ethanol, ethyl acetate, and butyraldehyde) in reducing
nitrate and perchlorate. These column studies demonstrated widely varying transport rates of
different electron donors through moist soil. Primary factors affecting transport included soil
moisture, electron donor Henry’s constant, void volume, bulk soil density, bulk gas velocity, soil
permeability, and biodegradation rate. The laboratory microcosm studies demonstrated that
hydrogen and ethanol promoted nitrate and perchlorate reduction in vadose zone soil and that
moisture content was an important factor. Moisture clearly had a positive effect on nitrate and
perchlorate reduction when moisture content increased from 8% to 12%. Significant nitrate
reduction was observed with hydrogen only when moisture was supplemented.
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Evans et al. (2009; 2011), during a field demonstration at the Inactive Rancho Cordova Test Site
(IRCTS) near Sacramento, California, injected a mixture of 10% hydrogen, 10% liquefied
petroleum gas (LPG or propane), 1% carbon dioxide, and 79% nitrogen into vadose zone soil to
validate the gaseous electron donor injection technology (GEDIT) through an ESTCP-funded
project. The field demonstration of GEDIT involved injection of a constant low flow rate (about
50 liters per minute) of a gas mixture into soil for three months. Results showed that GEDIT is
capable of distributing the electron donors to distances of at least 50 feet from the point of
injection. Oxygen concentrations were also depleted which was required for effective nitrate and
perchlorate biodegradation. Soil sampling and analysis showed that nitrate concentrations were
reduced by 90 percent or more, when compared to pre-injection data. Perchlorate concentrations
have also been significantly reduced. Reductions in nitrate and perchlorate concentrations were
observed in varying soil moistures and lithologies. Evans et al. (2009) concluded that a complete
perchlorate biodegradation required approximately 105 days of gas injection and that the soil
moisture content was an important factor affecting the rate of nitrate and perchlorate
biodegradation, but nutrient amendment was not important with the particular Site soil.

Several bench-scale and field-scale studies summarized above indicate that anaerobic
biotreatment of chlorinated solvents in the unsaturated soils is possible has in unsaturated soils.
H,T can be used in the vadose zone with sufficiently anaerobic conditions to attain reductive
dechlorination. In general, any contaminant that can be anaerobically biodegraded is a potential
candidate for H,T.

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

Advantages: The H,T system has the following advantages compared to SVE and liquid-based
unsaturated zone bioremediation projects:

Advantages compared to an SVE system are:
1) H,T system does not require costly surface treatment equipment such as thermal
oxidizers;
2) H,T system likely to be more sustainable from an environment perspective than SVE
that uses thermal oxidizers or regenerated activated carbon;
3) Easier to permit in areas with stringent air discharge regulations.

Advantages compared to liquid-based bioremediation of the unsaturated zone are:
1) Larger radius of influence for gas injection than liquid chemical addition such as
molasses or permanganate, thereby reducing costs;
2) Increased treatment of lower-permeability units due to the high diffusion coefficient of
the hydrogen; and
3) Injection equipment operates automatically and requires little space.

Limitations: The main limitations to the H,T process are:

Safety concerns:
1) Use of hydrogen and LPG can be of concern to some facilities and fire safety personnel
on active sites;
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2) Special knowledge is required to design the injection skid;

3) Compressed and/or liquefied gases are used, and adequate safety procedures are needed
when handling these materials;

4) Another potential issue is injection of gases where there are nearby basements or
buildings. This is an issue common to injection-based bioventing that is discussed in the
bioventing guidance. Therefore, it is not unique to H,T.

Efficiency and reaction concerns:

1) Diffusion of oxygen from the surface can reduce the efficiency of the process, as this
oxygen will remove electron donor. [If oxygen diffusion is significant, then higher rates
of nitrogen and electron donor gas addition may be required, thereby increasing costs.

2) At some sites, there may not be adequate dechlorinating bacteria present to completely
dechlorinate chlorinated solvents.

3) At some sites, the radius of influence of the gas injection point may be limited due to
diffusion of oxygen from the surface.
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3.0 PERFORMANCE OBJECTIVES

The technical performance objectives of this project were evaluated through the collection of soil
and vapor data within the treatment area. Performance objectives, along with the data collected
to meet these objectives and the final performance results, are listed in Table 1.

Table 1: Performance objectives and results of H,T demonstration

Performance
Obijective

Performance Monitoring Data
Used to Evaluate Objectives

Success Criteria

Success Criteria Achieved?

Quantitative Performance Objectives

Achievement

Measure Helium, H,, O, and

ROl that is 50%

YES

of a greater propane concentration in the greater compared e ROI for He was 15 feet

radius of monitoring points. Monitoring to ROI of liquid e Low O, concentration in MWs up to 40

influence points were located 10, 15, 20, and | addition to the feet

(ROI) 40 feet from injection points. unsaturated zone e H,, and propane detected in MWs up to
40 feet

Greater Estimate contaminant mass from 50% or greater NO

reduction in volume-weighted TCE and cis- reduction in e TCE mass reduced by 56%

baseline (no 1,2-DCE concentrations in baseline (no o Number of soil samples above 57pg/kg

action) mass

treatment zone soil samples for
before (48 samples) and after (48
samples) demonstration.

action) mass and/or
estimated mass
flux

standard dropped from 27% to 10%
o Total moles of CVOC unchanged

Higher cost
savings
compared to
the continued
operation of

Calculate the cost of H,T
application compared to SVE and
soil excavation by collecting the
following data: ROI to estimate
number of injection points; capital

Greater cost
savings compared
to the continued
operation of a SVE
system or use of an

SOMETIMES

o For full-scale application, H,T unit
costs (in $/cy) were $39 vs. $97 for
excavation vs. $37 for SVE (although
continued SVE appeared to be

an SVE Cost (injection skid; manifold injection-based ineffective).
system system, wells); gas cost; O&M system. ¢ Continued operation of SVE for two
cost (operator cost, electricity); years was estimated to be $20/cy vs.
soil and vapor monitoring. $39/cy for H,T. However, the H,T
process was more efficient at removing
TCE (but not daughter products) from
fine-grained soils than SVE.
Reduction in Estimate carbon footprint (H,T: 50% reduction in MOSTLY YES
the carbon estimate volume of gasoline used the carbon e H,T carbon footprint was 8 tons of CO,
footprint by site operators to reach site; footprint compared compared to 21tons for SVE (high end)
compared to compile mass of key materials to SVE using e H,T carbon footprint was 43% of SVE

SVE

(PVC, steel, concrete); any
electricity use. SVE: same but
add natural gas use).

thermal oxidizer or
activated carbon.

(low end)

Safety

Measure flammability, H, and
propane air emission. Soil gas
monitoring that includes
explosivity measurements using
explosivity meter.

Flammabilities of
less than 10% of
LEL for H,
/propane mixture at
surface

YES

¢ No health and safety incidents occurred
e H,, and propane were never detected in
ambient air

Qualitative Performance Objectives

Ease of Use

Required operator manpower
records for both SVE system that
is used before H,T and for H,T
system. Feedback from field
personnel regarding ease of use of

Lower time
requirement for
system setup and
data collection

YES

One field technician did the weekly
O&M, made the pressure and flow
readings and collected the data.

H,T compared to SVE.
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3.1 ACHIEVEMENT OF A GREATER RADIUS OF INFLUENCE (ROI)

The effectiveness of the technology for unsaturated soil remediation is a function of the transport
of the gas mixture out from the injection wells through the contaminated source zone. First
quantitative performance objective to evaluate the success of H,T technology in remediating the
test area was to reach a greater ROI. It is anticipated that The H,T system compared to liquid-
based bioremediation of the unsaturated zone has a larger radius of influence for gas injection
than liquid chemical addition such as molasses or permanganate. The H,T system also increases
the treatment of lower-permeability units due to the high diffusion coefficient of the hydrogen.
The ROI from H,T was compared with a typical ROI for a liquid-based technology, estimated to
be 5 to 10 feet.

3.1.1 Data Requirements

In order to evaluate the radius of influence, helium, hydrogen, oxygen and propane
concentrations was measured in the monitoring points. Monitoring points used for the ROI
evaluation were located 10, 15, 20, and 40 feet from injection points.

3.1.2 Success Criteria

The objective was considered to be met if the ROI achieved by the H,T was greater than or equal
to the target ROI of 15 feet.

3.1.3 Results
Success criteria achieved? YES

The ROI achievement was evaluated in two ways:

(1) Tracer test using helium/nitrogen tracer gas. Helium gas reached the 10-ft distance
monitoring wells at all depths (i.e., shallow, medium, and deep). Tracer gas reached almost all
the monitoring wells including the 15-ft distance monitoring wells after Day 4. However, the
levels of helium percentage were not high enough at the monitoring points farther than 15 feet
from the injection points (i.e., 50% of the helium concentration in the injection gas) to confirm
that the ROI extended beyond approximately 15 feet. The tracer test also generated data that
demonstrated the presence of preferential pathways.

(2) Evaluating the ROI by looking at the concentrations of oxygen, hydrogen, and propane gases
before, during, and after the gas injection phase. Average oxygen concentrations were reduced
from 16.1% to 0.4% in shallow, 16.8% to 5.7% in medium, and 16.3% to 5.7% in deep
monitoring points. The low oxygen concentrations in the shallow monitoring points were
observed at distances up to 40 feet away from the point of injection, while for the medium and
deep monitoring points, oxygen concentrations increased significantly at around 15 feet distance
from the point of injection. While deeply anaerobic conditions never reached at the medium and
deep monitoring points, significant reduction in oxygen concentrations was attainable at the
medium and deep monitoring intervals.
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Hydrogen was detectable at all depths and distances as far as 40 feet from the injection point,
exceeding the 15-feet target ROIl. As expected, hydrogen concentrations never maintained the
injected concentration of 10% in the treatment zone. The highest hydrogen concentrations (i.e.,
approximately 0.5%) were observed at the shallow depths (i.e., 15 ft-bgs) and generally
decreased as the depth increased and as the distance from injection point increased. Hydrogen
was detectable at all depths and distances as far as 40 feet from the injection point exceeding the
15-feet target ROI. Propane was more easily distributed than hydrogen both with respect to
distance from injection and depth. The detected propane concentration before gas injection (i.e.,
May 2011) ranged from <0.02 ppmv to 4.5 ppmv. Measured propane concentrations after gas
injection (i.e., December 2011) ranged from 11.5 ppmv to 85,030 ppmv. Propane was easily
distributed at significant distances from the point of injection at the 20, 30, and 40-ft bgs depths.
For example, propane concentration of 16,397 ppmv was observed at MW-8D which is 40 feet
away from the injection point. Overall, the metric for this performance objective was met.

3.2 GREATER REDUCTION IN BASELINE (NO ACTION) MASS

A further measure of the effectiveness of the technology for unsaturated soil remediation is the
reduction in the chlorinated solvent mass from the baseline that is set at the initial mass (e.g., no
action). Consequently, the second quantitative performance objective for this project was to
evaluate if the H,T technology results in reduction in total mass relative to the baseline (no
action) case.

3.2.1 Data Requirements

In order to evaluate the reduction in mass, the volume-weighted chlorinated solvent
concentrations were measured in the soil samples collected from four different depths (i.e., 10,
20, 30, and 40 ft-bgs) within the treatment area before (48 samples) and after (48 samples) the
field demonstration.

3.2.2 Success Criteria

The objective was considered to be met if a 50% or greater reduction in baseline (no action)
mass is achieved.

3.2.3 Results
Success criteria achieved? YES FOR TCE, NO FOR DAUGHTER PRODUCTS

The total estimated TCE mass in the treatment zone - excluding results from MW-9, since this
well is located outside the treatment area - dropped from 289 gr during the pre-treatment
characterization phase to 127 gr during the post-treatment characterization phase. The total
estimated cis-1,2-DCE mass increased from 464 gr during the pre-treatment characterization
phase to 573 gr during the post-treatment characterization phase. The estimated mass showed
that approximately 56% reduction in TCE mass and approximately 24% increase in DCE mass
(sum of cis 1,2- and trans 1,2-DCE) were observed, for a total of 6% reduction in total
chlorinated compounds. The total moles of chlorinated compound were unchanged during the
test, with 7.1 moles pre-treatment and 7.1 moles post-treatment. (Only trace amounts of vinyl
chloride were ever observed in any of the sampling conducted for this test). Total estimated
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CVOC mass in the treatment zone dropped from 760 gr during the pre-treatment characterization
phase to 717 gr during the post-treatment characterization phase.

Several t-test and Mann-Whitney analyses were performed to compare the means of the 48-pair
TCE samples from pre- and post-treatment characterization phases. Average TCE concentration
dropped from 166 ug/kg during the pre-treatment characterization phase to 74 ug/kg during the
post-treatment characterization phase. The t-test conducted on the 48-pair samples resulted in p-
value of 0.092 that corresponds to a 91% confidence in support of the hypothesis that the post-
treatment TCE concentrations are smaller than the pre-treatment TCE concentrations. The Mann-
Whitney analysis also resulted in a similar p-value of 0.104 that corresponds to a 90%
confidence in support of the hypothesis that post-treatment TCE concentrations are significantly
smaller than the pre-treatment TCE concentrations.

Both t-test and Mann-Whitney analyses show that there is approximately 90% confidence that
the post-treatment TCE concentrations are significantly less than the pre-treatment TCE
concentrations. The data sets are characterized by large variability (e.g., extreme positive
outliers) and a relatively large number of non-detects, which tends to adversely affect the power
of statistical tests to detect differences. Similar analyses were performed for cis-1,2-DCE and the
results show that there is greater than a 90% but less than a 95% probability that the post-
treatment cis-1,2-DCE soil concentrations are significantly greater than the pre-treatment cis-1,2-
DCE soil concentrations. The metric for this performance objective was met.

3.3 HIGHER COST SAVINGS COMPARED TO AN SVE SYSTEM
In general, the H,T system has the potential to reduce treatment cost for these situations:

1) Compared to in-situ technologies such as chemical oxidation/bioremediation or thermal
treatment, it is anticipated that the larger radius of influence for gas injection compared to
liquid chemical addition would allow the H,T system to use higher injection point spacing,
therefore reducing system capital cost.

2) For sites where SVE is being considered, but expensive off-gas treatment would be required
(thermal oxidizers or excessive use of activated carbon), the H,T system is anticipated to
reduce costs because no off-gas treatment would be required.

3) For sites where SVE systems have been operating, but treatment objectives have not been
met, it is anticipated that converting the existing SVE extraction well system to a H,T
injection system would result in reduced costs as the hydrogen mixture may be more cost-
effective method to treat chlorinated solvents in low-permeability zones that have resisted
treatment by SVE.

Four scenarios were considered and compared based on data collected during this H,T
demonstration. In each scenario the H,T system was compared with an alternative SVE system
or soil excavation. All scenarios were based on the system design used in the demonstration and
have an ROI of 15 feet. The cost model is based on implementing H,T, SVE, or excavation of
the entire source zone (i.e., area with initial TCE soil concentration above 57 ug/kg). The
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hypothetical treatment zone is 46,000 cubic yard (i.e., 27,500 ft* and 45 feet deep). Both H,T and
SVE costs are based on two-year system operation. The H,T implementation cost included
construction of gas injection skid, injection and monitoring well installation, pre- and post-
treatment soil and vapor characterizations, cost of gas using nitrogen and hydrogen generators,
and a gas composition of 20% hydrogen and no LPG, and weekly O&M.

SVE Scenario 1: H,T vs. New SVE System. This scenario represents the comparison of costs
associated with the H,T system with the costs associated with setting up and operating an entire
SVE system including the capital cost of well installation and GAC treatment system or soil
excavation. Scenario 1 represents the design used in the demonstration where gas injection wells
were installed for the H,T system and the SVE wells were shut down and were not used as gas
injection wells.

Excavation Scenario 2. H,T vs. Soil Excavation. This scenario represents the comparison of
costs associated with the H,T system with the costs associated with soil excavation. Similar to
Scenario 1, Scenario 2 represents the design used in the demonstration where gas injection wells
were installed for the H,T system.

SVE Scenario 3: H,T with New Gas Injection Wells vs. Continuing Operation of an EXxisting
SVE System. This scenario represents the comparison of costs associated with the H,T system
with the costs associated with continuing an existing SVE system operation. Similar to Scenarios
1 and 2, Scenario 3 represents the design used in the demonstration where gas injection wells
were installed for the H,T system and the SVE wells were shut down and were not used as gas
injection wells.

SVE Scenario 4. H,T with Existing SVE Wells vs. Continuing Operation of an Existing SVE
System. In scenario 3, the existing SVE wells were used as the gas injection wells for the H,T
system. Scenario 4 represents the conditions where the screen intervals are not very long and the
site managers decide to use the existing SVE wells as H,T gas injection wells.

3.3.1 Data Requirements

In order to evaluate this performance objective, the cost of the H,T application was compared to
SVE and soil excavation. The following data were gathered and used to estimate this cost: radius
of influence to estimate number of injection points; capital cost (injection skid; manifold system,
wells); gas cost; O&M cost (operator cost; electricity); and soil and vapor monitoring.

3.3.2 Success Criteria

The objective was considered to be met if cost savings are achieved compared to the use of an
entire SVE system, soil excavation, and/or the continued operation of an existing SVE system.

3.3.3 Results
Success criteria achieved? SOMETIMES

In Scenarios 1 and 2, the cost of H,T system operation for two years based on the implemented
demonstration design conditions was $39/cy compared to the entire SVE system operation (i.e.,

Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones 33 ER-201027
Using Direct Hydrogen Delivery



$37/cy) and soil excavation (i.e., $97/cy). In Scenario 3, the cost of H,T system operation based
on the implemented demonstration design conditions was $39/cy compared to the continuation of
the existing SVE system operation (i.e., $20/cy). Finally, in Scenario 4, the cost of H,T system
operation by using the existing SVE wells as gas injection wells was $35/cy compared to the
continuation of the existing SVE system operation (i.e., $20/cy). Table 2 summarizes the unit
cost comparisons of different scenarios.

Table 2: Unit cost comparisons of different scenarios

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Technology H,T SVE H,T Excavation H,T SVE H, T SVE
System Type entire entire entire entire entire | existing existing existing
system | system | system system system | system | SVE wells | system
Unit Cost ($/cy) $39 $37 $39 $97 $39 $20 $35 $20

It was concluded that while the cost of H,T was greater than SVE system operation, the decision
to switch to H,T operation over an SVE system should be made based on the overall
performance and not only on the cost assessments. For example, in the demonstration site where
an SVE system was operating since 2008, the SVE system was not able to reduce the mass in the
vadose zone due to the very low permeability soil (i.e., clayey silt loess material), likely due to
preferential removal from a high-permeability layer at the bottom of the treatment interval. Small
molecules of hydrogen gas, on the hand, were able to diffuse into the small pores of the low-
permeability soil.

Sensitivity analyses were performed to evaluate the effect of gas flowrate and ROI on the unit
cost of H,T implementation. At a gas injection flowrate of approximately 5 scfm the gas cost
using bulk gas versus an on-site generator was similar. For total gas flowrates higher than 5 scfm
the use of nitrogen and hydrogen generators are more economical. These cost calculations are for
a two-year H,T system operation. If the H,T system operation is longer than two years, the cost
savings by using gas generators will be increased.

Sensitivity of H,T operation costs to radius of influence were evaluated for ROI values from 5 to
25 feet in a treatment area of 27,500 ft>. The number of injection wells was increased
dramatically from 15 to 350 when the ROI is decreased from 25 feet to 5 feet. By increasing the
ROI from 10 feet to 15 feet, the total cost of H,T operation is reduced by approximately 27%
(i.e., $53/cy to $39/cy), while increasing the ROI from 15 ft to 20 feet, the total cost of H,T
operation is reduced by approximately 13% (i.e., $39/cy to $34/cy). It was assumed that the total
number of pore volumes injected within two years of H, T operation was similar for all the ROI
values and therefore, the gas cost for all different ROI values were the same. The analysis shows
that the effect of ROI on the total H,T cost is significant and an accurate estimate of site ROl is
needed.

3.4 REDUCTION IN THE CARBON FOOTPRINT COMPARED TO SVE

The H,T system is anticipated to be more sustainable with a lower carbon footprint compared to
SVE system using thermal oxidizers and/or large amounts of activated carbon (which require
thermal regeneration). The effectiveness of the technology is therefore in its ability to reduce the
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carbon footprint compared to other alternatives, such as continuing SVE operation or excavation.
Thus, the fourth quantitative performance objective that was used to evaluate the success of H,T
was achieving a reduction in the carbon footprint compared to SVE.

The carbon footprint was estimated for two variations of H,T (i.e., liquid nitrogen/hydrogen
cylinder delivery versus on-site nitrogen and hydrogen generation) and compared to two
variations of SVE system operation (i.e., continuous versus pulsed operation at 25% time).
Success was defined as 50% reduction in the carbon footprint compared to SVE.

3.4.1 Data Requirements

The considered parameters in the H,T system versus continuation of the existing SVE system at
the demonstration TCE site operating for a year included: 1) use of cylinders, gas in cryo-liquid
form; tube trailers, or on-site nitrogen and/or hydrogen generators; 2) amount of electricity used
by SVE system blower; 3) amount of gas used in the H,T system operation (i.e., nitrogen,
hydrogen, propane, and CO,); and 4) number of trips required to deliver gas to the site. The mass
of key materials for construction of the skids and well installations (e.g., PVC, steel, concrete)
were assumed to be similar for all cases.

3.4.2 Success Criteria

The objective was considered met if 50% reduction in the carbon footprint compared to SVE
system is achieved.

3.4.3 Results
Success criteria achieved? YES

For the high end carbon footprint case, where a constant operation of SVE+GAC was compared
with direct liquid nitrogen/hydrogen cylinder delivery, the carbon footprint was 21tons of CO;
for SVE+GAC versus 8.1 tons of CO, for the H,T system. For the high-end case, the carbon
footprint of H,T system operation is approximately 62% less than SVE system operation. For the
low end case, where a pulsed operation of SVE+GAC was compared with on-site nitrogen and
hydrogen generation, the carbon footprint was 7.7 tons of CO, for SVE+GAC versus 4.4 tons of
CO; for the H,T system. For the low end case, the carbon footprint of H,T system operation is
approximately 43% less than SVE system operation. Note that the high-end hydrogen case has
approximately the same footprint as the low-end SVE case. Overall, the metric for this
performance objective was met. Table 3 summarizes the carbon footprint comparisons of H,T
system vs. SVE+GAC system for high-end and low-end cases.

Table 3: Carbon footprint comparisons of H,T vs. SVE+GAC

High-End Case Low-End Case
Technology SVE+GAC H,T SVE+GAC H,T
Svstem Tvpe Continuous Bulk Gas Pulsed On-Site Gas
y yp Operation Delivery Operation Generation
CO, Emission (tons) 21.4 8.1 7.7 4.4
Reduction in CO, emission - 62% - 43%
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3.5 SAFETY

One of the potential risks associated with field implementation of the H,T system is the use of
gases (i.e., H, and LPG) that are explosive under certain conditions. Although the concentration
of the explosive gases in the gas mixture is 20% by volume, it was expected that the H,T process
was considered safe because the flammable gases disperse quite readily in the atmosphere and no
detections of flammable gases above ground were observed. It is also expected that the oxygen
levels at the injection points below ground surface are close to zero. Nevertheless, standard
engineering practices can be used to provide a safe system. As part of H,T performance objective
the concentrations of H, and propane were monitored at the surface to maintain levels below the
lower explosive levels (LEL) at the surface. The effectiveness was a function of satisfying all of
the compressed gas safety codes (i.e., NFPA50A, NFPA55). As part of H,T performance
objective the lower explosive level (LEL) of H, and propane were monitored at the surface to
maintain levels below the LEL at the surface.

3.5.1 Data Requirements

In order to evaluate the safety concerns associated with the technology, flammability relative to
explosivity limits were assessed along with H; air emissions. Soil gas monitoring was included
explosivity measurements using an explosivity meter.

3.5.2 Success Criteria

The objective was considered to be met if flammabilities of less than 10% of the lower explosive
limit (LEL) at surface are achieved.

3.5.3 Results
Success criteria achieved? YES

No health and safety incidents occurred during the demonstration and flammable gas
concentrations above the ground surface were not detectable. It should be noted that hydrogen
and propane concentrations exceeded the LELSs at some points below ground surface, but there
was not enough oxygen available at those points to make the system potentially explosive. While
concerns regarding safety of hydrogen and propane injections are reasonable, the results of this
demonstration indicate the technology can be implemented safely. The metric for this
performance objective was met.

3.6 EASE OF USE

The effectiveness of the technology is also related to the relatively easy implementation of the
H,T system compared to other technologies such as SVE. It was anticipated that the ease of
permitting (no air permits were required for this demonstration) and the ease of operation make
the implementation of this technology quick and easy. Success criteria for this performance
objective were evaluated qualitatively.
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3.6.1 Data Requirements

Required operator manpower was evaluated for both the existing SVE system and for H,T
system. Feedback from field personnel regarding ease of use of H,T compared to SVE was also
used.

3.6.2 Success Criteria

The objective will be considered met if the proposed technology results in a lower time
requirement for system setup and data collection.

3.6.3 Results
Success criteria achieved? YES

The metric for this performance objective was the frequency at which an operator needed to visit
the site. The reasons for site visitation during normal operations included gas cylinder change-
outs, system leak test, pressure and flow readings, and monitoring. This occurred once per week
(i.e., weekly O&M) or every few weeks (i.e., tank re-fill or cylinder replacement), which was
considered reasonable. The metric for this performance objective was met. It should be noted
that a site-specific comparison of H,T vs. SVE operation should be implemented because the
ease of use also depends whether engineering controls for safety is implemented for H,T or
vapor-phase emissions control system is needed for SVE.
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4.0

SITE DESCRIPTION

This demonstration involves field validation of the H,T system. In this section, the site selection
criteria used to select the appropriate site are described. The information presented in this
section is based on previous site characterizations and two vapor sampling events conducted in
July and August of 2010. A Site Selection Memorandum was prepared as part of this project and
submitted to ESTCP.

4.1

SITE SELECTION

A summary of the site selection criteria data for these two sites are shown in Table 4. The
following criteria were used to identify potential demonstration sites:

a.

Concentration range. Moderate to relatively low concentrations (e.g., TCE soil
concentrations < 100 ug/kg) was preferred for this parameter so that a clear removal of
the chlorinated solvent can be demonstrated.

Presence of relatively permeable media in vadose zone. Sand or silty sand soil type with
an average hydraulic conductivity, K, of greater than 0.05 ft/day in the vadose zone was
preferred for this parameter. Relatively permeable site where hydrogen gas can be readily
injected is required.

Moisture content in vadose zone. Moisture content values between 5% and 40% were
preferred for this parameter. Moisture content below 5% will limit biodegradation
processes and moisture content more than 40% will prevent the gas flow.

Thickness of vadose zone. A vadose zone with a thickness of greater than 20 feet was
preferred for this parameter.

Source zone well-characterized. Preferred sites will include those with baseline source
area characterization data identifying potential hot-spots. This is important to calculate
the initial chlorinated solvent mass and estimate the initial mass flux in the source zone.

Presence of anaerobic environment in vadose zone. An anaerobic or anoxic environment
was preferred. Nevertheless, the N, gas will be injected to deplete oxygen in the system
before starting the gas mixture injection.

Presence of long-term contaminant monitoring data. To compare the H,T performance
with the SVE system, and estimate the mass removal and mass flux reduction, soil and
soil vapor concentrations during SVE application were required.

Presence of surface cover. A surface cover or confining layer in the source area that
prevents the air intrusion into the treatment zone and hydrogen loss to the surface was
preferable.

Presence of DHC bacteria. If DHC is not present or not abundant at a site, then TCE
dechlorination may be limited or may stall at cis-1,2-dichloroethene (cis-1,2-DCE) or
vinyl chloride (VC).
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Table 4: Site selection data for the two candidate sites

Relative
Importance Site 1: Site 2:
(1-5, with 1 Offutt AFB, Former Lincoln AFB,
Preferred being Omaha, NE York, NE
Criteria Value(s) highest) (Site OT-18) (Atlas Missile Site 10)
Presence of chlorinated
ethenes as primary COC? ves 1 Yes (TCE) Yes (TCE)
2 units in vadose zone: upper loess
Yes: Yes. and lower fine sand
Presence of rela}ti\(ely S'oil type: sand or i\l\l/teyng:);(Lzogs;. i I;SSZSy: ?10 8ff<t1rg%|(c§nl</ss;) 005
permeable media in Sy A e 1 ft/day (1.8x10% | - Sand: 15 ft thick, located
' Thickhess >20yﬂ cm/s) between bottom of loess unit and
~45 ft thick water table (K~ 95 ft/day
(3.3x10°2 cm/s))
Thickness of vadose zone '1I'g(|)cllc<tness >20t0 1 45 ft 65 ft
It is possible that there could be
Presence of DHC DHC at some locations in the
bacteria? Yes 1 Not Tested lower reaches of the vadose zone
' because bioaugmentation was
performed in the saturated zone.
Yes, full-scale SVE system was
SVE svstem status? SVE system 1 Yes started up in the Sept/Oct 2008
Y ' available timeframe, and has been operating
since then.
Moisture content (M.C.) o o o Not measured, would likely be 10-
in vadose zone 5% <M.C. <40% ! 101030 % 15% for loess and sand layer
Source ar_1d plume well- Yes 1 Yes Yes
characterized?
Presence of surface Yes: Asphalt, 1 Concrete Limited area of pavement near the
cover? concrete or clay, etc. missile silo
Presence of building(s)
with residents? No ! Yes No
Maximum of 2000 pg/kg
moderate to unsaturated
relatively low Maximum of 500 |- The range span was from about
Concentration range concentrations 2 na/kg 1 to 2000 pg/kg, but
(soil concentrations unsaturated concentrations likely to be lower
<100 pg/kg) now due to operation of the SVE
system.
Presence of anaerobic To the best of our knowledge,
environment in vadose Yes 2 No oxygen concentrations in soil gas
zone? have not been measured.
Yes: Soil and soil .
Presence of long-term vapor concentrations \\/(:S('”,SUbSIab soil Yes. VOC levels in air extracted
contaminant monitoring during another 3 P . '
data? A - concentrations up | from SVE wells.
ata’ application (i.e., Soil 0 29.000 ua/m?
Vapor Extraction) ' 9
Daughter product f N0:0 f Ilv below d ion limi
formation No preference 5 <1%o TQE Generally below detection limits
concentration
:Zr)(/ees??nce of confining No preference 5 No Loess unit overlying sand layer
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J. Presence of building(s) with residents. To prevent any safety issues during the H,T
demonstration a source area that is far (>50-100 feet) from any building with residents
was preferred.

k. SVE system operation status. Since existing SVE system hardware (injection points,
manifolds, monitoring points) can be easily retrofitted to accommodate H; injection, a
site where SVE is currently operating or the system hardware is still in place was
preferred.

Three sites were offered by DoD personnel for the H,T demonstration. One of these three sites
was located in Alaska and was removed from consideration due to extensive travel costs. The
two remaining sites were evaluated in more detail, including focused vapor sampling:

1) Offutt AFB (Site OT-18) in Omaha NE
2) Former Lincoln AFB (Atlas Missile Site 10) in York NE

The initial site screening process indicated that the York site had several favorable characteristics
relative to the Offutt site:

e The treatment zone for the Offutt site is underneath a building used by base personnel.

e Conditions were assumed to be anaerobic in the unsaturated zone at the York site due to
the low permeability of the loess and the presence of cis-1,2-DCE in the effluent from the
SVE system.

Both sites had conditions that would reduce oxygen diffusion. Specifically, the Offutt site has a
parking lot and building, while the York site has a relatively low permeability loess soil over the
treatment zone.

To further evaluate the sites, soil vapor monitoring and sampling events were conduct at both
Nebraska sites and additional data (e.g., oxygen in soil vapor) and supplement existing COC data
(e.g., TCE, DCE, and VC soil vapor concentrations) were collected. At both sites, the data
collection program consisted of turning off the SVE system for approximately 10 days prior to
the first sampling event and collecting soil vapor samples from all of the existing extraction
wells. The first soil vapor sampling event was conducted in July 27, 2010 approximately 10 days
after turning off the SVE system. The second soil vapor sampling event was conducted in August
30-31, 2010, approximately 45 days after the SVE system shut down.

The data for the York site (described in detail in Section 4.4) indicated that this site was better
suited for the H,T demonstration project than the Offutt site. Specifically, the York site had:

e Lower oxygen levels (8.4 to 20.9 % for York compared to 18.7 to 20.8 % for Offutt);
e Presence of cis-1,2-DCE vapors in the unsaturated zone at York, but not at Offutt.

Based on the soil vapor sampling data, the area east-northeast of the Silo (e.g., LA10-SVE08-07,
LA10-SVEO08-08, LA10-SVE08-11, LA10-SVE08-14, and LA10-SVE08-18) was selected.
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42  SITE LOCATION AND HISTORY

Based on the selection criteria described above, Atlas Missile Site 10 in Former Lincoln AFB
was selected for the demonstration located in York, Nebraska (Figure 3).

¥ L}
'thlfulnicipal

Airport by

Former
Lincoln
AFR

Figure 3: Former Lincoln atlas missile site map, York, Nebraska

Site 10 is the former Atlas “F” missile facility operated by the Former Lincoln AFB from 1960
to 1964, which is illustrated in Figure 4. The major structure at the site is the underground
missile silo, which is 174 ft in depth and 52 ft in diameter. Historic operations at the former
missile silo have resulted in TCE concentrations in soil and groundwater which exceed Nebraska
Department of Environmental Quality regulatory standards for chlorinated volatile organic
compounds (CVOCs). Site 10 was deactivated and conveyed to a private individual in 1965.

Between 1999 and 2005, soil investigations were conducted to determine the levels of TCE
concentrations in soil. These investigations were primarily focused on the pathway from the
septic tank to the leach field. The septic system investigation revealed an area measuring
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approximately 8,978 square feet with TCE soil concentrations above the Nebraska Department
of Environmental Quality (NDEQ) remediation goal of 57.0 pg/kg. In 2006, a series of soil
borings were completed at the site by Kemron Environmental Services, Inc. (Kemron) to
investigate TCE concentrations in soil. The locations of these soil borings and their associated
TCE and cis-1,2-DCE concentrations are in soil vapor extraction pilot test report (Kemron,

2007).
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Figure 4: Former atlas missile site map, York, Nebraska (Source: Kemron, 2007)

In August 2007, Kemron installed a soil vapor extraction (SVE) well along with eight
observation wells (Kemron, 2007) as part of a pilot test at the site. The vapor extracted from the
wells was passed through an air/water separator. Generated fluids from the vapor separator were
pumped to a holding tank and from the holding tank to a nearby groundwater treatment system,
which is associated with the same overall remediation effort. Effluent vapors were discharged
into the atmosphere (Kemron 2007; Kemron 2009). This pilot test was conducted in an area
approximately 50 ft northeast of the former missile silo where the greatest TCE concentrations

were found in soil.

Following the pilot test, a full-scale SVE system was completed by installing 39 SVE wells in
September-October 2008, and this system has been operating continuously since this period
(Kemron, 2009). Due to relatively low levels of VOCs extracted by the SVE system, it was
believed that State emissions criteria for VOCs would not be exceeded, which allowed for direct
discharge of emissions to the atmosphere and therefore the SVE system was never equipped with
vapor-phase granular activated carbon (GAC) or any other type of emissions control system.
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Figure 5 shows the area that TCE soil concentrations are above NDEQ remediation goal of 57.0
ug/kg (red line) and the full-scale SVE well locations.
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Figure 5: Soil vapor extraction system map (Source: Kemron, 2009)

43 SITE GEOLOGY/HYDROGEOLOGY

Selected figures and tables from previous site reports in cluding the soil boring logs and SVE

well construction details are summarized in Appendix C. There are four distinct stratiographic
layers typically found onsite:

1) Peorian loess (relatively low permeability)

2) Loveland loess (relatively low permeability)

3) Grand Island Formation (relatively high permeability)
4) glacial deposits (relatively high permeability)

There are four distinct stratiographic layers typically found onsite: Peorian loess, Loveland loess,
the Grand Island Formation, and glacial deposits. During the silo construction, an open cut
excavation was used until groundwater was encountered. This resulted in a bowl shaped
excavation which was approximately 49.5 feet in depth and 325 feet in diameter. Once
construction was complete, the inferred backfill was the stockpiled soil from the excavation. The
resulting composition of the soils around the silo is a mixture of silty clays with lenses of fine to
coarse sands. Two units exist in the vadose zone: upper loess and lower fine sand. The loess
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layer is approximately 50 feet thick with a hydraulic conductivity, K, of approximately
0.005ft/day (1.8x10° cm/s). The sand layer is approximately 15 feet thick, located between
bottom of loess unit and water table with a hydraulic conductivity, K, of approximately 95 ft/day
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Figure 6: Site cross section location map (Source: Kemron, 2007)

During the silo construction, an open cut excavation in the loess was used until groundwater was
encountered. This resulted in a bowl-shaped excavation which was approximately 49.5 feet in
depth and 325 feet in diameter. Once construction was complete, the inferred backfill was the
stockpiled soil from the excavation. The resulting composition of the soils around the silo is a
loess mixture comprised of silty clays with lenses of fine to coarse sands. Figure 6 shows the
cross section location map. The open cut excavation and generalized soil cross sections are
shown in Figure 7 and Figure 8.

44  CONTAMINANT DISTRIBUTION

Detected TCE concentrations in soil ranged from about 1 to 2,000 ug/kg based on the soil
investigations conducted between 1999 and 2006. However, TCE concentrations were expected
to be lower due to operation of the SVE system (Kemron, 2007). The majority of the remaining
mass was believed to be located in the lower permeability loess unit, and concluded that removal
by SVE from these lower-permeability zones was relatively inefficient.
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In addition to the site investigations completed between 1999 and 2005, a series of soil borings
were completed at the site in 2006 by Kemron to further investigate TCE concentrations in soil.
The locations of these soil borings and their associated TCE concentrations are shown in
Appendix C. Soil concentrations of TCE and cis-1,2-DCE at three depth intervals are illustrated
in Figure 9.

Highest soil TCE concentration of 2,090 pg/kg was found at depth of 50 ft-bgs in boring LA10-
SB06-103 at the northeast of the silo. Subsequently, the area around soil boring LA10- SB06-103
was further delineated to reveal an area of approximately 10,275 square feet which has TCE soil
concentrations above the NDEQ remediation goal of 57.0 ug/kg. During the soil investigation,
samples were collected at 20, 30, 40, and 50 feet below ground surface (bgs). A majority of the
TCE soil exceedences were found in samples collected between 40 and 50 feet bgs, which is the
transition zone between loess layers and the high permeability Grand Island formation. This data
is illustrated in Figure C2 and Table C1.

Based on TCE and cis-1,2-DCE concentrations in soil during 2006 investigation (Table C1), two
areas around the Silo were identified as potentially appropriate locations for further
investigation: one at the east-northeast of the Silo (for example, see LA10-SB06-110, LA10-
SB06-116, and LA10-SB06-122) and one around the southwest side of the Silo (for example, see
SB05-33, SB05-34, and SB05-36).

To determine which of the two candidate locations were best suited for the current
demonstration, additional soil vapor monitoring and sampling programs were conducted on July
27 and August 30, 2010. Soil vapor monitoring consisted of recording oxygen, carbon dioxide,
methane, and LEL readings on-site using a GEM2000 landfill gas monitor. Soil vapor sampling
consisted of the collection of vapor samples in Tedlar bags for off-site analysis. Off-site analysis
included VOC analysis using HAPSITE ER portable Gas Chromatograph/Mass Spectrometer
(GC/MS). Samples were collected from all 39 SVE wells.

The data showed that:
e the highest soil vapor TCE concentrations were found at the east-northeast side of the silo
(72,500 ppbv at SVE well LA10-SVE08-07);
e the highest soil vapor cis-1,2-DCE concentration were found at the east-northeast side of
the silo (33,900 ppbv at SVE well LA10-SVE08-07);
e typical oxygen concentrations were lowest near the east-northeast side of the silo, and
typically ranged from 8.4 to 18.8 % oxygen.

Results of soil vapor sampling programs conducted in July and August 2010 are summarized in
Appendix B. The locations of the SVE wells and their associated COC concentrations in soil
vapor during July 2010 sampling program are shown in Figure B1l. Table B1 and B3
summarize the analytical data for the samples collected during July and August 2010 sampling
programs, respectively. Table B2 and B4 summarize the results of the soil vapor monitoring for
05, CO,, and CHy during July and August 2010 sampling programs, respectively.

Analytical data for the samples collected during August 2010 sampling program (35 days after
the SVE system was shut off) generally showed increasing concentrations for TCE and cis-1,2-
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DCE concentrations in soil vapor relative to the July 2010 event (10 days after the SVE system
was shut off). As expected, higher cis-1,2-DCE concentrations were observed in the same area
where oxygen levels were relatively low (e.g., 10-15%). Based on the TCE and cis-1,2-DCE
concentrations and lower oxygen levels at York site in the SVE wells on the east-northeastern
side of the Silo (e.g., LA10-SVE08-07, LA10-SVE08-08, LA10-SVEO08-11, LA10-SVE08-14,
and LA10-SVEO08-18), the area east-northeast of the Silo was selected as the location to perform
H,T Pilot Test.
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5.0 TEST DESIGN

This section provides the detailed description of the H,T system design and the different phases
of testing conducted during the demonstration.

5.1 CONCEPTUAL EXPERIMENTAL DESIGN

The primary goal of this demonstration was to field-test hydrogen-based treatment (H,T) of
unsaturated zones and determine the cost, regulatory acceptance, safety, and performance of the
H,T process. With H,T, a mixture of nitrogen (N,) gas and gaseous electron donors (hydrogen
(H2), propane (C3Hs), and carbon dioxide (CO,) was injected through a series of widely spaced
injection points. The hydrogen drives in-situ biodegradation by dechlorinating bacteria,
transforming contaminants to innocuous daughter products such as ethene or ethane.

An approximately 6-month bench-scale microcosm study was also conducted to better
understand the extent to which reductive dechlorination of TCE would occur using the Site
vadose-zone soils and increase insight on the optimal gaseous electron donor mixture to be used

in the demonstration. The report of the treatability study is in Appendix E.

The demonstration was conducted in four phases
as illustrated in Figure 10. Pre-treatment
characterization was conducted in Phase 1 using
direct push techniques to evaluate the contaminant
concentrations and soil characteristics. ~ The
baseline  characterization activities included
drilling of 36 boreholes, collection of soil samples,
and installation of multi-level monitoring points.
The samples were analyzed for soil characteristics
and contaminant concentrations.

Phase 2 involved the design and construction of
gas mixture injection skid and underground piping.
The injection skid consisted of piping, pressure
and flow measurement gages, safety equipment,
process control system, and gas cylinders that were
connected to the piping manifold on the skid and
injection wells at the site. The gas vendor replaced
the all gas supply containers (i.e., re-fill the liquid
N, and LPG tanks and replace the H, and CO,
cylinders) as needed, mostly on the order of every
week or every few weeks. Gas mixture was
injected in a steady state mode with a constant
low-flowrate gas stream (i.e., total flowrate <1
scfm).
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Pre-Test Characterization

- Injection/Monitoring well installation
- Sampling and analysis

{

Phase 2
Gas Mixture Injection

- Construct injection skid and piping system
- Tracer and treatability tests

{

Phase 3
Process Monitoring

- Sampling and analysis
- Modify the injection/sampling (if needed)

{

Phase 4
Post-Bioremediation Characterization

- Sampling and analysis
- Evaluate Project Objectives

Figure 10: Demonstration phases
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Tracer test was conducted in Phase 2 to verify injection and monitoring wells performances and
to characterize gas transport in the vadose zone. The tracer gas was a mixture of nitrogen
(approximately 90%) and helium (approximately 10%) gases. The generated data from tracer test
was used to demonstrate potential ROl without biological uptake, as well as to identify the
presence of preferential pathways.

Phase 3 involved an approximately 6-month operation and process monitoring period of the H,T
system. Monitoring of the influence of the hydrogen delivery approach on bioremediation
processes relative to the control condition was achieved through the collection of soil vapor
samples from all monitoring and injection wells. Sample analysis included concentrations of
contaminants, daughter products, oxygen, and hydrogen. Soil gas samples were collected to
verify system operation and quantify TCE, cis-1,2-DCE, and VC degradation.

Phase 4 consisted of post-treatment sampling, data analysis tasks, and writing the final project
report. Soil samples were collected at the end of the treatment period (as determined based on
process monitoring data), to compare to the soil concentrations measured in the pre-treatment
(Phase 1) samples. Process monitoring data was evaluated in terms of the stated project
objectives. Specifically, the collection of spatial and temporal data provided a means of
evaluating the rate of the injected gas mixture transport and distribution within the treatment
zone, as well as its effect on the rate of dechlorination. The chlorinated solvent removal rate as
well as the duration of the potential enhancement effect provided by the gas mixture was
evaluated using this dataset.

5.2 BASELINE CHARACTERIZATION ACTIVITIES

This section presents the baseline characterization activities that occurred in May 2011. These
activities included drilling of 36 boreholes, collection of soil and soil vapor samples, and
installation of nine injection wells and 27 monitoring points. The samples were analyzed for soil
characteristics, nutrient and bacterial concentrations, and VOC concentrations.

5.2.1 Injection and Monitoring Point Installation

Gas injection and vapor monitoring points were installed as shown in Figure 11 and Figure 12.
A total of nine injection points (i.e., three clusters of three holes at different depths) and 27
monitoring points (i.e., nine clusters of three holes at different depths) were installed for the
demonstration. Well construction details are summarized in Table 5.

Injection Point Installation: A total of nine injection points (i.e., three different locations and
three holes at three different depths at each location) were installed for the demonstration. The
design concept is based on three injection locations arranged in an equilateral triangle with an
inter-well spacing of approximately 30 ft. The three injection points in each cluster were
approximately 2-3 feet apart. A total of three gas injection points were installed at each cluster
location using traditional direct-push technique that generates intact soil cores. The three
injection points in each cluster were equally spaced vertically in the vadose zone at depths of 20,
30 and 40 feet below ground surface. The deep gas injection point was logged and soil samples
were collected from this borehole. The shallow and intermediate injection points were advanced
with no sample collection or logging.
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Figure 13: Example construction specifications for multi-level gas injection points

A generalized injection well design is depicted in Figure 13. Details of the boring logs and well
construction are included in Appendix D. Injection wells were constructed with 3/4-inch
diameter schedule 40 PVC with 6 inches of 0.020 inch (0.020") slotted pre-packed well screen.
Annular materials included a sand filter pack (No. 3 Monterey Sand or equivalent), a bentonite
chip seal, and a cement grout surface seal. Annular materials were installed by pouring the
materials into the annular space outside the well casing. The bentonite chips were hydrated to
create an annular seal. Depths were tagged periodically to ensure the materials were installed at
the specified depths. Each well was completed with an 18”-diameter x 18”-deep flush mount
man-way, individually installed with concrete pads. Upon completion, the 3/4-inch PVC casing
was sealed from atmospheric air using a tight fitting PVC slip cap that was replace by the
injection well-head fitting during the gas injection skid installation.

Final Report: Enhanced Attenuation of January 2013

Unsaturated Chlorinated Solvent Source Zones 54 ER-1027
Using Direct Hydrogen Delivery



Flush-mount
Flush-mounted cover
concrete pad |

Flush-mount—
subsurface casing
(7"-dia. x 10" deep)

3/4-in. PVC riser
casing (to protect
3/16 in. NylaFlow
tubing)

15 ft bgs —

SHEUASJINES
sampling probe

Z—— 2% in. dia hole

3/16 in. NylaFlow
tubing

— 6-in Stainless steel
vapor implant

30 ftbgs ——

Intermediate soil
gas sampling probe

NOT DRAWN TO SCALE

Cement grout

Bentonite seal 45 ft bgs —
Deep soil gas
Sand pack sampling probe

Figure 14: Example construction specifications for multi-level vapor sampling points

Monitoring Point Installation: Soil gas sampling points were installed in the sample point
clusters as schematically shown in Figure 14. Soil vapor sampling wells were completed at
varying depths above the water table (e.g., shallow, intermediate, deep). A total of three soil gas
points were installed at each cluster using traditional direct-push technique that generates intact
soil cores. The three soil gas points in each cluster were equally spaced vertically in the vadose
zone at depths of 15, 30 and 45 feet below ground surface. The deep soil gas sampling point was
logged and soil samples were collected. The shallow and intermediate soil gas sampling points
were advanced with no sample collection or logging. Injection and monitoring well construction
details are summarized in Table 5.

Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones 55 ER-1027
Using Direct Hydrogen Delivery



Table 5: Summary of well construction details

Well ID Date Injection/ Well Total | Diameter | Sand | Screen
Monitoring Type Depth (inches) Pack | Interval
Zone (ft-bgs) (ft-bgs) | (ft-bgs)
IW-1S 05/10/12 | Shallow Injection 20 3/4 18.5-20 | 19-19.5
IW-1M 05/10/12 | Intermediate Injection 30 3/4 28.5-30 | 29-29.5
IW-1D 05/10/12 | Deep Injection 40 3/4 38.5-40 | 39-39.5
IW-2S 05/10/12 | Shallow Injection 20 3/4 18.5-20 | 19-19.5
IW-2M 05/10/12 | Intermediate Injection 30 3/4 28.5-30 | 29-29.5
IW-2D 05/10/12 | Deep Injection 40 3/4 38.5-40 | 39-39.5
IW-3S 05/10/12 | Shallow Injection 20 3/4 18.5-20 | 19-19.5
IW-3M 05/10/12 | Intermediate Injection 30 3/4 28.5-30 | 29-29.5
IW-3D 05/10/12 | Deep Injection 40 3/4 38.5-40 | 39-39.5
MW-1S 05/09/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-145
MW-1M | 05/09/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-1D | 05/09/12 | Deep Monitoring 45 3/16 43.5-45 | 44-44.5
MW-2S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-14.5
MW-2M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-2D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-44.5
MW-3S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-145
MW-3M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-3D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-445
MW-4S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-14.5
MW-4M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-4D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-44.5
MW-5S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-14.5
MW-5M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-5D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-445
MW-6S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-145
MW-6M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-6D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-445
MW-7S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-14.5
MW-7M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-7D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-44.5
MW-8S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-145
MW-8M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-8D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-445
MW-9S 05/10/12 | Shallow Monitoring 15 3/16 13.5-15 | 14-145
MW-9M | 05/10/12 | Intermediate | Monitoring 30 3/16 28.5-30 | 29-29.5
MW-9D | 05/10/12 | Deep Monitoring 45 3/16 43.5-45 | 44-445

The soil gas sampling points were constructed of stainless steel vapor implant points attached
securely to 3/16-inch Nylaflow tubing and lowered to the bottom of the borehole. A sand pack
using U.S. mesh interval 20/40 sand were installed to approximately 6 inches above the vapor
implant point. The remainder of the borehole was filled with bentonite chips to the ground
surface and hydrated to create an annular seal. To protect the Nylaflow tubing, the tubing was
encased within schedule 40 PVC pipe above the sand pack. Annular materials were installed by
pouring the materials into the annular space between the well casing and the wash-over casing as
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well as inside the PVC casing around the Nylaflow tubing. Upon completion, the 3/16-inch
Nylaflow tubing was sealed from atmospheric air using a three-way syringe valve that was used
later for vapor sampling. Each well was completed with a 7”-diameter x 10”-deep flush mount
man-way, individually installed with concrete pads. For all the injection and monitoring points,
the temperature of the new concrete pads was kept above 50°F (10°C) during the curing period.
Locations of the installed injection and monitoring points are shown in Figure 15.

_'.im';.:..f S

North-west facing view West facing view

Figure 15: Location of the installed injection and monitoring wells

Based on historic generator knowledge (previous analytical data) the soils were not hazardous
waste (>10,000 pg/kg). In the state of Nebraska, any soils that are below the Preliminary
Remediation Goal (PRG) of 80 pg/kg of TCE may be disposed directly on the surface. The soil
cuttings were characterized and managed in accordance with applicable regulations. Both gas
injection and vapor monitoring points were registered in the state of Nebraska.

5.2.2 Soil and Vapor Sampling and Analysis

The deep soil gas injection and monitoring points in each cluster were logged and soil samples
were collected from this borehole. Each deep borehole was continuously cored from ground
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surface to total depth. The cores were logged by a GSI geologist in accordance with ASTM D
2488 standard. Soil cores were logged in accordance with the USCS classification guidelines.
During soil core logging, special attention was given to the soil type and moisture content of the
vadose soils. The shallow and intermediate soil gas sampling points were advanced with no
sample collection or logging. Figure 16 shows a sample picture of the soil cores used for soil
logging and sample collection.

Figure 16: Logging and soil sample collection

Soil samples collected during monitoring point installation were representative of baseline
conditions before gas injection. Core samples were screened in the field for volatile organic
compounds (VOCs) by placing a portion of the sample into a zip-lock bag, waiting
approximately 10 minutes, placing the tip of a photoionization detector (PID) into the bag, and
then taking a measurement. Results of the PID readings can be found in the boring log sheets in
Appendix D. Soil samples for VOC and moisture content analyses were collected from all 12 soil
borings. Soil samples from each of the 12 Geoprobe holes were collected at 10-foot intervals
(i.e., 4 soil samples from each hole) at depths of approximately 10, 20, 30, and 40 ft-bgs.
Samples were placed in 4-0z glass jars (total of 48 samples) to be tested for VOC and moisture
content. Figure 19 and Figure 20 show the cross-sections from the pre-characterization phase.

5.2.3 Baseline Characterization Results

Soil Samples: Analytical results from the soil sampling are summarized in Table 6. Figure 17
illustrates the ratio of TCE to cis-1,2-DCE throughout the H,T demonstration area. Analytical
results (e.g., five VOCs and moisture content) from the soil sampling are summarized in Figure
18.

The primary constituents of concern are chlorinated solvents, including TCE and cis-1,2-DCE.
These constituents are present in soil, and ranged from <6.0 to 1,200 pg/kg for TCE and from
<5.9 to 2,100 pg/kg for cis-1,2-DCE. These results are consistent with the results of the previous
soil investigation during the SVE pilot study from 2004-2006 (Kemron, 2007), that generally
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ranged from <3.7 to 2,090 pg/kg for TCE and from <3.6 to 1,560 pg/kg for cis-1,2-DCE, with
the difference that cis-1,2,-DCE was found at higher concentrations than TCE in the most recent
sampling. 26 out of 48 soil samples (e.g., 12 points and 4 depths each) have TCE concentrations
above the Nebraska Department of Environmental Quality (NDEQ) remediation goal of 57.0
ug/kg. Soil samples were also tested for trans-1,2-DCE, Vinyl Chloride, and 1,1,1-
trichloroethane (1,1,1-TCA). trans-1,2-DCE concentrations ranged from <5.9 to 73 pg/kg. Vinyl
Chloride and 1,1,1-TCA were not detected in any of the soil samples.

Three of the Geoprobe borings (i.e., IW-3, MW-2, and MW-5) were selected to collect soil
samples for further analyses of grain size distribution, soil pH, nutrients (i.e., NO3-N, P), and
quantitative polymerase chain reaction (QPCR) testing (i.e., Gene-Trac Dhc and Gene-Trac VC).
Soil samples from each of the selected three Geoprobe borings were collected at 15-foot intervals
(i.e., 3 soil samples from each hole) at depths of approximately 10, 25, and 40 ft-bgs. Samples
were placed in 4-o0z plastic jars (9 samples for gPCR testing), 4-0z plastic jars (9 samples for
grain size distribution analysis), and 8-0z plastic jars (9 samples for pH and Nutrient tests).

B g pmem B § BEE B
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Figure 17: Soil sampling results — TCE and cis-1,2-DCE
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Table 6: Soil analytical results, pre-treatment characterization phase, May 2011

Sample ID Date Depth TCE cis-1,2- trans- VC 1,1,1- Moisture
(ft-bgs) DCE 1,2-DCE TCA Content (%)
IW-1-10 09-May-11 10 <0.59 <0.59 <0.59 <0.59 <0.59 15.8
IW-1-20 09-May-11 20 10 15 <0.6 <0.6 <0.6 16.7
IW-1-30 09-May-11 30 71 450 <0.63 <0.63 <0.63 20.6
IW-1-40 09-May-11 40 11 9.5 <0.6 <0.6 <0.6 17.1
IW-2-10 09-May-11 10 <0.59 <0.59 <0.59 <0.59 <0.59 15.3
IW-2-20 09-May-11 20 <0.6 421 <0.6 <0.6 <0.6 16.4
IW-2-30 09-May-11 30 190 410 21 <0.63 <0.63 21.0
IW-2-40 09-May-11 40 210 140 <0.62 <0.62 <0.62 19.3
IW-3-10 09-May-11 10 <0.6 25 <0.6 <0.6 <0.6 16.6
IW-3-20 09-May-11 20 <0.62 470 15 <0.62 <0.62 19.6
IW-3-30 09-May-11 30 34 35 <0.61 <0.61 <0.61 18.1
IW-3-40 09-May-11 40 <0.6 15) <0.6 <0.6 <0.6 16.2
MW-1-10 09-May-11 10 <0.59 <0.59 <0.59 <0.59 <0.59 15.8
MW-1-20 09-May-11 20 2.4 3.7] <0.61 <0.61 <0.61 18.4
MW-1-30 09-May-11 30 1,000 640 14 <0.63 <0.63 204
MW-1-40 09-May-11 40 1,200 1,300 7.8 <0.63 <0.63 21.0
MW-2-10 10-May-11 10 <0.6 <0.6 <0.6 <0.6 <0.6 16.3
MW-2-20 10-May-11 20 67 120 5 <0.6 <0.6 16.8
MW-2-30 10-May-11 30 <0.63 610 2.8 <0.63 <0.63 21.0
MW-2-40 10-May-11 40 14 5.0J <0.61 <0.61 <0.61 17.9
MW-3-10 10-May-11 10 <0.61 <0.61 <0.61 <0.61 <0.61 175
MW-3-20 10-May-11 20 24 470 9.1 <0.61 <0.61 18.2
MW-3-30 10-May-11 30 57 730 11 <0.62 <0.62 19.0
MW-3-40 10-May-11 40 960 620 7.3 <0.63 <0.63 20.3
MW-4-10 09-May-11 10 <0.6 <0.6 <0.6 <0.6 <0.6 16.1
MW-4-20 09-May-11 20 95 220 <0.61 <0.61 <0.61 18.2
MW-4-30 09-May-11 30 <0.64 230 <0.64 <0.64 <0.64 22.0
MW-4-40 09-May-11 40 8.4 7.4 <0.61 <0.61 <0.61 18.5
MW-5-10 10-May-11 10 <0.6 8.1 <0.6 <0.6 <0.6 16.6
MW-5-20 10-May-11 20 110 73 9.5 <0.59 <0.59 15.2
MW-5-30 10-May-11 30 23 38 <0.61 <0.61 <0.61 18.5
MW-5-40 10-May-11 40 190 65 <0.63 <0.63 <0.63 20.1
MW-6-10 10-May-11 10 <0.6 <0.6 <0.6 <0.6 <0.6 16.2
MW-6-20 10-May-11 20 <0.62 <0.62 <0.62 <0.62 <0.62 19.7
MW-6-30 10-May-11 30 21 38 <0.62 <0.62 <0.62 19.6
MW-6-40 10-May-11 40 12 <0.61 <0.61 <0.61 <0.61 17.7
MW-7-10 10-May-11 10 <0.61 <0.61 <0.61 <0.61 <0.61 175
MW-7-20 10-May-11 20 <0.61 19 <0.61 <0.61 <0.61 17.4
MW-7-30 10-May-11 30 7.3 38 <0.61 <0.61 <0.61 18.3
MW-7-40 10-May-11 40 61 24 <0.62 <0.62 <0.62 19.5
MW-8-10 10-May-11 10 <0.62 <0.62 <0.62 <0.62 <0.62 18.8
MW-8-20 10-May-11 20 <0.61 <0.61 <0.61 <0.61 <0.61 17.9
MW-8-30 10-May-11 30 35 2.6 <0.63 <0.63 <0.63 20.2
MW-8-40 10-May-11 40 <0.61 <0.61 <0.61 <0.61 <0.61 18.1
MW-9-10 10-May-11 10 <0.6 291 <0.6 <0.6 <0.6 16.8
MW-9-20 10-May-11 20 37 2,100 73 <0.6 <0.6 16.4
MW-9-30 10-May-11 30 62 19 <0.61 <0.61 <0.61 18.1
MW-9-40 10-May-11 40 10 6.6 <0.62 <0.62 <0.62 19.8

Note: Soil concentrations are in pg/kg-dry.

Sample jars were sealed in zip-lock bags which were placed in an ice-chilled cooler prior to
shipment to the lab. Table 7 summarizes the analytical results of soil samples tested for grain
size distribution, pH, nutrients (NO3-N, Phosphorus), and DHC bacteria.
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Table 7: Soil sampling results, pre-treatment characterization phase, May 2011

Sample ID IW-3-10 IW-3-25 1W-3-40 MW-2-10 | MW-2-25 | MW-2-40 | MW-5-10 | MW-5-25 | MW-5-40
Depth, ft 10 25 40 10 25 40 10 25 40
Soil Type Silt Silt Silt Silt Silt Silt Silt Silt Silt
%Fine Sand 8.27 2.64 8.77 5.19 5.97 0.80 9.35 2.37 1.27
% Silt 70.54 72.38 68.16 72.73 72.49 76.40 68.88 72.86 75.90
% Clay 21.19 24.99 23.07 22.08 21.54 22.80 21.75 24,77 22.83
Median Grain Size, mm 0.023 0.018 0.021 0.022 0.024 0.021 0.023 0.018 0.021
Mean Grain Size, mm 0.016 0.013 0.015 0.015 0.016 0.014 0.016 0.013 0.014
pH 7.8 7.9 7.9 7.6 8.2 8.1 8.0 8.2 7.7
Organic Matter (%) 1.3 1.0 1.0 1.2 1.2 1.2 1.1 1.1 1.2
Nitrate-N, ppm 0.8 0.4 0.5 14 0.7 0.5 0.5 0.6 0.7
Phosphorus (P1), ppm™ 18 15 15 15 10 10 14 14 16
Phosphorus (Bicarb), ppm 11 8 9 10 6 6 8 7 9
Phosphorus (P2), ppm 169 256 92 200 237 256 190 204 277
Phosphorus (M2), ppm 17 17 15 14 10 11 13 14 17
Phosphorus (M3), ppm 25 40 21 25 24 25 25 18 40
0.00008- 0.0004-
0,
% Dhc* NA NA 0.0002 NA NA NA NA NA 0.001
Dehalococcoides 8x10°U | 9x10°U | 1x10°J | 7x10°U | 1x10°U | 1x10°U | 9x10°U | 9x10°U | 4x10°)
Enumeration/Gram
r?g’)'é“ Concentration in Sample (extractable), 3371 3344 2859 2563 4397 3127 3005 2145 2131
PCR Amplifiable DNA Detected ND Detected Detected Detected Detected Detected ND Detected
0.0003-
0, - - - - - - -
% VCrA*** NA 0.001
Vinyl Chlgrlde Reductase (vcrA) i i 1x10* U i i i i i 3x10% J
Gene Copies/Gram
r[})gl;léﬁ\ Concentration in Sample (extractable), i i 2859 i i i i i 2131
PCR Amplifiable DNA - - Detected - - - - - Detected

* Percent Dehalococcoides (Dhc) in microbial population. This value is calculated by dividing the number of Dhc 16S ribosomal ribonucleic acid (rRNA) gene copies by the total number of bacteria as
estimated by the mass of DNA extracted from the sample. Range represents normal variation in Dhc enumeration and U corresponds to below detection limit for gPCR.

** Based on quantification of Dhc 16S rRNA gene copies. Dhc are generally reported to contain one 16S rRNA gene copy per cell; therefore, this number is often interpreted to represent the number
of Dhc cells present in the sample.

*** Percentage of bacteria in the microbial population that harbor the vcrA gene. This value is calculated by dividing the measured number of cells haboring the vinyl chloride reductase A (vcrA ) gene
by the total number of bacteria in the sample estimated using the mass of DNA extracted from the sample. Range represents normal variation in enumeration of vcrA.

**** Phosphorous (P1) or weak Bray test measures phosphorus which is readily available to the plants, Phosphorus (Bicarb) test measures the amount of readily available phosphorus in slightly basic
(pH of 7.0 - 7.2) to highly basic soils (pH >7.3r), Phosphorus (P2) or strong Bray test measures readily available phosphorus plus a part of the reserve phosphorus in soil, Phosphorus (M2) and
Phosphorus (M3) use a number of acids to extract the soil phosphorus whereas the Bray test uses weak HCI.
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Vapor Samples: Samples of soil gas from the 27 monitoring points were collected and analyzed
for oxygen, carbon dioxide, methane, LEL, relative humidity, and temperature using field
instruments. Temperature and relative humidity were measured using an Amprobe THWD-5
relative humidity and temperature meter. Barometric pressure and atmospheric (above-ground)
concentrations of flammable gases were monitored with GEM2000 landfill gas monitor. Figure
21 shows the vapor sampling and monitoring. Results of soil vapor monitoring are summarized
in Table 8. The soil vapor monitoring results were consistent with the results of the previous two
soil vapor monitoring events in July and August of 2010.

Samples of gas from the monitoring points were collected in three 22-ml glass vials per sampling
point using sampling kit (vials and syringes) provided by Vaportech. Total of 27 vapor samples
from the monitoring points, 6 vapor sample duplicates (i.e., MW-1 and MW-9), and two field
blanks (ambient air from upwind and downwind) were collected. The soil vapor samples,
duplicates, and blanks were shipped to Vaportech lab to be analyzed for concentrations of
contaminants and daughter products. During the well completion and prior to sampling, the soil
gas points were fitted with a sealing device (three-way syringe valve) to prevent atmospheric air
from entering the tubing.

Figure 21: GEM2000 readings and vapor sampling

Analytical results of the soil vapor sampling are summarized in Table 9. Soil vapor samples
were tested for TCE, cis-1,2-DCE, trans-1,2-DCE, Vinyl Chloride, and 1,1,1-TCA. TCE
concentrations ranged ND-180.9 ppmv and cis-1,2-DCE concentrations ranged ND-157.9 ppmv.
Vapor samples were also tested for trans-1,2-DCE, Vinyl Chloride, and 1,1,1-TCA. trans-1,2-
DCE concentrations ranged between ND-8.6 ppmv. Vinyl Chloride was not detected in any of
the samples and 1,1,1-TCA was only found in MW-2D at a concentration of 0.006 ppmv. Figure
22 illustrates the ratio of TCE to cis-1,2-DCE in the H,T monitoring wells.
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Table 8: Soil vapor monitoring results using GEM2000 LGM, pre-treatment characterization phase, May 2011

Barometric | Relative Relative Ambient Ambient Rel.
Well ID CH4 | CO2 02 Balance LEL Pressure Pressure | Temperature | Humidity | Temperature Humidity
% % % % % inches Hg In- H20 Deg. F [-] Deg. F [-]

MW-1S 0.0 3.8 15.2 81.0 0.0 28.10 -0.29 70.5 56.0 66.2 42.8
MW-1M 0.0 2.2 16.5 81.3 0.0 28.10 -0.30 72.6 60.7 66.7 42.6
MW-1D 0.2 6.0 5.9 87.9 4.0 28.10 -0.30 72.8 57.2 66.1 42.9
MW-2S 0.0 4.3 14.9 80.8 0.0 28.15 -0.21 72.1 57.0 64.9 43.9
MW-2M 0.1 1.6 13.2 85.1 2.0 28.15 -0.24 73.2 55.1 65.2 42.4
MW-2D 0.2 3.0 14.1 82.7 4.0 28.16 -0.26 73.6 56.9 65.0 42.5
MW-3S 0.0 4.7 14.9 80.4 0.0 28.14 -0.40 73.2 56.8 66.7 434
MW-3M 0.1 1.6 17.6 80.7 2.0 28.14 -0.46 73.1 56.2 66.3 440
MW-3D 0.0 2.3 18.0 79.7 0.0 28.15 -0.50 76.2 57.8 66.5 42.4
MW-4S 0.0 3.1 13.7 83.2 0.0 28.16 -0.32 73.0 56.8 65.4 43.9
MW-4M 0.1 1.2 15.7 83.0 2.0 28.15 -0.35 74.8 57.2 65.4 43.6
MW-4D 0.2 2.7 15.2 81.9 4.0 28.14 -0.36 75.5 60.0 65.5 42.7
MW-5S 0.0 3.6 17.1 79.3 0.0 28.14 -0.55 74.3 56.2 66.4 42.2
MW-5M 0.2 0.9 16.3 82.6 4.0 28.13 -0.55 75.0 58.5 66.0 43.3
MW-5D 0.0 2.0 17.9 80.1 0.0 28.13 -0.56 76.6 59.2 66.0 43.2
MW-6S 0.0 3.2 17.4 79.4 0.0 28.13 -0.58 73.2 55.4 66.5 42.6
MW-6M 0.1 1.9 18.3 79.7 2.0 28.13 -0.54 73.5 58.6 66.8 43.1
MW-6D 0.0 14 19.1 79.5 0.0 28.13 -0.50 73.8 57.9 67.1 43.7
MW-7S 0.0 11 18.5 80.4 0.0 28.12 -0.46 70.1 57.6 68.2 43.7
MW-7M 0.0 1.0 17.6 814 0.0 28.12 -0.44 72.8 57.1 68.4 42.3
MW-7D 0.0 1.2 18.9 79.9 0.0 28.12 -0.44 74.9 59.2 67.9 42.2
MW-8S 0.0 0.7 19.3 80.0 0.0 28.10 -0.29 68.2 59.5 67.2 42.7
MW-8M 0.0 2.1 194 78.5 0.0 28.10 -0.30 69.7 55.5 67.4 43.0
MW-8D 0.0 0.2 195 80.3 0.0 28.11 -0.30 714 55.7 67.3 42.9
MW-9S 0.0 2.9 13.6 83.5 0.0 28.10 -0.19 69.4 55.3 66.3 42.1
MW-9M 0.1 0.5 16.7 82.7 2.0 28.10 -0.19 69.8 55.6 65.7 43.8
MW-9D 0.0 2.0 17.8 80.2 0.0 28.11 -0.22 70.8 56.4 65.0 43.4
Typical Accuracy: 0-5% volume 5-15% volume 15%-FS Range
CH4 +0.3% +1% +3% (-100%) 0-70% to specification, 0-100% reading.
CcO2 +0.3% +1% +3% (-60%) 0-40% to specification, 0-100% reading.
02 +1% +1% +1% (-21%) 0-25% to specification, 0-100% reading.

Final Report: Enhanced Attenuation of January 2013

Unsaturated Chlorinated Solvent Source Zones 66 ER-1027

Using Direct Hydrogen Delivery




Table 9: Soil vapor monitoring results, pre-treatment characterization phase, May 2011

trans-
Cis-1,2- 1,2- 1,1,1-
SAMPLENAME | TCE | PQL | DCE |PQL| DCE |PQL| VC |PQL| TCA | PQL
MW-1S ND | 0.005 ND | 0.01 ND | 0.01|ND 1 ND | 0.005
MW-1M 180.865 | 0.005| 14574 001| 521 0.01]ND 1 ND | 0.005
MW-1D 132940 | 0005| 4677] 001| 862 0.01]ND 1 ND | 0.005
MW-1S-DUP ND | 0.005 ND | 0.01 ND | 0.01]ND 1 ND | 0.005
MW-1M-DUP 179.424 | 0.005| 14165] 001| 517 | 0.01|ND 1 ND | 0.005
MW-1D-DUP 123.057 | 0005 4332] 001| 8.02| 0.01]ND 1 ND | 0.005
MW-2S 0.010 | 0.005 023] 001 005]| 0.01]ND 1 ND | 0.005
MW-2M 8.404 | 0.005| 157.93| 0.01| 6.03| 001|*ND | 3 ND | 0.005
MW-2D 18590 | 0.005| 2142] 001| 1.08| 0.01]ND 1 0.006 | 0.005
MW-3S 0.014 | 0.005 046 | 0.01| 0.08]| 0.01]ND 1 ND | 0.005
MW-3M 67.374 | 0005| 11776 | 0.01| 4.22| 001 |*ND | 2 ND | 0.005
MW-3D 35876 | 0.005| 1354| 001| 068 ] 0.01|ND 1 ND | 0.005
MW-4S 0493 | 0005| 5385| 001] 416| 001 |ND 1 ND | 0.005
MW-4M 1747 0005| 6964 001| 261] 001L]*ND | 2 ND | 0.005
MW-4D 14890 | 0.005| 1508] 001| 1.07| 0.01|ND 1 ND | 0.005
MW-5S ND | 0.005 775] 001| 069 0.01]ND 1 ND | 0.005
MW-5M 13782 | 0005 2444] 001| 089 0.01]ND 1 ND | 0.005
MW-5D 2.915 | 0.005 093] 001 013] 0.01]ND 1 ND | 0.005
MW-6S 0.045 | 0.005 992 001| 1.01| 0.01]ND 1 ND | 0.005
MW-6M 3.003| 0005| 18.21] 0.01| 092| 001 |ND 1 ND | 0.005
MW-6D 0.178 | 0.005 0.02 | 0.01 ND | 0.01]ND 1 ND | 0.005
MW-7S 0.010 | 0.005 141] 001| 020] 001]ND 1 ND | 0.005
MW-7M * 2256 | 0010| 16.75] 0.02] 074] 0.02 | ND 2 ND | 0.010
MW-7D 1.467 | 0.005 054 001 006 0.01]ND 1 ND | 0.005
MW-8S ND | 0.005 ND | 0.01 ND | 0.01]ND 1 ND | 0.005
MW-8M 0575 | 0.005 040 001| 0.03]| 0.01]ND 1 ND | 0.005
MW-8D 0.024 | 0.005 0.02 | 0.01 ND | 0.01]ND 1 ND | 0.005
MW-9S ND| 0005| 93.04] 001] 439] 001|ND 1 ND | 0.005
MW-9M 16.946 | 0.005| 10.85] 001| 245| 0.01|ND 1 ND | 0.005
MW-9D 7.554 | 0.005 297 001 053] 0.01]ND 1 ND | 0.005
MW-9S DUP * 0005 | 0010 | 107.05| 0.02| 491| 0.02 | ND 2 ND | 0.010
MW-9M DUP 17.764 | 0005 1098] 001| 249 0.01]ND 1 ND | 0.005
MW-9D DUP 5.945 |  0.005 976 | 0.01| 0.63]| 0.01]ND 1 ND | 0.005
FB#1-UPWIND ND | 0.005 ND | 0.01 ND | 0.01]ND 1 ND | 0.005
FB#2-DOWNWIND ND | 0.005 ND | 0.01 ND | 0.01]ND 1 ND | 0.005

TCE: Trichloroethene, cis-1,2-DCE: cis-1,2-Dichloroethene, trans-1,2-DCE: trans-1,2-Dichloroethene, VC: Vinyl Chloride,
1,1,1-TCA, 1,1,1-Trichloroethane. All concentrations are in ppmv.

PQL - denotes lower 'Practical Quantitation Limit'

ND - 'Not Detected' at or above the lower practical quantitation limit
* Sample received with insufficient pressure for analysis. The sample was repressurized diluting the sample by a factor of 2.

Analytical results were then multipiled to correct for the dilution.
** PQL was raised due to interfering unidentified compound.
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Figure 22: Soil vapor sampling results — TCE and cis-1,2-DCE

5.3 DESIGN AND INSTALLATION OF GAS INJECTION SYSTEM

The injection skid consisted of piping, gages, safety equipment, process control system, and gas
cylinders that were connected to the piping manifold and injection wells at the site. Gas vendors
replaced the gas supply containers (either compressed gas cylinders or liquid gases), as needed
based on the readings during the weekly operation and maintenance (O&M), typically on the
order of every week or every few weeks. Adjustments to these design parameters were made if
necessary based on site-specific conditions and the review of the system performance. Gas
mixture was injected in a steady state mode with a constant low-flowrate gas stream (i.e.,
approximately 0.28 scfm per injection point).

Table 10 lists gas supply equipment and general specifications. The gas injection system was
designed to allow injection of a mixture of nitrogen, hydrogen, propane, and carbon dioxide.
Provisions for injection of helium as a tracer were also included.

Table 10: Gas supply equipment

Tag Description Specification

1 Liquid nitrogen Trailer, 150,000 cubic feet gas capacity

2 Compressed hydrogen Two 16-clusters of K cylinders; 3,200 cubic feet gas capacity
each 16-pack

3 Liquid petroleum gas, odorized 1000 gallon, 30,000 cubic feet gas capacity

4 Compressed carbon dioxide Four K cylinders , 1,200 cubic feet gas capacity

5 Compressed helium Three T cylinders, 900 cubic feet gas capacity
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Figure 23: Gas mixing (left side) and injection (right side) skid for the H,T system

The injection skid was built by National Environmental Systems (NES) and shipped to the site.
Details of H,T skid operation and maintenance (O&M) manual are in Appendix J. A front view
of the gas mixing and injection skid is shown in Figure 23. Photos that show the system
configuration are shown in Figure 24. The gas injection system was designed to be operated
without any electrical requirements because of the remoteness of the site and the safety concerns.
Each gas flow was controlled using manual pressure regulators and flow control valves along
with rotameters to measure flow and gauges to monitor pressure. The gases were mixed in-line
prior to distribution to the injection wells. The process and instrumentation diagram (P&ID) for
the H, T system is shown in Figure 25.

5.3.1 Skid Installation and Piping

After placement on the northeast part of the missile silo, the skid was bolted to the concrete slab
using concrete expansion bolts. The piping from the skid to the injection wells were buried under
ground to prevent damage during mowing (Figure 26).

Placement of Pure Gases: Auto-switch boxes for the hydrogen and carbon dioxide manifolds
were mounted on the outside wall of the skid enclosure. Nitrogen and propane pipes and
connections were installed. Since NFPA 55 requires the propane tank and hydrogen cylinders to
be at least 15 feet apart if the propane supply is bulk, the propane tank was placed on the western
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part of the silo concrete slab to be approximately 30 feet away from the hydrogen cylinders to
comply with the required separation regulations.

Delivery of Gases to Skid: Copper tubing was used for the gas lines from the gas supplies to the
skid. Propane lines were routed from the tank through high pressure hose, and through PVC
conduit, from the tank to the skid. Nitrogen lines were similarly protected and the entire system
was grounded.

Figure 24: H,T system
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Delivery of Mixed Gas to Injection Wells: High pressure well hoses were placed inside the PVC
conduit inside the trenches to ensure continuous protection from the skid to the well sites. The
hoses were connected to the installed wellheads.

After the wellheads were glued in place and connected to the high pressure hoses (Figure 27),
leak tests were performed using soapy water. After the leak test of all gas lines, the excavated
areas were filled using the excavated soil. Additionally, Hazard/Warning and NFPA decals were
placed on the skid and propane lines to alert site vistors of potential hazards.

5.3.1 Leak Test

After the skid installation and piping to both gas supply and injection wells were completed, and
before the injection PVC lines were buried, the entire injection system was tested for any
potential leak. Leak check was done in two ways: After the skid enclosure was secured to the
ground and the high pressure hoses were connected to the skid and the installed well-heads,
using the helium gas the pressure in the injection system was increased to approximately 7 psig.
While the valves at the well-head were shut off, the pressure in the piping from the skid to the
injection wells (i.e., high pressure hoses) was increased one well at a time by opening the valve
to each injection well on the skid.

S .,
b Wi

Figure 26: Trenching, piping and wellhead installation for injection wells
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Figure 27: Injection wellhead design

A spray bottle was filled with a few drops of hand soap and water and sprayed all the
connections on the skid and the well-heads with the helium gas on. During the leak test we
looked for any sign of bubbles - even a small amount of gas would cause these to form. In a few
cases where the leak was identified, the connection was re-tightened or re-connected using
Teflon tape. To do the leak test for the gas supply to the skid, the gas at the gas supply source
was used. The same procedure was followed for each gas line (i.e., copper tubing). After the leak
test using soapy water was successfully finished, the pressure in the injection lines to the well-
heads were left at approximately 7 psig using the helium gas to do an overnight leak check
(about 12 hours). The pressure in the lines after 12 hours was at about 5.5 psig, with the slight
pressure drop attributable to the overnight temperature drop.

The subcontractor technician was trained on-site. During the on-site training the locations of the
injection and monitoring wells, the skid, and the gas supply tanks/cylinders were showed to the
subcontractor, the skid O&M manual provide by NES was reviewed, the weekly O&M check-list
provided by GSI was reviewed, and all safety issues, GSI Health & Safety Plan (HASP), and
MSDS sheets for all the injecting gases as well as Chemicals of Concern at the site were
reviewed. The subcontractor helped GSI with performing weekly O&M during H,T operation
phase, and conducted some of the vapor monitoring at the monitoring points on behalf of GSI. A
general GSI Health & Safety Plan (HASP) is shown in Appendix I.

54  FIELD TESTING

The field treatability study and demonstration consisted of four phases as described in Section
5.1 (Figure 10). The Gantt chart illustrated in Table 11 summarizes the demonstration schedule
for each phase conducted over the period of demonstration project. Detailed descriptions of each
of the field testing phases are described below.

5.4.1 Tracer Test

After the leak test was successfully completed, the nitrogen/helium gas mixture at the injection
well-head sampling ports and soil vapor from the 27 monitoring points were monitored for
helium and oxygen using field instruments. The purpose of the tracer test was to verify injection
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Table 11: Schedule of activities for H,T demonstration project

2010 2011 2012
Task J[ATSTo[N[D[J[F[M[AIM[I[I[ATS[O[N]D [J[F[M[A[M[I]I[A

Pre-Treatment Sampling

1. Soil vapor sampling from SVE wells
2. Draft Demonstration Plan submittal
3. Final Demonstration Plan submittal

4. Soil boring installation

5. Soil and soil vapor sampling and analysis
Startup H,T System

6. Injection skid Design and construction ]

7. Injection skid shipment and installation
Operate H,T Test, Process Monitoring

8. Soil vapor sampling
Treatability Study

9. Microcosm tests
Post-Treatment Sampling

10. Soil boring installation

11. Soil and soil vapor sampling and analysis
Data Analysis and Review
Draft technical and cost & performance reports

and monitoring wells performances and to characterize gas transport in the vadose zone. The
tracer test generated data that was used to demonstrate potential radius of influence (ROI)
without biological uptake, as well as to identify the presence of preferential pathways. The tracer
gas was a mixture of nitrogen (approximately 90%) and helium (approximately 10%) gases.
During the tracer test monitoring events the helium concentration (or %) was verified at the well-
head sampling ports using MGD-2002 meter. Flexible tubing was placed at the end of the MGD-
2002 probe and connected to the sampling port of the well-head. The helium flow rate was
adjusted if the helium percentage was different from the original helium percentage in the
mixture.

Helium levels were monitored at both the injection and monitoring wells using a Dielectric
MGD-2002 Helium & Hydrogen Detector. Oxygen levels were monitored at the monitoring
points using a GEM2000 landfill gas monitor. Helium and oxygen levels were monitored at the
monitoring points for a total of three events (Day 1, Day 4, and Day 7 of the tracer injection
startup). The ROI for the tracer gas (i.e., helium) was estimated to be the distance from the
injection well to the monitoring well where 50 percent of the injected helium concentration (i.e.,
approximately 9-10% helium in the gas mixture) was observed in the monitoring well (i.e., 4.5-
5% helium in the mixture).

5.4.2 Gas Mixture Injection

The H,T gas injection operation and process monitoring period was started after the tracer test.
Over the 6-month test, a total of 830,000 standard cubic feet of gas was injected with the
following average composition: 10% hydrogen, 79% nitrogen, 10% propane, and 1% carbon
dioxide. The nitrogen and propane were added to help keep the system anaerobic from oxygen
diffusing into the test zone. The carbon dioxide was added to ensure a carbon source for the
dechlorinating bacteria. Weekly operation and maintenance (O&M) was performed during H,T
system operation phase. O&M activities included the following activities:
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e Inspection of the gas mixture and injection skid (50 pressure and flow gauges were read and
recorded/week)
a) record system pressures and flow rates,
b) adjust valves as needed to meet specifications provided by GSI,
c) record site/equipment conditions and note any problems
e Oversee tank re-fill and gas cylinder exchange (approximately once every two weeks)
a) verify number of cylinders exchanged,
b) verify tanks and cylinders pressure and gas flow,
e Provide GSI with a brief report on system performance via call or email.

& '_,_ . .' =5

Figure 28: Vapor monitoring equipment: GEM2000 Landfill Gas Monitor (left) and Dielectric
MGD-2002 Helium & Hydrogen Detector (Right)

Tanks refill and cylinders replacements were performed by the gas vendor (Praxair). The
injection system was designed so that it did not need to be shut down for tank refill and cylinder
replacements. The on-site subcontractor (EA Engineering, Science, and Technology, Inc.)
verified the number of cylinders replaced and tank refill, and recorded the cylinder pressure and
gas flow. The gas replacement and refill work was done concurrent with weekly O&M task to
the extent possible. The subcontractor used the weekly O&M checklist prepared by GSI to
record the pressure and flow readings and describe any problems, leaks, unusual noises,
vibrations, wear, or damage and described any corrective actions taken or planned. Summary of
temperature, pressure, and flow readings as well as a sample filled weekly O&M checklist are
shown in Appendix F. Figure 28 shows the vapor monitoring equipment used by subcontractor
throughout the H, T system operation.

Based on the hydrogen concentrations at the monitoring points and the treatability test results,
the total gas flow rate and hydrogen composition were doubled for the last month of the injection
phase. The total gas flow rate was increased from 2.5 scfm to 5.0 scfm and hydrogen
composition was increased from 10% to 20%. The major additional cost for the gas flowrate and
hydrogen composition increase was the additional gas cost. Increasing the flow rate and
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hydrogen composition required more frequent travels to the site for both the gas vendor and the
O&M subcontractor, but the associated costs were minimal compared to the gas cost.

Pros and cons of this option were discussed with the technical support team and the ESTCP
office. This option did not change any of the original milestones and required no additional
monitoring. Flow and hydrogen composition were increased for the last month of the injection
phase to evaluate whether increasing the flow rate would lower the oxygen levels in medium and
deep zones.

5.4.3 Process Monitoring

Monitoring of the influence of the gas mixture delivery and the system performance during the
gas injection phase was achieved through the collection of soil vapor samples from the
monitoring points. Sample analysis included concentrations of VOCs, H,, Oz, and CO,. The
process monitoring period was approximately 9 months. Soil gas was measured every two
months to determine progress and to evaluate if modifications to the sampling frequency or an
extension of this monitoring period would provide valuable performance data. Also based on the
evaluation of vapor sampling results, the gas injection rate and gas mixture composition were
adjusted for the last month of the demonstration.

Process monitoring data was evaluated in terms of the stated project objectives. Specifically, the
collection of spatial and temporal data provided a means of evaluating the rate of the injected gas
mixture transport and distribution within the treatment zone, as well as its effect on the rate of
dechlorination. Data validation for the process monitoring sample set was provided by the
inclusion of adequate controls in the design of the demonstration. The scattered placement of the
monitoring served to minimize the contribution of small-scale heterogeneities on the
performance of the technology.

5.4.4 Post-Bioremediation Characterization

Post-treatment characterization phase started by collecting vapor samples. Nitrogen gas only was
flushed for approximately two weeks. Soil sampling was conducted using the direct-push
method. All of the soil cores were logged and four soil samples were collected from each
borehole at 10, 20, 30, and 40 feet below ground surface (i.e., total of 64 samples) and sent to the
lab for analysis. The location of each soil sampling point was approximately 1-2 feet from the
location of the deep well for each injection or monitoring points (i.e., total of 12 locations). In
addition, soil samples were collected from four additional locations (i.e., 16 additional soil
samples) around SVE wells SVE-7 and SVE-8 inside and outside the treatment area. Figure 39
shows the soil sampling locations.

The 16 additional samples were collected after it was noticed that some of the injected gas had
entered SVE wells 7 and 8 (i.e., high H, concentrations at these two wells), and the soil samples
were collected from "inside™ and "outside" of the treatment zone around SVE wells to show (if
any) the difference in the TCE mass reduction. These additional samples were not included in the
H,T performance analyses since they were only collected during the post-treatment
characterization phase and do not have a pair sample from the pre-treatment characterization
phase.
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Similar to pre-treatment characterization phase, three of the Geoprobe borings (i.e., IW-3, MW-
2, and MW-5) were selected to collect soil samples for further analyses of grain size distribution,
soil pH, nutrients (i.e., NO3-N, P), and quantitative polymerase chain reaction (QPCR) testing
(i.e., Gene-Trac Dhc and Gene-Trac VC). Soil samples from each of the selected three Geoprobe
borings were collected at 15-foot intervals (i.e., 3 soil samples from each hole) at depths of
approximately 10, 25, and 40 ft-bgs. Samples were placed in 4-o0z plastic jars (9 samples for
gPCR testing), 4-0z plastic jars (9 samples for grain size distribution analysis), and 8-0z plastic
jars (9 samples for pH and Nutrient tests). Sample jars were sealed in zip-lock bags which were
placed in an ice-chilled cooler prior to shipment to the lab.

The post-treatment characterization data was evaluated in terms of the stated project objectives.
Specifically, the chlorinated solvent removal rate as well as the duration of the potential
enhancement effect provided by the gas mixture was evaluated using this dataset. The latter was
assessed through analyses CVOC concentrations as well as by the abundance and/or
increase/decrease in Dehaloccoides species in the treatment zone. The effect on the extent of
biodegradation was measured by calculating the percent reduction in mass achieved in the
treatment zone, the reduction in source strength, and the relative percentage of intermediates
(DCE, VC) and end products (ethene). Details on sampling and analysis procedures are
presented in Section 5.5.

5.4.5 Demobilization

After the completion of the post-treatment characterization phase, gas mixture at a low flow rate
was injected for approximately two months while the post-treatment characterization results
were to be evaluated and a decision were to be made to extend the gas injection. Gas storage and
delivery equipment was removed from the site upon completion of the demonstration. The
injection kid, injection and monitoring points may be left in place upon request of ESTCP or site
managers. The injection and monitoring points may be abandoned or ESTCP or site managers
may take ownership and responsibility of the infrastructure. If the Site 10 project team decides to
have some of the injection/monitoring points abandoned, then the abandonment methods will
comply with State regulations (i.e., Title 122, Ch.35 Nebraska Department of Environmental

Quality (NDEQ)).

5.4.6 Investigation-Derived Waste

Excess soil was collected during the well construction and confirmation boring drilling events.
Based on historic generator knowledge (previous analytical data) the soils were not hazardous
waste (>10,000 pg/kg). In the state of Nebraska, any soils that are below the Preliminary
Remediation Goal (PRG) of 80 pg/kg of TCE may be disposed directly on the surface.
Composite soil samples were collected and sent to lab to determine if the soil concentrations are
above or below the 80 pg/kg. While soils were pending analysis, they were containerized in
drums to prevent rainwater or dispersal. Since the soils were not hazardous waste (>10,000
up/kg), the bungs on the very dark DOT drums was cracked and in essence allowed to vent
without allowing infiltration of rainwater. Since the TCE concentrations were below 80 pg/kg in
all composite soil samples, the soils were emptied on site on the ground.
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5.5 SAMPLING PLAN
This section summarizes the methods for soil and soil gas sampling and analysis.

5.5.1 Soil Sampling and Analysis

Soil samples were collected during monitoring point installation and confirmation boring drilling
events. Soil samples collected during monitoring point installation were representative of
baseline conditions before gas injection. Confirmation borings were conducted during Phase 4
and were located as close to the initial deep borings as practical. The Phase 4 confirmation
borings were used to assess TCE removal kinetics and overall TCE removal. The number of
samples collected and the analytical methods are provided in Table 12 and Table 13.

As described in Section 5.2, each deep borehole was continuously cored from ground surface to
total depth. The cores were logged by a GSI geologist in accordance with ASTM D 2488
standard. Core samples were screened in the field for volatile organic compounds (VOCs) by
placing a portion of the sample into a zip-lock bag, waiting approximately 10 minutes, placing
the tip of a photoionization detector (PID) into the bag, and then taking a measurement. Soil
samples were collected at 10-foot intervals starting from the depth of 10 ft-bgs and placed in
glass and plastic jars and shipped to different labs for analysis. The samples for VOC analysis
were sealed in zip-locks bags which were placed in an ice-chilled cooler prior to shipment to the
lab.

Table 12: Analytical methods used for sample analysis

Matrix Analyte Method Container Preservative' H.?:gq'gg
Soil VOC? SW8260 4-0z glass jar None 14 days
Moisture content SW3550 4-0z glass jar None 28 days
DHC In-house’ 4-0z plastic jar None 28 days
Nutrients, pH, In-house® 8-0z plastic jar None 28 days
Organic carbon
Particle size ASTM® 4-0z plastic jar None 28 days
Soil gas VOC? In-house® 22-ml vial None 72 hours
VOCs screening PID NA NA NA
Relative humidity Field NA NA NA
Temperature Field NA NA NA
Hydrogen Field NA NA NA
Oxygen Field NA NA NA
Carbon Dioxide Field NA NA NA
Helium Field NA NA NA

! Preservatives were not required for these samples; however, all samples were stored and shipped at 4°C.

2 Soil and vapor samples were tested for TCE, cis-1,2-DCE, trans-1,2-DCE, Vinyl Chloride, 1,1,1-TCA, ethane, ethane, propane, and methane.
® Gene-Trac-Dhc and Gene-Trac VC DNA tests were conducted using an in-house method at SiREM laboratory.

* Nutrient, pH and organic carbon measurements were conducted using standard methods at Olsen laboratory.

® Particle size distribution analysis was conducted using ASTM D422/D4464M methodology.

® Soil vapor samples were collected using syringes in 22-ml vials and analyzed using in-house method at Vaportech Services, Inc. laboratory.

Gene-Trac-Dhc and Gene-Trac VC DNA tests were conducted using an in-house method at
SIREM laboratory. Nutrient, pH and organic carbon measurements were conducted using
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standard methods at Olsen laboratory. Particle size distribution analysis was conducted using
ASTM D422/D4464M methodology.

Table 13: Total number and types of samples collected

Component Matrix N2 @ Analyte Location
Samples
Pre- Soil 48 VOC? Deep borings at 10, 20, 30,
demonstration and 40 ft-bgs
sampling Soil 9 Physical/chemical Three locations and three
parameters® points at 10, 25, and 40 ft-
bgs
Soil 9 Nutrients, pH, Organic | Three locations and three
carbon points at 10, 25, and 40 ft-
bgs
Soil 9 DHC Three locations and three
points at 10, 25, and 40 ft-
bgs
Soil gas: Bi-monthly H,, O,, CO,, He, VOC® | All subsurface monitoring
Field points
measurement
Soil gas: 32 VOC?, field blanks and | All subsurface monitoring
Laboratory duplicates points
measurement
Technology Soil gas: Bi-monthly H,, O,, CO,, VOC? All subsurface monitoring
performance Field points
sampling measurement
Soil gas: 96 (32 samples | VOC?, field blanks and | Same subsurface monitoring
Laboratory every 2 months) | duplicates wells selected for initial
measurement sampling
Surface Bi-monthly H,, CO,, VOC® Ground surface and in the
emissions flush mounts at injection
points
Post- Soil 48 (plus 16 VOC* Locations near Deep borings
demonstration samples from at 10, 20, 30, and 40 ft-bgs
sampling around SVE
wells)
Soil 9 Physical/chemical Same as pre-demonstration
parameters sampling.
Soil 9 Nutrients, pH, Organic | Three locations and three
carbon points at 10, 25, and 40 ft-
bgs
Soil 9 DHC Same as pre-demonstration
sampling.
Soil gas: Bi-monthly VOoC? Same subsurface monitoring
Field points selected for initial
measurement sampling
Soil gas: 32 VOC?, field blanks and | All subsurface monitoring
Laboratory duplicates points
measurement

Physical and chemical parameters measured included USCS soil classification, moisture content, particle size, moisture content, and pH.
2 Soil and vapor samples were tested for TCE, cis-1,2-DCE, trans-1,2-DCE, Vinyl Chloride, 1,1,1-TCA, ethane, ethane, propane, and methane.
% Soil gas and surface emission were screened for VOCs in the field using PID and LEL meter.
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5.5.2 Soil Gas Sampling and Analysis

Samples of gas from the monitoring points and the gas injection manifold were collected and
analyzed for hydrogen, oxygen, carbon dioxide, relative humidity, and temperature using field
instruments (Table 12 and Table 13). Soil gas from the 27 monitoring points was monitored for
hydrogen, oxygen, carbon dioxide, methane, and LEL using field instruments. Hydrogen was
monitored using Dielectric MGD-2002 Helium & Hydrogen Detector and the rest of the gases
were monitored using GEM2000 landfill gas monitor. Barometric pressure and atmospheric
(above-ground) concentrations of flammable gases were monitored with GEM2000 landfill gas
monitor.

Samples of gas from the monitoring points were collected in three 22-ml glass vials per sampling
point using sampling kit (vials and syringes) provided by Vaportech. Total of 27 vapor samples
from the monitoring points, 3 vapor sample duplicates (i.e., MW-1S, MW-5M and MW-9D), and
two field blanks (ambient air from upwind and downwind) were collected. The soil vapor
samples, duplicates, and blanks were shipped to Vaportech lab to be analyzed for concentrations
of contaminants and daughter products. Soil vapor samples were tested for TCE, cis-1,2-DCE,
trans-1,2-DCE, Vinyl Chloride, and 1,1,1-TCA, as well as ethane, ethane, propane . Samples
were also tested for methane to verify the readings from field instruments. Preservatives were not
required for these samples; however, all samples were stored and shipped at 4°C.

In addition to measuring gas concentrations at the monitoring points, gas injection composition,
flow rates, and pressures were monitored using the same instruments plus rotameters and
pressure gauges. The rotameters in the gas mixing section of the skid were calibrated for each
specific gas at 70°F and 15 psig. The rotameters in the gas injection section of the skid (i.e., after
gases were mixed) were calibrated for air at 55°F and atmospheric pressure (0 psig). Rotameter
readings are affected by gas pressure and density and thus the readings will be corrected for gas
density and pressure. The flow rate readings were corrected for temperature and pressure based
on the weekly O&M measurements.

5.5.3 Quality Assurance Procedures

The integrity of the data generated by this investigation was maintained by adherence to a
Quality Assurance Project Plan (QAPP) prepared for this investigation. The QAPP identified the
requirements necessary to obtain high quality data and included requirements for QA/QC
sampling, detection limits, methods, and field and laboratory performance. In addition to the
information provided in the QAPP, the following quality assurance procedures were followed.
The QAPP is provided as Appendix H.

e Calibration of Analytical Equipment. The majority of project data was generated by fixed
analytical laboratories with acceptable quality control programs to assure proper
operation of analytical equipment. Measurement of soil gas properties (i.e., temperature,
LEL, hydrogen, oxygen and CO, levels) were performed using a handheld meter that was
properly calibrated before use. The pressure gauges and rotameters were used to measure
the pressure and gas flow rates at the injection and monitoring points. Photoionization
detector (PID) was used to evaluate VOC levels in the soil and soil vapor sample points
and was calibrated per the manufacturer’s instructions prior to use.
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e Quality Assurance Sampling. General quality assurance guidelines of a minimum of one
duplicate sample per ten samples collected was followed for all soil and soil gas samples.
If less than 10 samples are collected then at least one duplicate sample was collected
from each matrix. A field blank sample was collected to demonstrate appropriate
sampling techniques for soil vapor, and trip blanks accompanied all soil vapor samples
submitted for laboratory analysis.

e Decontamination Procedures. During the well installation process, all down-hole boring
equipment was decontaminated using water and a suitable detergent to avoid transferring
contaminants between borings. All sampling equipment was single-use, disposable
material (tubing, sample containers). Re-used vapor sample point materials (compression
fittings, sample tubing) were flushed/purged before samples are collected.

e Sample Documentation. Field documentation was facilitated by pre-printed tables, labels,
and logs that allowed precise notation of sample collection and field conditions. Samples
were identified using pre-determined sample IDs that were consistent with date and
location of the samples and conducive to assembly of data into databases. Sample labels
were prepared prior to the field investigation to minimize errors and keep sample
collection orderly. Data collected during the sampling events was recorded on pre-printed
data sheets developed specifically for this application. All samples submitted for
laboratory analysis were submitted under chain-of-custody control and all laboratory
reports included a narrative that discussed any quality control excursions. Photographic
documentation of the project activities was collected throughout the project for inclusion
in the final report.

5.6 SAMPLING RESULTS

The results of the tracer test, vapor sampling and monitoring, and the soil sampling during the
post-remediation characterization are summarized in this section.

5.6.1 Tracer Test

Results of the tracer test monitoring are summarized in Figure 29 and Appendix L. Helium gas
had reached the 10-ft distance monitoring wells (MW-5S, M, and D) after approximately 16
hours. Traces of helium gas were observed at some of the shallow wells within 10-20 feet from
the injection wells (e.g., MW-1S, MW-3S, and MW-4S). Also, a trace of helium gas was
observed at MW-6M and MW-6D that can potentially be explained by the layers of fine to
medium size sand observed during the logging of MW-6 in lower depths. Tracer gas reached the
15-ft distance monitoring wells (MW-3, and MW-6) at Day 4. After 4 and 7 days helium was
observed at almost all the monitoring wells, however the levels of helium percentage were not
high enough (i.e., 50% of injection helium concentration) to increase the ROI above
approximately 15 feet.

The tracer test also generated data that demonstrate the presence of preferential pathways. For
example, helium concentrations at MW-8 were higher than helium concentrations at MW-7 for
both Day 4 and Day 7 of the test. Also, helium concentrations at MW-9, which is approximately
30 feet away from the closest injection well, were higher than most of the monitoring wells that
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Figure 29: Helium tracer test results - Numbers are % helium in the gas sample. Numbers in the boxes are % helium in the
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are in the 15-20 feet distance from the injection wells (for example, compare helium percentages
at MW-9 wells with MW-1, MW-2, and MW-7). After 4 days of tracer injection the helium
concentrations at MW-3S reached 4.7%, while maximum helium concentrations in the
monitoring points MW-3M and MW-3D were 3.5% and 2.5%, respectively.

5.6.2 Weekly O&M

The subcontractor used the weekly O&M checklist prepared by GSI to record the pressure and
flow readings and describe any problems, leaks, unusual noises, vibrations, wear, or damage and
described any corrective actions taken or planned. The filled weekly O&M checklists are
provided in Appendix F.

Corrected injected gas flowrate over time for each injection points is shown in Figure 30. As
shown in the figure, for IW-1 and IW-2 the flowrates at the deep injection points are
approximately 2-3 times lower than the shallow and medium points. The lower flowrates in IW-
1D and IW-2D injection points and higher flowrates at IW-3D were consistent with the lithology
observations during soil logging and the pressure readings.
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Figure 30: Corrected injected gas flowrates at three injection wells at different depths

Table 14 summarizes the gas mixing (i.e., N, Hy, LPG, and CO,) and injection (i.e., 9 injection
wells) flow readings after corrections for temperature and pressure during the 31-weeks system
operation.

Because of inconclusive sampling results during the test, the total gas flow rate and hydrogen
composition were doubled for the last month of the injection phase and the total gas flow rate
was increased from 2.5 scfm to 5.0 scfm and hydrogen composition was increased from 10% to
20%. An increase in hydrogen and propane concentrations and decrease in oxygen
concentrations were observed at the monitoring points after increase in the flow rate and
hydrogen composition.
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Table 14: Flow readings during the weekly O&M corrected for temperature and pressure

Gas Mixing Section Gas Injection Section
Week # Date Temp (F) N, LPG H, CO, IW-1S | IW-1IM | IW-1D | IW-2S | IW-2M | IW-2D | IW-3S | IW-3M | IW-3D
1 14-Jun-11 65-75 2.10 0.26 0.26 0.03 0.39 0.14 0.20 0.38 0.48 0.31 0.50 0.40 0.57
2 21-Jun-11 66 1.91 0.21 0.24 0.02 0.44 0.14 0.15 0.39 0.41 0.35 0.36 0.65 0.39
3 28-Jun-11 75 1.82 0.19 0.21 0.02 0.36 0.14 0.17 0.38 0.38 0.25 0.36 0.40 0.41
4 5-Jul-11 80 2.04 0.24 0.22 0.02 0.33 0.23 0.14 0.38 0.47 0.23 0.39 0.48 0.45
5 12-Jul-11 73 1.98 0.25 0.24 0.03 0.48 0.26 0.09 0.42 0.42 0.24 0.35 0.41 0.47
6 21-Jul-11 86-95 1.75 0.22 0.22 0.02 0.40 0.21 0.07 0.46 0.34 0.17 0.37 0.31 0.42
7 26-Jul-11 93-98 1.76 0.22 0.22 0.02 0.35 0.24 0.07 0.34 0.36 0.17 0.38 0.33 0.45
8 2-Aug-11 83-92 1.76 0.22 0.22 0.02 0.35 0.25 0.09 0.40 0.34 0.17 0.37 0.31 0.45
9 9-Aug-11 81-84 1.79 0.22 0.22 0.02 0.36 0.25 0.09 0.35 0.34 0.18 0.37 0.32 0.47
10 16-Aug-11 77 2.01 0.22 0.23 0.02 0.36 0.33 0.09 0.47 0.37 0.22 0.42 0.34 0.50
11 23-Aug-11 96 1.75 0.22 0.22 0.02 0.36 0.31 0.09 0.32 0.37 0.19 0.32 0.35 0.48
12 30-Aug-11 84 1.77 0.22 0.22 0.02 0.33 0.30 0.09 0.36 0.34 0.19 0.36 0.33 0.48
13 6-Sep-11 73 1.58 0.22 0.22 0.02 0.33 0.28 0.09 0.34 0.29 0.19 0.34 0.30 0.44
14 13-Sep-11 71 1.79 0.22 0.22 0.02 0.36 0.32 0.09 0.36 0.33 0.20 0.38 0.34 0.48
15 21-Sep-11 68 1.80 0.23 0.23 0.02 0.37 0.34 0.09 0.37 0.33 0.19 0.37 0.35 0.50
16 27-Sep-11 78 1.80 0.23 0.23 0.02 0.35 0.33 0.09 0.36 0.31 0.19 0.35 0.35 0.47
17 4-Oct-11 70 1.73 0.22 0.22 0.02 0.35 0.34 0.09 0.36 0.33 0.19 0.34 0.35 0.48
18 10-Oct-11 71 1.79 0.22 0.22 0.02 0.32 0.16 0.08 0.21 0.15 0.09 0.28 0.16 0.23
19 20-Oct-11 58 1.81 0.23 0.23 0.02 0.40 0.20 0.08 0.27 0.18 0.10 0.36 0.22 0.30
20 25-Oct-11 61 1.01 0.10 0.10 0.02 0.38 0.17 0.07 0.26 0.17 0.11 0.38 0.17 0.25
21 31-Oct-11 59 1.31 0.19 0.18 0.02 0.31 0.25 0.07 0.46 0.23 0.17 0.32 0.25 0.36
22 8-Nov-11 46 1.55 0.19 0.19 0.02 0.36 0.32 0.08 0.31 0.29 0.18 0.40 0.33 0.45
23 11-Nov-11 51 1.52 0.20 0.20 0.02 0.35 0.33 0.08 0.37 0.26 0.17 0.35 0.36 0.40
24 22-Nov-11 54 2.76 0.39 0.00 0.04 0.63 0.63 0.17 0.62 0.37 0.25 0.65 0.71 0.56
25 29-Nov-11 47 2.86 0.40 0.41 0.04 0.64 0.76 0.16 0.64 0.43 0.29 0.68 0.80 0.61
26 6-Dec-11 10 3.08 0.31 0.44 0.04 0.65 0.84 0.18 0.65 0.45 0.29 0.69 0.81 0.65
27 14-Dec-11 39 0.63 0.06 0.06 0.01 0.06 0.18 0.03 0.12 0.07 0.05 0.15 0.18 0.16
28 20-Dec-11 30 0.66 0.07 0.07 0.01 0.04 0.18 0.03 0.10 0.12 0.08 0.13 0.17 0.18
29 28-Dec-11 42 0.66 0.07 0.07 0.01 0.05 0.20 0.03 0.11 0.13 0.12 0.13 0.17 0.18
30 5-Jan-12 61 1.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
31 10-Jan-12 54 1.88 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 15: Total injected gas flowrate and cumulative volume

Temp | Total Flowrate Cumulative Injected Gas Volume (ft°)
Week # Date (F) (scfm) Shallow | Medium Deep Total
1 14-Jun-11 65-75 3.38 0 0 0 0
2 21-Jun-11 66 3.28 12,419 11,210 9,926 33,555
3 28-Jun-11 75 2.86 23,950 21,926 18,622 64,498
4 5-Jul-11 80 3.11 35,061 32,518 27,029 94,608
5 12-Jul-11 73 3.15 46,941 43,940 35,297 126,178
6 21-Jul-11 86 - 95 2.75 62,971 56,561 44,882 164,414
7 26-Jul-11 93-98 2.71 71,262 63,019 49,779 184,060
8 2-Aug-11 83-92 2.73 82,351 72,266 56,845 211,462
9 9-Aug-11 81-84 2.71 93,391 81,373 64,115 238,879
10 16-Aug-11 77 3.09 105,053 91,203 71,862 268,118
11 23-Aug-11 96 2.79 116,394 | 101,618 79,722 297,734
12 30-Aug-11 84 2.79 126,727 | 111,709 87,377 325,813
13 6-Sep-11 73 2.59 137,061 | 121,001 94,866 352,928
14 13-Sep-11 71 2.86 147,675 | 130,355 | 102,380 380,410
15 21-Sep-11 68 2.92 160,355 | 141,954 | 111,357 413,667
16 27-Sep-11 78 2.79 169,690 | 150,622 | 117,996 438,308
17 4-Oct-11 70 2.83 180,300 | 160,699 | 125,612 466,610
18 10-Oct-11 71 1.69 188,300 | 167,134 | 130,674 486,109
19 20-Oct-11 58 2.11 201,495 | 174,855 | 137,081 513,431
20 25-Oct-11 61 1.95 208,853 | 178,818 | 140,365 528,036
21 31-Oct-11 59 2.42 217,977 | 184,099 | 144,833 546,910
22 8-Nov-11 46 2.72 230,470 | 193,684 | 152,385 576,540
23 11-Nov-11 51 2.67 235,114 | 197,770 | 155,305 588,189
24 22-Nov-11 54 4,59 258,641 | 218,813 | 168,193 645,647
25 29-Nov-11 47 5.02 278,106 | 237,416 | 178,529 694,051
26 6-Dec-11 10 5.20 208,014 | 257,988 | 189,533 745,534
27 14-Dec-11 39 1.00 311,362 | 272,537 | 197,337 781,237
28 20-Dec-11 30 1.03 313,989 | 276,411 | 199,616 790,015
29 28-Dec-11 42 1.12 317,278 | 281,963 | 203,161 802,401
30 5-Jan-12 61 1.89 322,621 | 288,441 | 208,671 819,734
31 10-Jan-12 54 1.89 327,157 | 292,977 | 213,207 833,342

Table 15 summarizes the cumulative injected gas volumes at each depth (i.e., shallow, medium,
and deep), and total injected gas flowrate and cumulative volume. The pore volume (PV) of the
treatment zone as well as the total number of pore volumes injected at each treatment depth (i.e.,
shallow, medium, and deep) and the total treatment zone are summarized in Table 16. The total
number of 44 PV was injected in the treatments zone during the 6-month gas injection phase. If
the numbers of pore volumes are calculated separately for each depth, total gas injected was 51,
46, and 34 PVs, in shallow, medium, and deep intervals, respectively. This is consistent with the
flow and pressure readings as well as soil logging observations, which showed the decrease in
gas permeability of the soil by depth.

The pore volume calculations assume that the injected gas swept a treatment area of
approximately 2,200 ft* from 15 ft-bgs to 45 ft-bgs (i.e., 15-25 ft-bgs for shallow, 25-35 ft-bgs
for medium, and 35-45 ft-bgs for deep injection points). It should be noted that the pore volume
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calculations are very approximate and are based on the assumptions that all the injected gas in
each depth interval had stayed in that depth interval and swept the entire treatment area
uniformly.

Table 16: Number of pore volume of gas injected in each depth interval

Value
Parameter Units Shallow | Medium Deep Total
Radius of influence (ROI) ft 15 15 15 15
Depth interval ft 15-25 25-35 35-45 15-45
Porosity - 0.3 0.3 0.3 0.3
Estimated pore volume ft® 6,362 6,362 6,362 19,085
Number of injected pore volumes - 51 46 34 44

The cumulative injected gas volumes at different depths and the total cumulative injected gas is
shown in Figure 31. The increased flowrate and hydrogen composition are shown in Table 14
and Table 15 as well as Figure 30 and Figure 31.
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Figure 31: Cumulative injected gas volume at different depths

5.6.3 Vapor Sampling and Monitoring

Analytical results of the soil vapor sampling are summarized in Appendix L. TCE concentrations
ranged from <0.005 ppmv to 180.9 ppmv in May 2011, and from 0.005 ppmv to 78.5 ppmv in
December 2011. The maximum TCE concentration in the vapor phase decreased by 57%. The
median TCE concentration decreased by 78% from 4.47 ppmv to 1.00 ppmv. cis-1,2-DCE
concentrations ranged from <0.01 ppmv to 157.9 ppmv in May 2011, and from <0.01 ppmv to
60.8 ppmv in December 2011. The maximum cis-TCE concentration in the vapor phase
decreased by 62%. The median cis-TCE concentration decreased by 63% from 14.3 ppmv to
5.22 ppmv.

Figure 32 shows the oxygen concentrations at different depths (i.e., shallow, medium, and deep)
measured before and after the gas injection period. The data presented in these figures include
data from all monitoring points. Before the gas mixture injection, measured oxygen
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concentrations ranged from 13.6% to 19.3% in the shallow monitoring points, from 13.2% to
19.4% in the medium monitoring points, and from 5.9% to 19.5% in the deep monitoring points.
After gas mixture injection, measured oxygen concentrations ranged from 0.1% to 1.1% in the
shallow monitoring points, from 0.1% to 10.7% in the medium monitoring points, and from
0.0% to 10.1% in the deep monitoring points.
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Figure 32: Oxygen concentrations at different depths versus the distance from the closest
injection point before (left) and after (right) gas injection

For the medium and deep monitoring points, oxygen concentrations increased significantly at
around 15 feet distance from the point of injection. While deeply anaerobic conditions never
reached at the medium and deep monitoring points, significant reduction in oxygen
concentrations was attainable at the medium and deep monitoring intervals. Average oxygen
concentrations were reduced from 16.1% to 0.4% in shallow, 16.8% to 5.7% in medium, and
16.3% to 5.7% in deep monitoring points. The low oxygen concentrations in the shallow
monitoring points were observed at distances up to 40 feet away from the point of injection.
However, oxygen concentrations were high at medium and deep monitoring points outside of the
15-ft target ROI.

No significant change in the range and median ethane concentration. No significant change in the
range and median trans-1,2-DCE concentration. No vinyl chloride was observed in any of the
monitoring points throughout the demonstration. Dramatic change in ethane concentrations was
observed. However, ethane concentrations were spatially correlated with propane concentrations.
Therefore, the increased concentrations of ethane were due to the ethane that exists as impurity
in the LPG. The dramatic increase in the ethane concentrations in the vapor phase occurred right

after the start of the gas mixture injection and was observed since the first vapor sampling event
in June 2011.

Figure 33 shows the hydrogen concentrations at different depths (i.e., shallow, medium, and
deep) measured during and after the gas injection period. Hydrogen concentrations before the gas
injection were below the H, meter detection limit (i.e., 25 ppmv) at all monitoring points.
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Hydrogen concentrations never reached the injected concentration of 10%. The highest hydrogen
concentrations were observed at the shallow depths (i.e., 15 ft-bgs). Hydrogen concentrations
decreased as the depth increased and as the distance from injection increased. Hydrogen was
detectable at all depths and distances as far as 40 feet from the injection point exceeding the 15-
feet target ROI.
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Figure 33: Hydrogen concentrations at different depths versus the distance from the closest
injection point at first sampling event (left) and after (right) gas injection. Hydrogen
concentration at the injection points was approximately 100,000 ppmv.

At the beginning of the gas mixture injection (i.e., June 2011), hydrogen concentrations ranged
from 100 ppmv to 1,825 ppmv at shallow monitoring points (i.e., 15 ft-bgs), from 225 ppmv to
775 ppmv at medium monitoring points (i.e., 30 ft-bgs), and from <25 ppmv to 950 ppmv at
deep monitoring points (i.e., 45 ft-bgs). At the end of the gas mixture injection (i.e., December
2011), hydrogen concentrations ranged from 100 ppmv to 5,325 ppmv at shallow monitoring
points (i.e., 15 ft-bgs), from 225 ppmv to 2,150 ppmv at medium monitoring points (i.e., 30 ft-
bgs), and from 25 ppmv to 1,850 ppmv at deep monitoring points (i.e., 45 ft-bgs). The hydrogen
concentrations at almost all monitoring points increased over time. The non-uniform horizontal
and vertical distribution of hydrogen concentrations is likely due to lithologic heterogeneities
that were also observed during the tracer test and in the soil boring logs. A few of the vapor
samples sent to the lab were also analyzed for hydrogen and the hydrogen concentrations from
the lab were consistent with the field measurements.

Figure 34 shows the propane concentrations at different depths (i.e., shallow, medium, and deep)
measured during and after the gas injection period. Propane was more easily distributed than
hydrogen both with respect to distance from injection and depth. Note that the vertical axes for
Figure 34 are different. The detected propane concentration before gas injection (i.e., May 2011)
ranged from <0.02 ppmv to 4.5 ppmv. Measured propane concentrations after gas injection (i.e.,
December 2011) ranged from 11.5 ppmv to 85,030 ppmv. Propane was easily distributed at
significant distances from the point of injection at the 20, 30, and 40-ft bgs depths. Horizontal
and vertical distribution of propane was not consistent with the oxygen and hydrogen
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distributions. It should be noted that the propane concentrations are from laboratory analysis of
vapor samples while the oxygen and hydrogen concentrations are from field measurements.
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Figure 34: Propane concentrations at different depths versus the distance from the closest
injection point, before (left) and after (right) gas injection. Propane concentration at the injection
points was approximately 100,000 ppmv.

The vapor sampling and monitoring results indicated that continuous injection of the gas mixture
resulted in oxygen depletion and electron donor distribution within the 15-ft target ROI
especially at the shallow depths. While hydrogen was detected at all depths and reached as far as
40 feet from the injection point, the concentrations were pretty low and ranged from 0.01% to
0.6% by volume (i.e., 1,000,000 ppmv = 100%). Oxygen depletion and electron donor
distribution outside of the 15-ft target ROl was observed; however, the results were variable.
Heterogeneities in the soil lithologic conditions resulted in a non-uniform horizontal and vertical
distribution of the all gases throughout the treatment zone. For example, greater oxygen
depletion and electron donor distribution were observed in monitoring points of MW-9 that are
located approximately 30 feet from the closest injection point, while some of the closer
monitoring points to the injection points (e.g., MW-2) did not experience similar oxygen
depletion and electron donor distribution. While propane was readily distributed at all depths,
hydrogen was preferentially distributed at shallower depths. This could be explained by the
density of hydrogen and propane causing the propane to sink and the hydrogen gas to rise after
injection.

Methane concentrations ranged from 4.5 ppmv to 3,731 ppmv in May 2011 and from 13.0 ppmv
to 12,330 ppmv in December 2011. Between these two monitoring events, the maximum
methane concentration in the vapor phase increased by 230%., and the median methane
concentration increased by 30% from 248.5 ppmv to 319.3 ppmv. Increases in methane were
generally observed in the Shallow and Medium monitoring points, which correlates with the
vertical distribution of hydrogen gas. Figure 35 shows the correlation between hydrogen
concentrations and methane concentrations at the monitoring point based on a linear regression
analysis. The correlation coefficient between the hydrogen and methane concentrations was 0.6
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in October 2011 (i.e., second sampling event) and 0.54 in December 2011 (i.e., third sampling
event).
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Figure 35: Correlation between hydrogen and methane vapor phase concentrations

Figure 36 shows the correlation between hydrogen concentrations and propane concentrations at
the monitoring point. The correlation coefficient between the hydrogen and propane
concentrations was 0.47 in October 2011 (i.e., second sampling event) and 0.48 in December
2011 (i.e., third sampling event).
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Figure 36: Correlation between hydrogen and propane vapor phase concentrations

Figure 37 illustrates the comparison of TCE and cis-1,2-DCE, and hydrogen and methane in the
H,T monitoring wells before (i.e., pre-treatment characterization phase, May 2011) and after
(i.e., post-treatment characterization phase, December 2011) gas injection phase.
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5.6.4 Soil Sampling during Post-Treatment Characterization

Soil sampling results from the post-treatment characterization phase and the comparison to the
results from pre-treatment characterization phase are summarized in Table 17 and Table 18. The
change in concentration and mass was calculated for 48 sample pairs collected from all of the
injection and monitoring wells during pre- and post-treatment characterization phases. Analytical
results from the post-treatment soil sampling are summarized in Table 19.

The median VOC concentrations of all 48 samples (i.e., 12 sampling locations and 4 depths)
during pre- and post-treatment characterization phases are summarized in Table 17. The median
TCE concentration decreased approximately 50% and median cis-1,2-DCE concentration
increased approximately 123%. Note that Non-Detect (ND) concentrations were assumed to be
equal to 50% of Reporting Limit (RL). The statistical parameters were calculated with ND equal
or 0, 50%, and 75% of Reporting Limits (RL) and median results did not change significantly.

The estimated mass showed that approximately 56% reduction in TCE mass and approximately
24% increase in cis-1,2-DCE mass were observed. An increase in the total mass of trans-1,2-
DCE was also observed. Table 18 shows the change in the total VOC mass (Table 18a) and
moles (Table 18b) for all the samples.

Table 17: Statistics of 48 soil samples (pre- and post-treatment)

Median Concentration (ug/kg) Pre Post % Change
TCE 7.85 3.95 -50%
cis-1,2-DCE 17 39.5 132%
trans-1,2-DCE 0.31 1.4 359%

Note: Non-Detect (ND) concentrations were assumed to be equal to 50% of Reporting
Limit (RL).

Table 18: Change in (a) the total VOC mass and (b) moles for all the samples

(a) (b)

Mass (g) Pre Post % Change Moles Pre Post | % Change
TCE 289.0 127.2 -56% TCE 2.2 1.0 -56%
cis-1,2-DCE 463.7 573.1 24% cis-1,2-DCE 4.8 5.9 24%
trans-1,2-DCE 8.0 16.2 102% trans-1,2-DCE 0.1 0.2 102%

Total | 760.7 716.6 -5.8% Total 7.06 7.05 -0.2%

1) The concentrations of the ND samples were assumed to be equal to 50% of Reporting Limits (RL)
2) MW-9 was excluded for mass calculations

Soil analytical results of the post-treatment characterization phase are summarized in Table 19.
Soil samples were collected from depths of 10, 20, 30, and 40 ft-bgs and were tested for TCE,
cis-1,2-DCE, trans-1,2-DCE, VC, and 1,1,1-TCA as well as soil moisture content. Figure 38
illustrates the comparison between TCE and cis-1,2-DCE concentration in the soil samples
collected during the post-treatment characterization phase.

For the 48-pair samples, mean detected TCE concentration was 166 ug/kg for the pre-treatment
characterization phase and 74 pg/kg for the post-treatment characterization phase. The t-test
conducted on the 48-pair samples resulted in p-value of 0.092 that corresponds to a 91%
confidence in support of the hypothesis that the post-treatment TCE concentrations are smaller
than the pre-treatment TCE concentrations. The Mann-Whitney analysis also resulted in a similar
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Table 19: Soil analytical results, post-treatment characterization phase, January 2012

Sample ID Date Depth TCE cis-1,2- trans- VC 1,1,1- Moisture
(ft-bgs) DCE 1,2-DCE TCA Content (%)

IW-1-10 19-Jan-12 10 <1.9 <1.8 <1.1 <1.2 <2.1 17.2
IW-1-20 19-Jan-12 20 4.1 6.6 <1.1 <1.2 <2.1 17.5
IW-1-30 19-Jan-12 30 18 1,200 8.7 <1.2 <2.1 18.3
IW-1-40 19-Jan-12 40 17 13 <1.1 <1.2 <2.0 17.0
IW-2-10 18-Jan-12 10 <1.9 <1.8 <1.1 <1.2 <2.0 15.7
IW-2-20 18-Jan-12 20 <1.9 <1.8 <1.1 <1.2 <2.1 17.3
IW-2-30 18-Jan-12 30 6 98 1.4 <1.2 <2.1 18.6
IW-2-40 18-Jan-12 40 19 130 <1.1 <1.2 <2.0 16.6
IW-3-10 18-Jan-12 10 <2.0 140 29 <1.2 <2.1 18.9
IW-3-20 18-Jan-12 20 3.8 75 1.3 <1.2 <2.1 18.1
IW-3-30 18-Jan-12 30 11 15 <1.1 <1.2 <2.1 17.7
IW-3-40 18-Jan-12 40 <1.9 <1.7 <1.0 <1.2 <2.0 13.6
MW-1-10 19-Jan-12 10 2.5 3.8 <1.1 <1.2 <2.0 15.0
MW-1-20 19-Jan-12 20 27 21 2.6 <1.2 <2.1 18.5
MW-1-30 19-Jan-12 30 460 1,100 13 <1.3 <2.1 20.1
MW-1-40 19-Jan-12 40 710 580 27 <1.2 <2.1 17.8
MW-2-10 18-Jan-12 10 <2.0 <1.8 <1.1 <1.2 <2.1 18.4
MW-2-20 18-Jan-12 20 62 350 24 <1.2 <2.1 17.1
MW-2-30 18-Jan-12 30 12 1,300 21 35 <2.1 20.7
MW-2-40 18-Jan-12 40 11 34 <1.1 <1.2 <2.1 17.8
MW-3-10 18-Jan-12 10 <1.9 <1.8 <1.1 <1.2 <2.0 15.7
MW-3-20 18-Jan-12 20 <1.9 48 <1.1 <1.2 <2.0 17.0
MW-3-30 18-Jan-12 30 19 550 11 <1.2 <2.1 18.8
MW-3-40 18-Jan-12 40 440 980 3 <1.2 <2.1 17.9
MW-4-10 19-Jan-12 10 <1.9 7.6 <1.1 <1.2 <2.1 17.2
MW-4-20 19-Jan-12 20 70 520 28 <1.2 <2.1 17.5
MW-4-30 19-Jan-12 30 <2.0 460 5.1 <1.3 <2.2 21.4
MW-4-40 19-Jan-12 40 11 24 1.1 <1.2 <2.1 18.0
MW-5-10 18-Jan-12 10 <1.9 <1.8 <1.1 <1.2 <2.0 16.2
MW-5-20 18-Jan-12 20 2.8 110 3.4 <1.2 <2.0 16.1
MW-5-30 18-Jan-12 30 16 130 1.8 <1.2 <2.1 17.8
MW-5-40 18-Jan-12 40 14 51 <1.1 <1.2 <2.1 19.0
MW-6-10 19-Jan-12 10 <1.9 110 7.9 <1.2 <2.1 17.3
MW-6-20 19-Jan-12 20 11 44 5.2 <1.2 <2.1 17.7
MW-6-30 19-Jan-12 30 13 110 1.4 <1.2 <2.1 18.4
MW-6-40 19-Jan-12 40 7.1 24 <1.1 <1.2 <2.1 18.7
MW-7-10 19-Jan-12 10 <1.9 20 2 <1.2 <2.0 15.6
MW-7-20 19-Jan-12 20 <1.9 3.8 <1.1 <1.2 <2.0 14.9
MW-7-30 19-Jan-12 30 <2.0 170 6 <1.2 <2.1 19.4
MW-7-40 19-Jan-12 40 8.7 230 16 <1.2 <2.0 16.2
MW-8-10 19-Jan-12 10 <2.0 11 <1.1 <1.2 <2.1 19.6
MW-8-20 19-Jan-12 20 <2.0 10 2.1 <1.2 <2.1 18.6
MW-8-30 19-Jan-12 30 <2.0 22 <1.1 <1.3 <2.1 20.6
MW-8-40 19-Jan-12 40 <2.0 11 6.9 <1.2 <2.1 18.2
MW-9-10 19-Jan-12 10 <2.0 35 5.8 <1.2 <2.1 19.3
MW-9-20 19-Jan-12 20 <2.0 1,200 120 <1.3 <2.1 20.3
MW-9-30 19-Jan-12 30 14 54 3.9 <1.2 <2.1 18.8
MW-9-40 19-Jan-12 40 4.2 <1.8 <1.1 <1.2 <2.1 17.3

Note: Soil concentrations are in pg/kg-dry.
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Figure 38: Post-treatment characterization phase soil sampling results — TCE and cis-1,2-DCE

p-value of 0.104 that corresponds to a 90% confidence in support of the hypothesis that post-
treatment TCE concentrations are significantly smaller than the pre-treatment TCE
concentrations.

Similar analyses were performed for cis-1,2-DCE and the results show that there is greater than a
90% but less than a 95% probability that the post-treatment cis-1,2-DCE soil concentrations are
significantly greater than the pre-treatment cis-1,2-DCE soil concentrations. The median cis-1,2-
DCE concentration increased from approximately 17 pg/kg to 40 pg/kg. The difference between
the pre-treatment and post-treatment median concentrations ranges from 0 to 35 pg/kg.

Both t-test and Mann-Whitney analyses show that there is approximately 90% confidence that
the post-treatment TCE concentrations are significantly less than the pre-treatment TCE
concentrations. Although the median TCE concentration decreased from approximately 8 pg/kg
to some value less than the Reporting Limit (RL), which equals about 6 pg/kg, the difference
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between the medians is relatively small. The 95% confidence interval for the difference is about
0 to 10 pg/kg. The data sets are characterized by large variability (e.g., extreme positive outliers)
and relatively large number of non-detects, which tends to adversely affects the power of
statistical tests to detect differences.

The number of soil samples with TCE concentrations above 57 ug/kg which is the NDEQ soil
remediation goal dropped from 13 samples in pre-treatment to 5 samples in post-treatment. The
number of soil samples with cis-1,2-DCE concentrations above 400 ug/kg which is the NDEQ
soil remediation goal dropped from 10 samples in pre-treatment to 9 samples in post-treatment.
For the 13-pair samples, the mean detected TCE concentration was 329 ug/kg for the pre-
treatment characterization phase and 51 pg/kg for the post-treatment characterization phase. The
median TCE concentration decreased from approximately 110 pg/kg to 14 ug/kg (i.e.,
approximately 87% reduction in TCE concentrations in the samples where the initial TCE
concentration was above NDEQ soil remediation goal of 57 pg/kg).

It should be noted that for the small source zone treated during this demonstration, the samples
below standards or with reduction in TCE concentrations were not in any one area and the total
treatment volume (i.e., size of the source zone with TCE concentrations above 57 pg/kg) did not
appear to get any smaller.

Additional soil samples were collected from four additional locations (i.e., total of 16 additional
soil samples) around SVE wells SVE-7 and SVE-8 inside and outside the treatment area. These
soil samples were collected to investigate the TCE mass reduction inside the treatment area
where the gas mixture had reached and TCE treatment was expected and compare the mass
reduction to the TCE mass reduction in the outside treatment area where gas was intercepted by
fully screened SVE wells and TCE treatment was not expected. Figure 39 shows the soil
sampling locations and VOC analytical results. Table 20 summarizes the results of TCE and cis-
1,2-DCE concentrations from the soil samples collected from depths 10, 20, 30, and 40 feet bgs.

Several t-test and Mann-Whitney analyses were performed to compare the means of the 48-pair
TCE samples from pre- and post-treatment characterization phases, and the 8-pair TCE samples
collected from SVE wells inside versus outside treatment area. The complete statistical analyses
of pre- and post-treatment soil data for TCE and cis-1,2-DCE are in Appendix K. (We thank the
significant contributions of Mr. Thomas Georgian of the USACE Omaha District for the help on
this statistical evaluation).

Table 20: Soil VOC concentrations around the SVE wells from different depths

TCE cis-1,2-DCE

Sample ID Inside Qutside Inside Qutside

SVE7-10 <1.9 <1.9 <1.8 <1.8

SVET7-20 <1.9 <1.9 <1.8 <1.8

SVE7-30 63 170 170 39

SVE7-40 63 <1.9 130 <1.8

SVES8-10 <1.9 <1.9 23 3.2

SVES8-20 <2.0 3.6J 1,200 670

SVES8-30 75 960 200 970

SVE8-40 75 1,100 21 450
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Table 21: Soil sampling results, post-treatment characterization phase, January 2012

Sample ID IW-3-10 IW-3-25 IW-3-40 MW-2-10 MW-2-25 MW-2-40 MW-5-10 MW-5-25 MW-5-40
Depth, ft 10 25 40 10 25 40 10 25 40
Soil Type Silt Silt Silt Silt Silt Silt Silt Silt Silt
%Fine Sand 10.07 2.30 0.66 3.39 0.30 7.59 4.23 7.03 11.36
% Silt 66.86 76.83 74.18 75.14 77.41 71.58 73.75 72.60 68.02
% Clay 23.07 20.87 25.16 21.47 22.29 20.83 22.02 20.37 20.63
Median Grain Size, mm 0.021 0.023 0.018 0.022 0.021 0.023 0.022 0.024 0.024
pH 7.8 7.9 7.6 7.8 7.9 7.7 8.0 8.0 7.8
Organic Matter (%) 14 0.9 15 1.0 0.9 0.8 1.0 0.8 0.8
Nitrate-N, ppm 0.9 14 0.7 0.6 0.5 0.4 0.6 0.5 0.5
Phosphorus (P1), ppm™ 10 17 14 17 10 15 14 12 16
Phosphorus (Bicarb), ppm 10 13 12 14 7 14 12 11 13
Phosphorus (P2), ppm 202 204 63 249 286 127 186 259 110
Phosphorus (M2), ppm 14 25 15 20 12 23 15 23 19
Phosphorus (M3), ppm 18 34 19 32 19 27 21 35 22
0.0002-
0, *
% Dhc NA NA 0.0006 NA NA NA NA NA NA
Dehalococcoides 6x10° U 6x10° U 3x10% 6x10° U 6x10° U 6x10° U 6x10°U 6x10°U 6x10°U
Enumeration/Gram
DNA Concentration in Sample 2668 3480 2537 3179 2490 1975 2660 3976 3124
(extractable), ng/g
PCR Amplifiable DNA ND ND Detected ND ND ND ND ND ND
0.0005-

0, - - - - - - - -
b VCIA*** 0,001
Vinyl Chloride
Reductase (vcrA) - - 6x10° - - - - - -
Gene Copies/Gram
DNA Concentration in Sample

- - 2537 - - - - - -
(extractable), ng/g
PCR Amplifiable DNA - - Detected - - - - - -

* Percent Dehalococcoides (Dhc) in microbial population. This value is calculated by dividing the number of Dhc 16S ribosomal ribonucleic acid (rRNA) gene copies by the total number of bacteria as
estimated by the mass of DNA extracted from the sample. Range represents normal variation in Dhc enumeration and U corresponds to below detection limit for gPCR.

** Based on quantification of Dhc 16S rRNA gene copies. Dhc are generally reported to contain one 16S rRNA gene copy per cell; therefore, this number is often interpreted to represent the number
of Dhc cells present in the sample.

*** Percentage of bacteria in the microbial population that harbor the vcrA gene. This value is calculated by dividing the measured number of cells haboring the vinyl chloride reductase A (vcrA) gene
by the total number of bacteria in the sample estimated using the mass of DNA extracted from the sample. Range represents normal variation in enumeration of vcrA.

**** Phosphorous (P1) or weak Bray test measures phosphorus which is readily available to the plants, Phosphorus (Bicarb) test measures the amount of readily available phosphorus in slightly basic
(pH of 7.0 - 7.2) to highly basic soils (pH >7.3r), Phosphorus (P2) or strong Bray test measures readily available phosphorus plus a part of the reserve phosphorus in soil, Phosphorus (M2) and
Phosphorus (M3) use a number of acids to extract the soil phosphorus whereas the Bray test uses weak HCI.
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For the 8-pair SVE samples, mean detected TCE concentration was 69 pg/kg for the inside-
treatment area and 558 pg/kg for the outside-treatment area. The t-test conducted on the 8-pair
samples resulted in p-value of 0.081 that corresponds to a 91.9% confidence in support of the
hypothesis that the inside-treatment area TCE concentrations are smaller than the outside-
treatment area TCE concentrations. The number of samples was not enough to conduct Mann-
Whitney test.

Similar to pre-treatment characterization phase, soil samples were collected and analyzed for
moisture content, nutrient concentrations, particle size, and DHC bacteria. Lab analyses showed
almost no change in the median moisture content and nutrient concentrations. Table 21
summarizes the analytical results of soil samples tested during post-treatment characterization
phase for grain size distribution, pH, nutrients (NOs-N, Phosphorus), and DHC bacteria. During
the pre-treatment characterization phase DHC was detected in two samples at depth of 40 feet
bgs (i.e., IW-3-40 and MW-5-40). During the post-treatment characterization phase, DHC was
only detected in IW-3-40.

5.7 BENCH-SCALE TREATABILITY STUDY

In support of the H,T demonstration in the field, a bench-scale treatability study of reductive
dechlorination in unsaturated soil using several gaseous electron donor mixtures was conducted
by Dr. Pat Evans’ team at CDM Smith Environmental Treatability Laboratory. A summary of the
bench-scale treatability study is described in this section. A full description of the treatability
study is in Appendix E.

5.7.1 Background and Objectives

The treatability study was conducted parallel to the field demonstration to determine whether
reductive dechlorination could occur using site soil and to investigate the effect of
bioaugmentation, the impurities in the liquefied petroleum gas (LPG), and moisture content.
Hydrogen was mixed with nitrogen and propane in the GEDIT demonstration for three reasons.
First, nitrogen is a relatively inexpensive carrier gas that allows greater flow rates to transport the
hydrogen. Second, mixing the hydrogen with propane reduces the buoyancy so that the mixture
can be transported horizontally rather than rising. Third, propane is metabolized by aerobic
bacteria which consume oxygen and which is inhibitory to reductive dechlorination.

LPG is an attractive alternative to propane because of its ready availability and low cost relative
to pure propane. LPG typically contains mostly propane and butane but it also contains other
compounds such as mercaptans which serve as odorants. LPG was not found to be inhibitory to
perchlorate reduction (Evans et al., 2011), but may be inhibitory to reductive dechlorination. It
should be noted that that the LPG used for the field demonstration came from a different source
than the LPG used for the bench-scale studies. There could be significant variability in the
amount of minor constituents in LPG (i.e., differences from different refineries, as well as batch-
to-batch differences); and that differences in the levels of minor constituents, such as acetylene,
could potentially have an important impact on the degree to which LPG is (or is not) inhibitory
to reductive dechlorination.
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The treatability study described here addressed whether this inhibition would occur. Finally, soil
moisture is an important factor promoting microbial metabolism. Biodegradation of perchlorate
in vadose zone soil was determined to be inhibited by low soil moisture contents (Cai et al.,
2010). Therefore, it was important to determine whether Site soil moisture contents were capable
of supporting reductive dechlorination of TCE.

The objectives of the bench-scale treatability study were to:

e Determine the extent to which reductive dechlorination of TCE occurs under unsaturated
conditions in vadose-zone soil from the Site.

e Identify the optimum gaseous electron donor mixture to be used in the demonstration,
and investigate performance differences between propane and LPG.

e Evaluate the effects of soil moisture levels, gaseous electron donor mixtures, phosphorus
addition, and bioaugmentation on reductive dechlorination of TCE and its daughter
products.

5.7.2 Study Design

Complete biological reductive dechlorination of TCE is dependent on the presence and activity
of Dehalococcoides (DHC) organisms. Because these organisms are not ubiquitous in the
environment, bioaugmentation has been shown to promote reductive dechlorination. While
questions remain as to how a liquid bioaugmentation culture would be introduced into the vadose
zone, the microcosm study evaluated bioaugmention to determine whether reductive
dechlorination would occur under conditions where DHC were known to be present. Tests 1
through 11 were not bioaugmented and Tests 12 through 22 were bioaugmented with Shaw
SDC-9™ culture. Each of the conditions was run in duplicate, for a total of 44 microcosms.

Soil cores were collected from depths up to 40 feet, shipped to the lab and was processed and
tested prior to microcosm setup. Three moisture levels were targeted to evaluate the effect of soil
moisture. These conditions were chosen to represent the range of moisture concentrations that
may be encountered in the field. The moisture content of 30 percent was selected as highest
moisture content in which a homogenized soil/water mixture did not show visible separation of
water (i.e., the field capacity). The two other moistures (15 and 19 percent) were selected based
on Site data. Two hydrogen concentrations of 1 and 10 percent were evaluated for each moisture
level and each bioaugmentation condition. LPG was added at concentrations equal to the
hydrogen concentration in Tests representing different electron donor concentrations, moisture
contents, and bioaugmentation. All test conditions containing electron donor were amended with
1 percent carbon dioxide as a carbon source for microbial growth. The electron-donor-free
control bottles did not receive carbon dioxide.

To evaluate the potential inhibition of LPG, additional tests using pure propane were tested only
at the high moisture content. Because LPG includes constituents that could be inhibitory to the
reductive dechlorination process, additional microcosms were set up using propane instead of
LPG. Only the highest moisture level was used for these conditions, which allowed comparison
of LPG and propane under conditions expected to be optimal for reductive dechlorination. After
about six weeks of incubation, there were clear differences in TCE degradation between
bioaugmented and un-augmented bottles. It was hypothesized that phosphorous nutrient
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limitation may be inhibiting the un-bioaugmented microcosms. Triethylphosphate (TEP), a
gaseous phosphorous nutrient, was added to Test Conditions 1 and 2 on Day 49 to test this
hypothesis. Additional hydrogen was added when the hydrogen concentration in a bottle fell
below a set threshold (5 percent for the 10 percent hydrogen bottles; 0.5 percent for the 1 percent
hydrogen bottles). After each hydrogen addition, the headspace composition was re-tested in the
affected bottles. Details of the test design are in Appendix E. The experimental conditions are
summarized in this section and shown in Table 22.

Table 22: Microcosm study experimental conditions

. Phosphorus . -
Condition S.Ot'l addition B'Ot' i CEE S peslon

moisture (Day 49) augmentation H, | LPG | Propane | CO,
1 30% Y N 10% | 10% 0 1%
2 30% Y N 10% 0 10% 1%
3 30% N N 1% 1% 0 1%
4 30% N N 1% 0 1% 1%
5 30% N N 0 0 0 0
6 19% N N 10% | 10% 0 1%
7 19% N N 1% 1% 0 1%
8 19% N N 0 0 0 0
9 17% N N 10% | 10% 0 1%
10 17% N N 1% 1% 0 1%
11 17% N N 0 0 0 0
12 30% N Y 10% | 10% 0 1%
13 30% N Y 10% 0 10% 1%
14 30% N Y 1% 1% 0 1%
15 30% N Y 1% 0 1% 1%
16 30% N Y 0 0 0 0
17 19% N Y 10% | 10% 0 1%
18 19% N Y 1% 1% 0 1%
19 19% N Y 0 0 0 0
20 17% N Y 10% | 10% 0 1%
21 17% N Y 1% 1% 0 1%
22 17% N Y 0 0 0 0

5.7.3 Treatability Test Results

Extent of Dechlorination: TCE removals ranged from 35 percent to >99 percent, and a few
conditions achieved full dechlorination to ethene. This demonstrates that complete reductive
dechlorination was possible in this soil. Data trend plots for the each test condition are presented
in Appendix E.

Control bottles with neither gaseous electron donors nor bioaugmentation (conditions 5, 8, and
11) achieved 40% to 60% removal of TCE. Possible mechanisms of TCE removal in these
bottles include abiotic attenuation, biological reduction fueled by organic matter already present
in the site soil, sorption to the rubber stopper, and removal and dilution of TCE in the headspace
during gas sampling. No production of cis-1,2-DCE or VC was observed in these bottles, which
suggests that biotic degradation was not a significant factor in the observed TCE removal.
Headspace removal during gas sampling was also likely to be insignificant: only about 1% of the
headspace was exchanged during each round of sampling, so less than 10 percent of the
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headspace would have been removed during sampling over the course of the experiment.
Therefore, abiotic attenuation and sorption to the stoppers were probably the major sources of
TCE removal in the un-bioaugmented controls.
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Figure 40: Effect of bioaugmentation on peak cis-1,2-DCE concentrations with varying
hydrogen concentrations with LPG or propane and moisture contents. Labels above
bars indicate time (in days) to peak concentration.

Effects of Bioaugmentation: TCE removal was consistently higher with bioaugmentation (Test
conditions 12 through 22) than without (Test conditions 1 through 11). No un-bioaugmented
condition exceeded 70 percent TCE removal, whereas several of the bioaugmented conditions
achieved >99 percent removal. Production of cis-1,2-DCE occurred in all of the bioaugmented
conditions, indicating that part of the TCE loss was due to biodegradation. In contrast,
production of cis-1,2-DCE occurred in less than half of the un-bioaugmented conditions.
Furthermore, cis-1,2-DCE production occurred earlier and to a greater extent in the
bioaugmented conditions (Figure 40). The slight cis-1,2-DCE production seen in a few of the
un-bioaugmented conditions suggests that, given enough time, reductive dechlorination of TCE
to cis-1,2-DCE can occur in Site soils without bioaugmentation. However, in the time period of
the treatability study (i.e., 172 days), the extent of dechlorination in these conditions was small.
Detection occurred only on the final sampling event (Day 172) in un-bioaugmented conditions.

Most of the bioaugmented conditions achieved some removal of cis-1,2-DCE, accompanied by
production of VC. Full reductive dechlorination to ethene was seen in conditions 12 and 13,
which had a high moisture content of 30 percent, a high electron donor concentration of 10
percent, and bioaugmentation. In contrast, conditions without bioaugmentation showed no
conversion of cis-1,2-DCE to VC or ethene. Methane production was observed with and without
bioaugmentation at the 30 percent moisture content and in the presence of LPG (Figure 41).

While methane production was greater with bioaugmentation, the observed differences do not
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explain the relatively poor reductive dechlorination activity without bioaugmentation. In other
words, un-bioaugmented microcosms produced 50 percent or more as much methane as
bioaugmented microcosms, but were much less efficient in terms of TCE dechlorination to cis-

1,2-DCE.
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Figure 41: Effect of bioaugmentation methane production in the presence of LPG
and at the 30% moisture content.

Effects of Moisture Content: Moisture level and electron donor concentration interacted to
produce complex effects. With a high electron donor concentration, increased moisture was
beneficial, whereas at a low electron donor concentration, increased moisture was detrimental.
Figure 42 shows TCE concentrations over time in these conditions.
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Figure 42: TCE concentrations with high (left) and low (right) hydrogen concentration and LPG
for varying moisture contents
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When high hydrogen concentrations, bioaugmentation, and LPG were used, TCE removal was
not significantly affected by increased moisture levels. Increase in moisture had the opposite
effect on TCE removal when the electron donor concentration was low.
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Figure 43: cis-1,2-DCE concentrations with high (left) and low (right) hydrogen concentration
and LPG for varying moisture contents

Concentrations of cis-1,2-DCE over time at high and low hydrogen concentrations are shown in
Figure 43. Moisture level did impact the reductive dechlorination of cis-1,2-DCE and vinyl
chloride in the tests with high hydrogen concentration. In the test with 30 percent moisture, near-
complete cis-1,2-DCE removal occurred by day 74. cis-1,2-DCE accumulated and was
subsequently reductively dechlorinated at slower rates at lower moisture contents. Vinyl chloride
was largely removed by the end of the experiment with 30 percent moisture but was either still
accumulating or just beginning to be dechlorinated at lower moisture contents. Ethene
production was observed only in the test condition with 30 percent moisture. Overall, the high-
moisture condition performed better than those with lower moistures. In the tests with low
hydrogen concentration, transformation of cis-1,2-DCE was incomplete regardless of moisture
level, although some degradation occurred at low moisture levels. Minor vinyl chloride
accumulation was observed in all three conditions and no ethene production was observed.

Methane production was generally similar for all three conditions (Figure 44) with the
possibility of lesser production in Test condition 20 with the lowest moisture content. Methane
generation with low hydrogen concentrations were qualitatively and quantitatively different from
that observed with high hydrogen concentrations. Methane production under low hydrogen
concentrations was significantly lower than under high hydrogen concentrations for all moisture
contents. Additionally, methane production was more sensitive to moisture content at lower
hydrogen concentrations. These data alone do not explain the incomplete reductive
dechlorination of TCE at 30 percent moisture. Competition for hydrogen by methanogens and
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reductive dechlorinators appears to have been a contributing factor. The hydrogen consumption
generally followed a similar pattern as methane production.

Comparison of the time profiles of VOC reductive dechlorination with methane accumulation
and hydrogen consumption suggests that hydrogen was initially directed toward reductive
dechlorination. After a period of acclimation, hydrogenotrophic methanogenesis accelerated.
While reductive dechlorination was incomplete at the lower moisture contents, hydrogen
consumption and methanogenic activities were high and not inhibited commensurately by low
moisture contents.
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Figure 44: Methane concentrations with high (left) and low (right) hydrogen concentration and
LPG for varying moisture contents

Effects of LPG versus Propane: Figure 45 shows the effect of LPG vs. propane on the reductive
dechlorination of TCE. There were no clear differences in reductive dechlorination between
conditions with LPG and those with propane. LPG (Test condition 12) and propane (Test
condition 13) both allowed full reductive dechlorination to ethene with a high electron donor
concentration, 30% moisture, and bioaugmentation (Figure 45). If any significant differences
were present, LPG appeared to be superior to propane in terms of the rate of reductive
dechlorination.

Effects of Phosphorus Addition: On day 49, phosphorus nutrient in the form of triethyl
phosphate (TEP) was added to Test conditions 1 and 2. These conditions were chosen because
they had a high moisture level and high electron donor concentration, but unlike bioaugmented
Test conditions 12 and 13, they had shown little removal of TCE. No immediate effect on TCE
removal was observed, although the rate of hydrogen consumption and methane production
increased. This suggests that the addition of phosphorus may have stimulated microbial activity,
but it is not clear whether it promoted TCE degradation. By the end of the experiment, some
TCE removal did occur but was not complete. Whether additional incubation time in the absence
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of TEP addition would have stimulated complete dechlorination is not known. Nevertheless, TEP
addition did not yield results equivalent to the bioaugmented microcosms.
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Figure 45: Reductive dechlorination of TCE in the presence of LPG (left) and propane (right),
10% hydrogen, 30% moisture, and bioaugmentation

5.7.4 Treatability Study Conclusions

The treatability study demonstrated that complete reductive dechlorination of TCE and its
daughter products could occur in Site soils with the addition of the gaseous electron donor
hydrogen. However, several factors influenced the success of electron donor addition.
Bioaugmentation with a commercially available culture containing Dehalococcoides had the
greatest impact. All bioaugmented conditions rapidly achieved at least some transformation of
TCE to cis-1,2-DCE, whereas none of the un-bioaugmented conditions did so until the last
sampling point of the experiment. Complete dechlorination of TCE to ethene occurred only with
bioaugmentation, and when moisture level and electron donor concentration were both high. For
fastest bioremediation of Site vadose zone soil using this technology a combination of
bioaugmentation, high electron donor dosing, and moisture addition would be required.

However, the fact that some TCE transformation did occur in un-bioaugmented bottles after 100
days of incubation suggests that, given time, dechlorinator activity may increase at the site.
Whether additional time would lead to complete reductive dechlorination is not known, but is not
considered likely. Addition of the phosphorous nutrient — triethyl phosphate — did not appear to
promote reductive dechlorination in un-bioaugmented microcosms, but may have initiated
methanogenesis. LPG, which was added along with hydrogen, carbon dioxide, and nitrogen, was
not inhibitory to reductive dechlorination when compared to pure propane gas. Because the LPG
used in the bench-scale testing was not from the same source as the LPG used during the field
demonstration, the lack of inhibition observed during the bench-scale testing does not
unequivocally prove that the LPG used in the field was not inhibitory. It is possible that there
could be differences in the concentrations of inhibitory minor constituents in LPG, from one
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refinery to another, and also batch-to-batch differences. However, the observed increases in
DCE during the field demonstration serves as one line-of-evidence indicating that the LPG used
at the site did not appear to be inhibitory to reductive dechlorination.

A high moisture content (30%) promoted the most complete reductive dechlorination under
conditions with high electron donor concentration (10%) and bioaugmentation, interestingly,
lower moisture contents (17% to 19%) promoted reductive dechlorination of TCE to cis-1,2-
DCE more effectively than a high moisture content (30%) when the electron donor concentration
was low (1%). The reason appears to be competition for hydrogen since hydrogenotrophic
methanogenesis led to rapid depletion of one percent hydrogen in the high moisture condition.
This depletion may have resulted in hydrogen concentrations less than threshold requirements for
reductive dechlorination. Thus use of low hydrogen concentrations in a field setting would
require continuous injection to prevent depletion.

5.8 SUMMARY

We tested a new Hydrogen-based Treatment technology (H.T) where gaseous hydrogen and
other gases were injected into a fine-grained vadose zone at a former missile silo site in
Nebraska. The hydrogen gas was designed to stimulate biodegradation of the chlorinated solvent
contaminants that persisted in this zone even after 3 years of soil vapor extraction (SVE). The
process can be thought as a type of “Anaerobic Bioventing” for unsaturated zones containing
chlorinated solvents.

Over the 6-month test, a total of 830,000 standard cubic feet of gas was injected with the
following average composition: 79% nitrogen, 10% hydrogen, 10% propane, and 1% carbon
dioxide. The nitrogen and propane were added to help keep the system anaerobic from oxygen
diffusing into the test zone. The carbon dioxide was added to ensure a carbon source for the
dechlorinating bacteria. Because of inconclusive sampling results during the test, the total gas
flow rate and hydrogen composition were doubled for the last month of the injection phase and
the total gas flow rate was increased from 2.5 scfm to 5.0 scfm and hydrogen composition was
increased from 10% to 20%. An increase in hydrogen and propane concentrations and decrease
in oxygen concentrations were observed at the monitoring points after increase in the flow rate
and hydrogen composition.

The total estimated TCE mass in the treatment zone (excluding results from MW-9, since this
well is located outside the treatment area) dropped from 289 gr during the pre-treatment
characterization phase to 127 gr during the post-treatment characterization phase. The total
estimated cis-1,2-DCE mass increased from 464 gr during the pre-treatment characterization
phase to 573 gr during the post-treatment characterization phase. The estimated mass showed
that approximately 56% reduction in TCE mass and approximately 24% increase in DCE mass
(sum of cis 1,2- and trans 1,2-DCE) were observed, for a total of 6% reduction in total
chlorinated compounds. The molar mass of chlorinated compounds was unchanged (7.1 moles
before vs. 7.1 moles after). Therefore while the system was successful at converting TCE, a
“cis-DCE stall” condition at the site appeared to be present at the site.

The success criteria of H,T performance and outcomes are summarized below:
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e The target radius of influence (ROI) of 15 feet was achieved. ROI for helium was 15 feet.
Low O, concentration in MWs up to 40 feet. H,, and propane detected in MWs up to 40 feet.

e 50% or greater reduction in baseline (no action) mass was not achieved. TCE mass reduced
by 56% over six months. (This was TCE remaining in soil after 3 years of SVE operation).
Number of soil samples above 57ug/kg standard dropped from 27% to 10%. Total moles of
CVOC unchanged due to apparent cis-DCE stall.

e In some cases, cost savings can be achieved compared to SVE or excavation.

e 50% reduction in the carbon footprint compared to SVE with oxidizer or carbon was
achieved. H,T carbon footprint was 8 tons of CO, compared to 21 tons for SVE (high end).
H, T CO, footprint was 43% of SVE (low end).

e Flammabilities of less than 10% of LEL at surface were achieved. No health and safety
incidents occurred. H, and propane never detected in ambient air.

e The H,T system was easy to implement. Lower time requirement for system setup, data
collection, etc. compared to SVE. One field technician did the weekly O&M, made the
pressure-flow readings and collected the data.

5.8.1 Comparison of Field and Laboratory Test Results

H,T demonstration at the site and the treatability tests in the laboratory were conducted in
parallel. Key points from the field and laboratory tests are summarized below:

e The H,T process removed half the TCE from the test zone that had been treated with soil
vapor extraction for 3 years. This indicates the process may be effective for treating finer-
grained units that are difficult to treat with SVE.

e In-test measurements of redox-related parameters (oxygen, methane) indicated that deeply
anaerobic conditions were not achieved uniformly through the test zone, a likely contributing
factor for the observed cis-DCE stall condition. For example, the average oxygen content in
the treatment zone soils during test ranged from 0.1% to 11%.

e Lab microcosm work where the gas mixture was added to soil samples from the site
indicated that samples that had been bioaugmented with dechlorinating bacteria performed
much better than unamended soils, indicated a dechlorinating bacterial limitation at the site.
The team strongly recommends that one should understand the bacterial limitation and issues
involved with vadose zone bioaugmentation before attempting this technology.

e Redox-related parameters (oxygen, methane) measured in the field indicated that deeply
anaerobic conditions were not achieved uniformly through the test zone, a likely contributing
factor for the observed cis-DCE stall condition. The research team concluded that the
system’s inability to create deeply anaerobic conditions was likely a major factor in the cis-
DCE stall issue. The team recommends that one should understand the issues involved with
creating and sustaining deeply reducing conditions before attempting this technology.
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e Additional microcosm results indicated that low moisture may have been a contributing
factor to this bacterial limitation. Lab microcosm work showed that a high moisture content
(30%) promoted the most complete reductive dechlorination under conditions with high
electron donor concentration (10%) and bioaugmentation. However, lower moisture contents
(17% to 19%) promoted reductive dechlorination of TCE to cis-1,2-DCE more effectively
than a high moisture content (30%) when the electron donor concentration was low (1%).
The later condition for moisture content and electron donor concentration was similar to the
condition observed in the field.

e |t is possible to safely injection the hydrogen, nitrogen, propane, carbon dioxide gas mixture
in the test zone. The radius of influence from the injection point was approximately 15 feet.

e In-test vapor VOC monitoring data were not very helpful in evaluating the progress of
remediation.

e The H,T system for this test was more successful than the existing SVE system at removing
TCE from the fine-grained soils at this test site, but was not successful at removing a
significant fraction of the cis-DCE. To help drive a full-scale H,T drive a treatment zone to
deeply anaerobic conditions, some type of barriers over the top and around the sides of the
treatment zone (even something as simple as adding water to reduce the gas permeability of
the soils) might help break out of a cis-DCE stall condition.

5.8.2 Lessons Learned

A summary of the lessons learned during the H,T implementation at the demonstration site is
below:

e While cis-DCE was observed in the unsaturated zone, it still may be difficult to get to deeply
anaerobic conditions. Future applications need to consider how to put in barriers to stop or
reduce oxygen inward diffusion around outside of treatment zone, and potential caps or
covers for top (we did not have a top diffusion problem at the demonstration site). One
potential approach is wetting the soils around the perimeter of the treatment zone with soaker
hoses or injection wells. One potential approach is wetting the soils around the perimeter of
the treatment zone with soaker hoses and injection wells. It is likely that multi-level injection
wells would be required to provide adequate distribution of water, around the perimeter, and
across all the desired depth intervals.

e Extensive consideration was given near the last half of this test to see if some type of
bioaugmentation could be performed. In the end the difficulties in distributing a liquid
containing bacteria throughout this fine-grained unsaturated test zone was considered to be
difficult.

e The H,T process is best suited for fine-grained soils with a reasonable degree of pneumatic
interconnectivity. The structure of silty, loess-like soil at the site may have included some
micro-fractures, which probably conveyed the majority of the volume of gas around some
areas within the treatment zone. It would follow that the postulated, disconnected, zones of
low permeability may have retained enough oxygen to inhibit reductive dechlorination within
these zones. In a general sense, it is postulated that higher permeability soils (i.e., fine-
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grained sands) may allow for more uniform distribution of gasses, and more rapid
displacement of oxygen; which could improve the effectiveness of the technology. However,
one downside to trying to implement the technology in a higher permeability soils is that
there would probably be a higher rate of gas consumption, which would impact costs. The
research team concluded that the system’s inability to create deeply anaerobic conditions was
likely a major factor in the cis-DCE stall issue.

e Both microbial limitations and the inability to sustain highly reducing conditions throughout
the treatment zone are important for vadose soils, especially after an SVE system has been in
operation, because there are likely to be very low populations of Dehalococcoides in aerobic
media and even slow oxygen influx from the surface or perimeters could make it difficult to
sustain sufficiently reducing conditions. Practitioners considering this technology should
select sites with appropriate levels of anaerobic conditions and populations of
Dehalococcoides in the vadose zone.

e Implementation of H,T is likely as or more expensive than SVE, but more effective for
removing parent compounds. For the hypothetical full scale treatment, H,T was at least half
the cost of excavation.

e Extensive vapor sampling for chlorinated compounds during the test may not be that useful.
Sampling for the injection gases and oxygen and methane was useful to the research team
conducting this pilot test.

o For full scale systems, use of hydrogen generators has the potential to reduce gas costs by up
to 50%. These generators need access to water and electrical power or a fuel such as
methane or propane, however.
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6.0 PERFORMANCE ASSESSMENT

A summary of the performance objectives for this demonstration, along with an overview of
technology performance, was presented in Section 3. This section includes a more detailed
assessment of technology performance based on the quantitative data presented in Section 5.
Following completion of the sampling and analysis program, the data were reviewed to
determine whether the success criteria for each performance objective have been met. The
evaluation of each individual performance objective is discussed below.

6.1 ACHIEVEMENT OF A GREATER ROI
Success Criteria Achieved? YES

Measurements of different gases at the monitoring points were used for this purpose. Monitoring
points were located between 10 to 40 feet from the injection points. Success was defined as an
ROI that is 50% greater compared to ROI of liquid addition to the unsaturated zone, estimated to
be 5 to 10 feet. The ROI achievement was evaluated in two ways:

(1) Tracer test using helium/nitrogen tracer gas.

Helium gas reached the 10-ft distance monitoring wells at all depths (i.e., shallow, medium, and
deep). Tracer gas reached almost all the monitoring wells including the 15-ft distance monitoring
wells after Day 4. However, the levels of helium percentage were not high enough at the
monitoring points farther than 15 feet from the injection points (i.e., 50% of the helium
concentration in the injection gas) to confirm that the ROI extended beyond approximately 15
feet. The tracer test also generated data that demonstrated the presence of preferential pathways.

(2) Evaluating the ROI by looking at the concentrations of oxygen, hydrogen, and propane gases
before, during, and after the gas injection phase.

Average oxygen concentrations were reduced from 16.1% to 0.4% in shallow, 16.8% to 5.7% in
medium, and 16.3% to 5.7% in deep monitoring points. The low oxygen concentrations in the
shallow monitoring points were observed at distances up to 40 feet away from the point of
injection, while for the medium and deep monitoring points, oxygen concentrations increased
significantly at around 15 feet distance from the point of injection. While anaerobic conditions
never reached at the medium and deep monitoring points, low oxygen concentrations were
attainable at shallower depths.

Hydrogen was detectable at all depths and distances as far as 40 feet from the injection point
exceeding the 15-feet target ROI. Hydrogen concentrations never reached the injected
concentration of 10%. The highest hydrogen concentrations were observed at the shallow depths
(i.e., 15 ft-bgs) and generally decreased as the depth increased and as the distance from injection
point increased.

Propane was more easily distributed than hydrogen both with respect to distance from injection
and depth. The detected propane concentration before gas injection (i.e., May 2011) ranged from
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<0.02 ppmv to 4.5 ppmv. Measured propane concentrations after gas injection (i.e., December
2011) ranged from 11.5 ppmv to 85,030 ppmv. Propane was easily distributed at significant
distances from the point of injection at the 20, 30, and 40-ft bgs depths. For example, propane
concentration of 16,397 ppmv was observed at MW-8D which is 40 feet away from the injection
point.

6.2 GREATER REDUCTION IN BASELINE MASS
Success Criteria Achieved? YES FOR TCE, NO FOR DAUGHTER PRODUCTS

The mass of trichloroethene (TCE) and its daughter products in soil was measured both before
and after the demonstration was calculated. This analysis included the change in concentration
and mass for 48 sample pairs collected from all of the injection and monitoring well locations
during pre- and post-treatment characterization phases. Success was defined as 50% or greater
reduction in baseline (no action) mass.

The median TCE concentrations of all 48 samples (i.e., 12 sampling locations and 4 depths)
dropped from approximately 8 ug/kg during the pre-treatment characterization phase to 4 pg/kg
during the post-treatment characterization phase. The median cis-1,2-DCE concentrations of all
48 samples (i.e., 12 sampling locations and 4 depths) increased from 17 pg/kg during the pre-
treatment characterization phase to 40 pg/kg during the post-treatment characterization phase.
The median TCE concentration decreased approximately 50% and median cis-1,2-DCE
concentration increased approximately 123%.

The number of soil samples with TCE concentrations above 57 pg/kg which is the NDEQ soil
remediation goal dropped from 13 samples in pre-treatment to 5 samples in post-treatment. The
number of soil samples with cis-1,2-DCE concentrations above 400 pg/kg which is the NDEQ
soil remediation goal dropped from 10 samples in pre-treatment to 9 samples in post-treatment.

The total estimated TCE mass in the treatment zone - excluding results from MW-9, since this
well is located outside the treatment area - dropped from 289 gr during the pre-treatment
characterization phase to 127 gr during the post-treatment characterization phase. The total
estimated cis-1,2-DCE mass increased from 464 gr during the pre-treatment characterization
phase to 573 gr during the post-treatment characterization phase. The estimated mass showed
that approximately 56% reduction in TCE mass and approximately 24% increase in cis-1,2-DCE
mass were observed. An increase in the total mass of trans-1,2-DCE was also observed. The total
molar mass of chlorinated compounds was unchanged (7.1 moles before vs. 7.1 moles after).
Therefore while the system was successful at converting TCE, a “cis-DCE stall” condition at the
site appeared to be present at the site.

Several t-test and Mann-Whitney analyses were performed to compare the means of the 48-pair
TCE samples from pre- and post-treatment characterization phases. Average TCE concentration
dropped from 166 pg/kg during the pre-treatment characterization phase to 74 pg/kg during the
post-treatment characterization phase. The t-test conducted on the 48-pair samples resulted in p-
value of 0.092 that corresponds to a 90.8% confidence in support of the hypothesis that the post-
treatment TCE concentrations are smaller than the pre-treatment TCE concentrations. The Mann-
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Whitney analysis also resulted in a similar p-value of 0.104 that corresponds to a 89.6%
confidence in support of the hypothesis that post-treatment TCE concentrations are significantly
smaller than the pre-treatment TCE concentrations.

Both t-test and Mann-Whitney analyses show that there is approximately 90% confidence that
the post-treatment TCE concentrations are significantly less than the pre-treatment TCE
concentrations. The data sets are characterized by large variability (e.g., extreme positive
outliers) and relatively large number of non-detects, which tends to adversely affects the power
of statistical tests to detect differences. Similar analyses were performed for cis-1,2-DCE and the
results show that there is greater than a 90% but less than a 95% probability that the post-
treatment cis-1,2-DCE soil concentrations are significantly greater than the pre-treatment cis-1,2-
DCE soil concentrations.

6.3 COST SAVINGS COMPARED TO CONTINUED SVE OPERATION
Success Criteria Achieved? SOMETIMES

The cost of H,T application compared to SVE and soil excavation was calculated using the
following cost drivers: the radius of influence to estimate the number of injection points, capital
costs (injection skid; manifold system, wells), and O&M costs (delivered gas, operator cost). .
Three scenarios were considered and compared based on data collected during this H,T
demonstration. In each scenario the H,T system was compared with an alternative SVE system.
All three scenarios represent the successful design used in the demonstration and had an ROI of
15 feet and a gas composition based on 20 percent hydrogen.

For all scenarios, the cost of H,T was greater than SVE system operation. In Scenarios 1 and 2,
the cost of H,T system operation for two years based on the implemented demonstration design
conditions was $39/cy compared to the entire SVE system operation (i.e., $37/cy) and soil
excavation (i.e., $97/cy). In Scenario 3, the cost of H,T system operation based on the
implemented demonstration design conditions was $39/cy compared to the continuation of the
existing SVE system operation (i.e., $20/cy). Finally, in Scenario 4, the cost of H,T system
operation by using the existing SVE wells as gas injection wells was $35/cy compared to the
continuation of the existing SVE system operation (i.e., $20/cy).

It must be noted that the decision to switch to H,T operation over an SVE system should be
made based on the overall performance and not only on the cost assessments. For example, in the
demonstration site where an SVE system was operating since 2008, the SVE system was not able
to reduce the mass in the vadose zone due to the very low permeability soil (i.e., clayey silt loess
material). Small molecules of hydrogen gas, on the other hand, were able to diffuse into the
small pores of the low-permeability soil.

6.4 REDUCTION IN CARBON FOOTPRINT COMPARED TO SVE
Success Criteria Achieved? MOSTLY YES
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The carbon footprint was estimated for two variations of H,T (i.e., liquid nitrogen/hydrogen
cylinder delivery versus on-site nitrogen and hydrogen generation) and compared to two
variations of SVE system operation (i.e., continuous versus pulsed operation at 25% time).
Success was defined as 50% reduction in the carbon footprint compared to SVE.

Using spreadsheet calculations (see Appendix G), the following values were calculated for the
demonstration TCE site operating for a year (i.e., a treatment zone with dimensions of
approximately 2,200 ft® area and 40 foot thickness). The most sensitive parameters included: 1)
use of cylinders, gas in cryo-liquid form; tube trailers, or on-site nitrogen and/or hydrogen
generators; 2) amount of electricity used by SVE system blower and gas generators; 3) amount
of gas used in the direct hydrogen delivery process; and 4) number of trips required to deliver
gas to the site. There were considerable uncertainties in the calculation. At some sites, use of
SVE and activated carbon could result in a lower carbon footprint than the direct hydrogen
injection process. Results from carbon footprint calculation are summarized in Table 23.

Table 23: Results of carbon footprint calculations

Pulsed Operation at 25% Time

Item Amount (tons | Source | Item Amount (tons | Source of Data
per year) of Data per year)
High End Carbon Footprint Cases
SVE + GAC Treatment Direct Hydrogen Delivery Process
Continuous Operation Liquid Nitrogen Delivery
Electricity for Producing assume 1%
y 19.0 SRT! H,, LPG, and 5.4 efficiency for H,
Blower :
CO, consumption
Regenerating . from energy use
GAC 2.1 SRT Producing N, 0.6 calculations
Transporting Transporting estimated trips +
GAC 0.3 SRT gas to site 2.1 SRT
TOTAL 21.4 TOTAL 8.1
Percent Reduction in carbon footprint compared to SVE+GAC: 62%
Low End Cases Carbon Footprint Cases
SVE + GAC Treatment On-Site

Nitrogen and Hydrogen Generation

.. . . assume 1%
Electricity for Tier 2 Producing -
Blower 5.3 SRT? Cco, 0.6 efficiency f(_)r H,
consumption
Regeneratin Producing H, from energy use
g 9 2.1 SRT and N, on- 2.8 gy
GAC site calculations
Transporting Transporting estimated trips +
GAC 03 SRT gas to site 10 SRT
TOTAL 1.7 TOTAL 4.4
Percent Reduction in carbon footprint compared to SVE+GAC: 43%
L SRT Tier 1 typical value assumes system operates 90% of time
2 Assumes system operates 25% of time
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For the high end carbon footprint case, where a constant operation of SVE+GAC was compared
with direct liquid nitrogen/hydrogen cylinder delivery, the carbon footprint was 21.4 tons of CO,
for SVE+GAC versus 8.1 tons of CO, for the H,T system. For the high end case, the carbon
footprint of H,T system operation is approximately 62% less than SVE system operation. For the
low end case, where a pulsed operation of SVE+GAC was compared with on-site nitrogen and
hydrogen generation, the carbon footprint was 7.7 tons of CO, for SVE+GAC versus 4.4 tons of
CO; for the H,T system. For the low end case, the carbon footprint of H,T system operation is
approximately 43% less than SVE system operation. Note that the high-end hydrogen case has
approximately the same footprint as the low-end SVE case. In the carbon footprint calculations,
it was assumed that the generated methane stays in the vadose zone and the amount is negligible
compared to other contributors to the carbon footprint. Therefore, methane generation and its
potential emission were not included in the carbon footprint calculations.

6.5 SAFETY
Success Criteria Achieved? YES

One of the potential risks associated with field implementation of the H,T system is the use of
gases (i.e., H, and LPG) that are explosive under certain conditions. Although the concentration
of the explosive gases in the gas mixture is 20% by volume, it was expected that the H, T process
was considered safe because the flammable gases disperse quite readily in the atmosphere and no
detections of flammable gases above ground were observed. It is also expected that the oxygen
levels at the injection points below ground surface are close to zero. Nevertheless, standard
engineering practices can be used to provide a safe system. As part of H,T performance objective
the concentrations of H, and propane were monitored at the surface to maintain levels below the
lower explosive levels (LEL) at the surface. The effectiveness was a function of satisfying all of
the compressed gas safety codes (i.e., NFPA50A, NFPA55). As part of H,T performance
objective the lower explosive level (LEL) of H, and propane were monitored at the surface to
maintain concentrations of the explosive gases below the LEL at the surface.

The objective was considered to be met if flammable gas concentrations of less than 10% of the
lower explosive limit (LEL) at surface are achieved. In order to evaluate the safety concerns
associated with the technology, flammability relative to explosivity limits were assessed along
with H, air emissions. Soil gas monitoring included explosivity measurements using an
explosivity meter.

No health and safety incidents occurred during the demonstration and flammable gas
concentrations above the ground surface were not detectable. It should be noted that hydrogen
and propane concentrations exceeded the LELs at some points below ground surface, but there
was not enough oxygen available at those points to make the system potentially explosive. While
concerns regarding safety of hydrogen and propane injections are reasonable, the results of this
demonstration indicate the technology can be implemented safely.

6.6 EASE OF USE

Success Criteria Achieved? YES
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The effectiveness of the technology is also related to the relatively easy implementation of the
H,T system compared to other technologies such as SVE. It was anticipated that the ease of
permitting (no air permits were required) and the ease of operation make the implementation of
this technology quick and easy. Success criteria for this performance objective were evaluated
qualitatively. It should be noted that a site-specific comparison of H,T vs. SVE operation should
be implemented because the ease of use also depends whether engineering controls for safety is
implemented for H, T or vapor-phase emissions control system is needed for SVE.

Required operator manpower was evaluated for both the existing SVE system and for H,T
system. Feedback from field personnel regarding ease of use of H,T compared to SVE was also
used. The metric for this performance objective was the frequency at which an operator needed
to visit the site. The reasons for site visitation during normal operations included gas cylinder
change-outs, system leak test, pressure and flow readings, and monitoring. This occurred once
per week (i.e., weekly O&M) or every few weeks (i.e., tank re-fill or cylinder replacement),
which was considered reasonable.
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7.0 COST ASSESSMENT

This section provides an assessment of full-scale H,T costs and drivers. The H,T demonstration
site (former Atlas Missile site) was used as a basis for developing the cost estimates. Four
different scenarios were developed for in situ treatment of TCE in the unsaturated zone at this
site. These scenarios were developed to compare actual demonstration design and operating
conditions to likely full-scale design and operating conditions.

As part of the demonstration, the cost of implementing the field demonstration program was
carefully tracked and this cost data was used to estimate the expected cost of implementing the
H,T system at other sites. In addition, the cost of potential bioaugmentation and barrier measures
including capping or wetting the margins to prevent oxygen intrusion were roughly estimated.
Bioaugmentation costs were included as a contingency (assuming bioaugmentation can be done
effectively at some sites) to achieve complete dechlorination. A cost model was developed for
H,T system. The key elements of the cost models are provided in Table 24.

Table 24: Cost model for a H,T system

Cost Element Tracked Data
Treatability study Personnel required and associated labor and materials
Gas injection skid Capital cost: $ per skid construction
Consumable gases Unit: $ per cubic foot of treated soil

Data requirements:
- Volume and $ per cubic foot of consumable gases
- Cylinder and tank rental costs
- Gas delivery costs

Baseline characterization e Costs associated with labor and materials were tracked

e Standard contaminant & hydrogeology assessment, no
cost tracking

Soil sample collection and e Personnel required and labor costs, material costs,
analysis laboratory costs

Data evaluation e Personnel required and labor costs

Bioaugmentation e Costs associated with labor and materials were estimated
Injection and monitoring points | Unit: $ per injection point, $ per monitoring point or
installation Unit: $ per cubic foot of treated soil

Data Requirements:
- Recommended installation method
- Mobilization cost

Time required

Material

Barrier implementation: capping | ¢ Costs associated with labor and materials were estimated
and/or wetting the margins

Waste disposal Waste soil was disposed on-site. No cost was tracked.
Operation and maintenance No unique requirements, but issues that arose were noted.
Ccosts
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7.1  COST MODEL

A cost evaluation assuming full-scale treatment of affected soils at the former Atlas Missile Site
was performed. This treatment zone represented approximately 46,000 cubic yards of soil. All
costs associated with the field validation/demonstration of the H,T system were tracked in an
Excel spreadsheet. The site-specific conditions must be considered in the design when the cost
analysis calculations in this cost model are transferred to other sites. Three scenarios were
considered and compared in this cost assessment based on data collected during this H,T
demonstration. In each scenario the H,T system was compared with an alternative SVE system.
All scenarios represent the successful H,T design used in the demonstration except for the
nitrogen and hydrogen generators and have an ROI of 15 feet and a gas composition based on 20
percent hydrogen.

There are 39 SVE wells at the site in the area that TCE soil concentration had initially exceeded
the NDEQ soil remediation goal of 57 pg/kg before the start of SVE system operation in 2008
(i.e., approximately 27,500 square feet or 0.6 acre). For the purpose of this study, a cost
assessment for a similar SVE system was performed (i.e., number of wells, flow rates, on-site
treatment system, treatment area, etc.). Figure 46 shows the treatment area (i.e., the area within
the red line) and the number and location of the existing SVE wells.
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Figure 46: Soil vapor extraction system map (Source: Kemron, 2009)
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SVE Scenario 1: H,T vs. New SVE System. This scenario represents the comparison of costs
associated with the H,T system with the costs associated with setting up and operating an entire
SVE system including the capital cost of well installation and GAC treatment system or soil
excavation. Scenario 1 represents the design used in the demonstration where gas injection wells
were installed for the H,T system and the SVE wells were shut down and were not used as gas
injection wells.

Excavation Scenario 2. H,T vs. Soil Excavation. This scenario represents the comparison of
costs associated with the H,T system with the costs associated with soil excavation. Similar to
Scenario 1, Scenario 2 represents the design used in the demonstration where gas injection wells
were installed for the H,T system.

SVE Scenario 3: H,T with New Gas Injection Wells vs. Continuing Operation of an EXisting
SVE System. This scenario represents the comparison of costs associated with the H,T system
with the costs associated with continuing an existing SVE system operation. Similar to Scenarios
1 and 2, Scenario 3 represents the design used in the demonstration where gas injection wells
were installed for the H,T system and the SVE wells were shut down and were not used as gas
injection wells.

SVE Scenario 4: H,T with Existing SVE Wells vs. Continuing Operation of an Existing SVE
System. In scenario 3, the existing SVE wells were used as the gas injection wells for the H,T
system. Scenario 4 represents the conditions where the screen intervals are not very long and the
site managers decide to use the existing SVE wells as H,T gas injection wells.

7.1.1 Assumptions

The assumptions made during this cost assessment are summarized below:

e Pre- and post-project site characterization activities are similar for the H,T and SVE
systems.

e For scenarios where injection and monitoring well installation is required, one monitoring
point will be installed for every five injection points. The designs of injection and
monitoring wells were different.

e The total area of TCE contamination at the demonstration site is based on the TCE soil
concentrations above 57ug/kg is the same in all depths from 0 to 60 ft bgs and was
estimated based on the data presented in the Site Investigation Report (Kemron, 2007).

e ROI was 15 feet for both the SVE and H,T systems in all scenarios. ROl was
approximately 15 feet for the SVE system based on the placement of the existing SVE
wells.

e Soil type in the treatment area allows the uniform distribution of both injected gas for
H,T system and extracted air for the SVE system.

e Labor unit costs for site characterization activities, well installation, O&M, and system
performance monitoring are similar for the H,T and SVE systems.

e The whole project will take two years.
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e Because of the large injected gas volume, nitrogen and hydrogen gases are produced
using generators. Vendor quotes were used for the capital costs and power consumption
of the generators.

e Gas unit costs do not change over the course of the project.

e LPG was replaced by hydrogen and the total hydrogen composition in the injected gas
mixture is increased to 20% for all flowrates.

e Water barrier wells were installed at the treatment zone perimeter using 74 temporary
holes (i.e., assuming 5-foot ROI). It was assumed that water would be injected at an
injection rate of 5 gallons per minute (gpm) per well.

e Bioaugmentation was implemented to the entire treatment zone area with 10-foot radius
of influence. | was assumed that the bioaugmentation was performed in 88 wells (i.e.,
assuming 10-foot ROI) at an injection rate of 10 gpm per well was assumed.

The specific elements of the cost model unique to the implementation of the H,T system are
described below.

7.1.2 Cost Elements

No rigorous cost model has been developed for anaerobic bioventing; however, the costs should
be similar to aerobic bioventing with the following additional costs: field treatability and tracer
tests; gas mixture additions; and additional soil and gas analyses.

Gas Mixture Injection Skid: Application of the H,T system requires construction of the gas
mixture injection skid. The design, labor and material costs associated with construction of the
gas mixture injection skid were tracked in the Excel spreadsheet.

Consumable Gases (i.e., Hz, Ny, LPG, and CO,): Application of the H,T system requires
hydrogen and nitrogen gases as the major components of the gas mixture. These gases will be
provided either by a vendor in the form of compressed gas or liquid, or by using generators. For
the demonstration, material costs associated with preparation of the gas mixture were tracked in
an Excel spreadsheet. For the demonstration the hydrogen gas was provided in cylinders and
nitrogen was provided in liquid form in a tube trailers. No vaporizer was needed for nitrogen.

It should be noted that the cost of nitrogen and hydrogen generators should be included in the
cost estimate for large scale H,T system where large amount of nitrogen and hydrogen required.
When high volume of nitrogen and hydrogen needed for injection, it is more economical to
purchase a generator and produce nitrogen and/or hydrogen on-site than to buy these gases in
cylinders, tube trailers or liquid nitrogen tanks. If H,T is applied at a small site, it is possible that
purchasing compressed or liquid nitrogen or hydrogen cylinders is more cost effective. Because
the volume of gas needed is site-specific, when estimating H,T implementation costs at another
site, a cost comparison is needed to decide whether a nitrogen or hydrogen generators should be
used.

Installation of Injection and Monitoring Points: Application of the H,T system requires
installation of injection and monitoring points, such that the labor and material costs associated
with installation of these points was tracked.
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Treatability and Tracer Studies: A H,T treatability study to determine the site-specific
requirements for implementation of the technology may be useful at some sites. The field
treatability study involves one or both of the following elements: 1) injection of air into a single
well at various flow rates to characterize gas permeability and pneumatic radius of influence in
the vadose zone, and 2) tracer tests to determine the rate of consumption of oxygen and influence
of oxygen diffusion from the surface. During the tracer test, H, and helium are injected together
and H, and O, consumption is monitored in comparison with helium as the conservative tracer.

Cost data that was tracked included the following cost parameters: labor, materials, and
analytical testing. Labor was tracked according to the type of personnel required to conduct the
treatability study (field technician, engineer, program manager, etc.) and their associated labor
hours.

Bioaugmentation and Water Barrier Installation: Successful application of the H,T technology
at some or many sites (such as this site) may require bioaugmentation in the vadose zone and/or
installation of barriers such as capping or wetting the margins to prevent oxygen intrusion. Costs
associated with this step were estimated based on the required labor time and material.

Soil and Soil Vapor Sample Collection and Analysis: Application of the H,T system requires
measurement of CVOC concentrations in soil and soil vapor, oxygen levels throughout the study
area (zone of influence), and soil moisture in different soil layers (Alternatively, soil moisture
can be estimated based on field observations and knowledge of local climate.). For the
demonstration, costs associated with collection and analysis of soil and soil vapor samples were
tracked.

Data Evaluation: Application of the H,T system requires review of the soil boring logs, CVOC
soil and soil vapor concentrations and other site data to evaluate the performance of the H,T
system at the site. Costs associated with this step were estimated based on the field
demonstration as well as experience with application of other bioventing systems at other sites.

Operation and Maintenance (O&M): Application of the H,T system requires operation and
maintenance (O&M) that includes delivered gas and operator costs. These labor and material
costs were tracked as part of the demonstration.

7.2  COST ANALYSIS

This section provides a cost comparison of each of the scenarios. The cost inputs for this
estimate were based on demonstration data, vendor quotes, or the Remedial Action Cost
Engineering and Requirements (RACER) software (RACER, Version 10.4). Drillers and
certified analytical laboratories that were part of the H,T demonstration were used to estimate
drilling and analytical costs. The cost breakdown for each scenario is presented in Table 25.
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Table 25: Project implementation costs at former Atlas Missile Site for different designs

SCENARIO 1 SCENARIO 2 SCENARIO 3 SCENARIO 4
H,T, [ SVE H,T! " EXCAVATION H,T, | SVE H,T! [ SVE

COST ELEMENT DATA TRACKED (entire system) (entire system) (entire system) | (entire system) (entire system) | (existing system) (use SVEwells) | (existing system)
TASK 1. Treatability Study and Site Characterization (i.e., Soil concentration, permeability test, microcosm study, gPCR testing, etc.)
Project management Labor (Sr. Technical), 50 hrs $7,500 $7,500 $7,500 $7,500 $7,500 $0 $7,500 $0
Travel to the site Airfare, per diem, etc. $10,000 | $10,000 $10,000 $10,000 $10,000 $0 $10,000 | $0
Drilling Drilling subcontractor $25,000 $25,000 $25,000 $25,000 $25,000 $0 $25,000 $0
Soil sample collection and shipping Labor time and material $6,000 $6,000 $6,000 $6,000 $6,000 $0 $6,000 | $0
Analytical laboratory Lab fee $10,000 $10,000 $10,000 $10,000 $10,000 $0 $10,000 $0
Waste disposal Permitting, labor and material $6,000 $6,000 $6,000 $0 $6,000 $0 $6,000 | $0
Microcosm study Laboratory fees $40,000 $0 $40,000 $0 $40,000 $0 $40,000 $0
Data review and analysis Sr. Technical, 50 hrs $7,500 $7,500 $7,500 $7,500 $7,500 $0 $7,500 $0
Miscellaneous costs - $10,000 $10,000 $10,000 | $10,000 $10,000 $0 $10,000 $0
Task 1 Total $122,000 | $82,000 $122,000 I $76,000 $122,000 : $0 $122,000 | $0
TASK 2. Engineering Design, Construction (i.e., Gas Injection Skid, SVE System, Gas Distribution System, etc.)
Project management Labor (Sr. Technical), 80 hrs $12,000 | $12,000 $12,000 $6,000 $12,000 $6,000 $12,000 | $6,000
Travel to the site Airfare, per diem, etc. $10,000 $10,000 $10,000 | $0 $10,000 $0 $10,000 $0
System Design Sr. Technical / Subcontractor $40,000 $65,000 $40,000 $0 $40,000 $0 $40,000 | $0
System Construction Subcontractor $80,000 $300,000 $80,000 | $0 $80,000 $0 $80,000 $0
Shipping Shipping to the site $2,000 $2,000 $2,000 $0 $2,000 $0 $2,000 $0
Bioaugmentation Labor time and material $310,000 $0 $310,000 | $0 $310,000 $0 $310,000 $0
Barrier implementation: capping and/or w etting the margins Labor time and material $120,000 $0 $120,000 $0 $120,000 $0 $120,000 $0
Miscellaneous costs - $10,000 $10,000 $10,000 | $10,000 $10,000 $10,000 $10,000 $10,000
TASK 2 Total $584,000 | $399,000 $584,000 T $16,000 $584,000 , $16,000 $584,000 | $16,000
TASK 3. Installation
Project management Labor (Sr. Technical), 40 hrs $6,000 | $12,000 $6,000 $0 $6,000 $12,000 $6,000 | $12,000
Travel to the site Airfare, per diem, etc. $20,000 $20,000 $20,000 $0 $20,000 $20,000 $20,000 $20,000
Driling Driling subcontractor $125,000 $125,000 $125,000 $0 $125,000 $0 $0 $0
System Installation (e.g., piping, trenching, etc.) Labor time and material $45,000 $65,000 $45,000 $0 $45,000 $0 $30,000 $0
Leak test, Tracer test Labor time and material $5,000 | $5,000 $5,000 $0 $5,000 $0 $5,000 | $0

IS costs - $25,000 $25,000 $25,000 | $0 $25,000 $25,000 $25,000 $25,000
TASK 3 Total $226,000 | $252,000 $226,000 | $0 $226,000 | $57,000 $86,000 | $57,000
TASK 4. System Operation (i.e., O&M, Monitoring, etc.)
Project management Labor (Sr. Technical), 200 hrs $30,000 [ $30,000 $30,000 $20,000 $30,000 | $30,000 $30,000 [ $30,000
Travel to the site Airfare, per diem, etc. $35,000 $35,000 $35,000 $35,000 $35,000 $35,000 $35,000 $35,000
Sample collection and shipping Labor time and material $60,000 $50,000 $60,000 $30,000 $60,000 $50,000 $60,000 $50,000
Analytical laboratory Lab fee $80,000 $50,000 $80,000 | $50,000 $80,000 $50,000 $80,000 $50,000
Gas Material and delivery $476,000 | $0 $476,000 $0 $476,000 | $0 $476,000 | $0
Electricity Pow er to run SVE system $0 $70,000 $0 $0 $0 $70,000 $0 $70,000
On-site vapor treatment system Material and maintenance $0 $150,000 $0 $0 $0 | $150,000 $0 | $150,000
Weekly O&M Technician, 800 hrs $65,000 $65,000 $65,000 | $8,000 $65,000 $65,000 $65,000 $65,000
Vapor monitoring (field) Labor time and material $45,000 $25,000 $45,000 $25,000 $45,000 $25,000 $45,000 | $25,000
Soil excavation Labor time and material $0 $0 $0 | $870,000 $0 $0 $0 $0
Off-site transportation and w aste disposal Labor time and material $0 | $0 $0 $2,500,000 $0 $0 $0 $0
Miscellaneous costs - $30,000 $30,000 $30,000 | $30,000 $30,000 | $30,000 $30,000 $30,000
TASK 4 Total $821,000 | $505,000 $821,000 | $3,568,000 $821,000 | $505,000 $821,000 | $505,000
TASK 5. Post-Remediation Site Characterization
Project management Labor (Sr. Technical), 50 hrs $7,500 [ $7,500 $7,500 $7,500 $7,500 | $7,500 $7,500 | $7,500
Travel to the site Airfare, per diem, etc. $10,000 $10,000 $10,000 $10,000 $10,000 $10,000 $10,000 $10,000
Driling Driling subcontractor $25,000 | $25,000 $25,000 $25,000 $25,000 | $25,000 $25,000 | $25,000
Soil sample collection and shipping Labor time and material $6,000 $6,000 $6,000 | $6,000 $6,000 $6,000 $6,000 $6,000
Waste disposal Permitting, labor and material $6,000 $6,000 $6,000 $6,000 $6,000 $6,000 $6,000 $6,000
Analytical laboratory Laboratory fees $40,000 $40,000 $40,000 | $40,000 $40,000 $40,000 $40,000 $40,000
Data review and analysis Labor (Sr. Technical), 50 hrs $7,500 | $7,500 $7,500 $7,500 $7,500 $7,500 $7,500 | $7,500
Miscellaneous costs - $10,000 $10,000 $10,000 $10,000 $10,000 $10,000 $10,000 $10,000
Task 5 Total $112,000 | $112,000 $112,000 | $112,000 $112,000 | $112,000 $112,000 | $112,000
TASK 6. Final Report and Demobilization
Prepare Draft Technical Report Labor (Sr. Technical), 200 hrs $30,000 [ $30,000 $30,000 $30,000 $30,000 | $30,000 $30,000 | $30,000
Review Draft Technical Report Labor (Sr. Technical), 50 hrs $7,500 $7,500 $7,500 $7,500 $7,500 $7,500 $7,500 $7,500
Prepare Final Technical Report Labor (Sr. Technical), 150 hrs $22,500 $22,500 $22,500 $22,500 $22,500 | $22,500 $22,500 $22,500
Prinicipal Oversight/Review Labor (Sr. Technical), 40 hrs $15,000 $15,000 $15,000 $15,000 $15,000 $15,000 $15,000 $15,000
Demobilization - $35,000 $35,000 $35,000 | $35,000 $35,000 | $35,000 $35,000 $35,000
Task 6 Total $110,000 | $110,000 $110,000 I $110,000 $110,000 : $110,000 $110,000 | $110,000
CONTINGENCY 15% $296,250 $219,000 $296,250 | $582,300 $296,250 T $120,000 $275,250 $120,000
TOTAL COST $2,271,250 $1,679,000 $2,271,250 $4,464,300 $2,271,250 $920,000 $2,110,250 $920,000
COST PER CUBIC YARD Total volume = 46,000 cy $49, $37 $49 $97 $49 $20 $46, $20
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The cost model was provided to estimate the H,T implementation cost for the following cases:

1) H,T as a replacement for traditional soil treatment technologies (e.g., SVE, excavation, or
liquid-based biodegradation) at sites where no treatment has yet occurred (Scenarios 1
and 2); and

2) H,T as a cheaper polishing step to replace expensive SVE systems that are no longer
removing large amounts of contaminant mass (Scenarios 3 and 4).

All performance data was normalized to the volume of bulk treated soil for evaluating the cost
benefit. Cost calculations were performed so that the cost of the H,T technology can be
compared to the competing technology, SVE or excavation. Four scenarios were considered and
compared in this cost assessment based on data collected during this H,T demonstration. The
cost assessment was performed for the implementation and/or continuation of a system similar to
the existing SVE system at the site.

In Scenarios 1 and 2, the cost of H,T system operation for two years based on the implemented
demonstration design conditions was $49/cy compared to the entire SVE system operation (i.e.,
$37/cy) and soil excavation (i.e., $97/cy). In Scenario 3, the cost of H,T system operation based
on the implemented demonstration design conditions was $49/cy compared to the continuation of
the existing SVE system operation (i.e., $20/cy). Finally, in Scenario 4, the cost of H,T system
operation by using the existing SVE wells as gas injection wells was $46/cy compared to the
continuation of the existing SVE system operation (i.e., $20/cy).

For all the cost analysis scenarios, the cost of using gas generators was used. Because of the high
volume of nitrogen and hydrogen needed for injection, it is more economical to purchase a
generator and produce nitrogen and/or hydrogen on-site than to buy these gases in tube trailers,
liquid nitrogen tanks or pressurized cylinders. Approximately 42% of the total cost of the H,T
system is the cost of gas if the gas is purchased and delivered to the site as liquid nitrogen and
compressed hydrogen cylinders. When nitrogen and hydrogen generators are used, only 22% of
the total cost of the H,T system is the cost of gas and the unit cost of H,T is reduced by
approximately 31%, from $71/cy to $49/cy.

For all scenarios, the cost of H,T was greater than SVE system operation. However, it is
expected that for cases where larger contaminated areas are being treated for longer treatment
periods, the H,T system is more economical than SVE or excavation. It must be noted that the
decision to switch to H,T operation over an SVE system should be made based on the overall
performance and not only on the cost assessments. For example, in the demonstration site where
an SVE system was operating since 2008, the SVE system was not able to reduce the mass in the
vadose zone due to the very low permeability soil (i.e., clayey silt loess material), likely due to
preferential removal from a high-permeability layer at the bottom of the treatment interval. Small
molecules of hydrogen gas, on the other hand, were able to diffuse into the small pores of the
low-permeability soil.
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When comparing each task across the different scenarios, the costs of the treatability study, gas
permeability test, engineering design, and project management are similar under different
scenarios. For the excavation it was assumed that 40% of the excavated soil would be re-packed
in-place and only 60% of the contaminated excavated soil will be transported off-site and
disposed as waste.

For this demonstration, propane was cheaper than hydrogen and therefore was used as 10% of
the gas mixture to deplete oxygen. However in large-scale projects where a hydrogen generator
will be used, it is more economical to eliminate propane gas and inject 20% hydrogen gas
instead.

It should be noted that for the demonstration site where bulk nitrogen and hydrogen gases where
purchased and delivered to the site, the gas cost was approximately $3 per cubic yard per month
at the original flowrate, and approximately $7 per cubic yard per month for the last month after
doubling the flowrate and hydrogen gas composition.

7.3  COST DRIVERS

The total costs of implementing H, T are mainly driven by gas-related costs as presented in Table
25. Sensitivity analyses were performed to evaluate the effects of gas flowrate and ROI on the
unit cost of H,T implementation.

7.3.1 Sensitivity to Gas Flowrate

As mentioned in the Cost Analysis section, for higher gas flowrates where large volumes of
nitrogen and hydrogen needed for injection, it is more economical to purchase nitrogen and
hydrogen generators and generate these gases on-site than to buy these gases in tube trailers,
liquid nitrogen tanks or pressurized cylinders. In this section, the cost calculations are performed
based on gas costs using nitrogen and hydrogen generators. It was also assumed that the ROI is
15 feet for all different gas flowrates. All of the cost calculations are for a two-year H,T system
operation.

Gas-related costs included gas generators, compressed gases (i.e., CO, and helium), and
electricity consumption. The purpose of using LPG during the demonstration was to reduce the
gas cost since LPG is a cheaper gas compared to hydrogen gas when hydrogen is provided in
compressed cylinders. Since hydrogen generator was used for the cost calculations in this
section, LPG was replaced by hydrogen and the total hydrogen composition in the injected gas
mixture was increased to 20% for all flowrates. Therefore, LPG cost is excluded from the cost
analysis.

It should be noted that the total cost of the H,T system could be decreased if the oxygen
infiltration from above, bottom and/or sides is prevented or reduced. The oxygen infiltration
from above could be prevented or reduced if a surface cover (i.e., plastic or concrete) is used in
the treatment area. It is, however, more difficult to prevent or reduce the oxygen infiltration from
the sides or bottom. Two possible ways to reduce lateral oxygen infiltration from sides are to use
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a closed loop of gas injection wells and/or to use water barriers on the perimeter of the treatment
zone. Figure 47 shows the effect of total gas flowrate on the unit cost of H,T. Site-specific pilot
studies must be conducted to determine the optimum gas flowrate required to keep the treatment
zone anaerobic.
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Figure 47: Sensitivity of H,T costs to total gas flowrate

At a gas injection flowrate of approximately 5 scfm the gas cost using bulk gas versus an on-site
generator was similar. For total gas flowrates higher than 5 scfm the use of nitrogen and
hydrogen generators are more economical. These cost calculations are for a two-year H,T system
operation. If the H,T system operation is longer than two years, the cost savings by using gas
generators will be increased.

7.3.2 Sensitivity to Radius of Influence (ROI)

ROI can affect both the number of injection wells and the total gas flowrate. A main advantage
of using H,T over SVE is that the small hydrogen molecules diffuse into the low-permeability
soil (i.e., silt and clay) more easily, thereby increasing the radius of influence. This makes the
H,T technology a good alternative to the SVE system when SVE operation is not effective in
low-permeability soils.

The ROl is related to several factors including soil lithology and heterogeneity, gas flow rate and
composition, well design, and superposition. In this demonstration three injection locations and
three depths at each location were used. In large scale H,T implementation where multiple
injection wells are installed in a grid pattern, the ROI is expected to increase compare to this
demonstration and lesser gas is expected to be used as a result of superposition. Site-specific
pilot studies and tracer tests should be conducted to determine the ROI required to keep the
treatment zone anaerobic.
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Figure 48 shows the effect of ROI on the unit cost of H,T. Sensitivity analysis was performed
for ROI values from 5 to 25 feet in a treatment area of 27,500 ft2. The number of injection wells
was increased dramatically from 15 to 350 when the ROI is decreased from 25 feet to 5 feet. By
increasing the ROI from 10 feet to 15 feet, the total cost of H,T operation is reduced by
approximately 23% (i.e., $64/cy to $49/cy), while increasing the ROI from 15 ft to 20 feet, the
total cost of H,T operation is reduced by approximately 10% (i.e., $49/cy to $44/cy). It was
assumed that the total number of pore volumes injected within two years of H,T operation was
similar for all the ROI values and therefore, the gas cost for all different ROI values were the
same. The analysis shows that the effect of ROI on the total H,T cost is significant and an
accurate estimate of site ROl is needed.
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Figure 48: Sensitivity of H,T costs to radius of influence (ROI)
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8.0 IMPLEMENTATION ISSUES
8.1 REGULATIONS AND PERMITS

The primary application for H,T is anticipated to be treatment of contaminants such as TCE in
unsaturated soil for the purpose of groundwater protection. A site-specific feasibility study
should be conducted to evaluate H,T compared to other alternatives such as excavation, soil
vapor extraction, and thermal treatment. Specific permits for H,T may be required by local codes
and will include drilling, well installation permits and hazardous materials storage permits. Other
permits may be necessary and will be dependent on local codes.

8.2 END-USER CONCERNS
A summary of H,T-specific implementation issues are:

e One of the main safety concerns associated with H,T application is the flammability of
hydrogen and LPG and the potential production of methane gas. Flammable gases were
not detected above the ground surface. Thus, release of flammable gas to the atmosphere
was not a safety issue. It was shown in this demonstration that the safety concerns could
be addressed easily by following the safety codes (e.g., NFPA50A, NFPA55, etc.),
placing flammable gas/no smoking placards, monitor gas concentrations and compare
them to the lower explosive levels (LELS) at the surface soil and ambient air.

e Soil permeability and heterogeneity, soil moisture, etc. can greatly affect the performance
of H,T system. Computer modeling as well as pilot tests can be conducted to improve the
design basis.  These can generate data related to soil gas permeability, radius of
influence, hydrogen utilization rates, and oxygen infiltration, all of which are valuable for
deciding whether or not H,T should be applied at a site. For example, for this
demonstration, preliminary diffusion modeling conducted by Dr. Brian Looney, indicated
significant oxygen diffusion from the sides, and that likely was one of the reasons that
deep anaerobic conditions were not achieved in the middle or deep monitoring intervals.

e A suitable population of dechlorinating organisms (Dehalococcoides) (DHC) is needed to
ensure complete conversion of PCE or TCE to non-toxic products (e.g., ethane).
Quantitative polymerase chain reaction (qPCR) testing is recommended to quantify and
characterize DHC bacteria at a site where H,T application is considered. gPCR testing
can be done with either groundwater or soil samples.

e Liquid nitrogen was supplied in a commercially available trailer during this
demonstration project. Approximately 20-30% of the liquid nitrogen was wasted due to
ventilation to the atmosphere. The lost volume of nitrogen from tube trailers should be
considered when the decision for using tube trailers versus nitrogen generator is being
made.

e Hydrogen was supplied in cylinders and LPG was supplied in a tank during this
demonstration project. Using both hydrogen and LPG at the site increases safety
concerns, and relevant safety codes must be followed for the distance between LPG tank
and the hydrogen cylinders (i.e., 30 feet for this demonstration). For large-scale projects
where an on-site hydrogen generator is used, it is more economical to replace LPG by

hydrogen gas.
Final Report: Enhanced Attenuation of January 2013
Unsaturated Chlorinated Solvent Source Zones 126 ER-1027

Using Direct Hydrogen Delivery



e If generators are to be used at a site, whether the generators are powered by fuel or
electricity, the safety concerns must be addressed with regard to the placement of the
generators and their proximity to the treatment area.

83 PROCUREMENT

As mentioned before, gas supply and drilling costs are the main cost drivers for the H,T system
operation. The gas injection and monitoring wells could be installed using direct-push method
that is typical of many environmental remediation projects. Several gas vendors can supply the
required gases if gases are supplied as compressed gas (i.e., H, or CO,) or in liquid form (i.e., N,
or LPG). There are several manufacturers where nitrogen and hydrogen gas generators can be
purchased for a variety of flowrates and purities. H,T skid required for gas mixing and
distribution is not off-the-shelf and will require engineering design and custom fabrication.
However, the skid may be re-used for similar projects.
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SOIL VAPOR SAMPLING PROGRAMS
JULY/AUGUST 2010

Project Title: Enhanced Attenuation of Unsaturated Chlorinated Solvent
Source Zones Using Direct Hydrogen Delivery

ESTCP Project Number: ER-1027

September 2010

1.0 SAMPLE COLLECTION

During the site selection process, to further evaluate the site, the project team decided to conduct
soil vapor monitoring and sampling program at Atlas Missile Site in Former Lincoln AFB in
York, Nebraska. The program objective was to collect additional data (e.g., oxygen in soil vapor)
and supplement existing COC data (e.g., TCE, DCE, and VC). The data collection program
consisted of turning off the SVE system for approximately 10 days prior to the first sampling
event and collecting soil vapor samples from all of the existing soil vapor extraction (SVE) wells
at both sites. First soil vapor sampling event was conducted in July 27, 2010 approximately 10
days after turning off the SVE system. Second soil vapor sampling event was conducted in
August 30-31, 2010 approximately 45 days after the SVE system shut down.

Soil vapor monitoring and sampling programs were conducted on July 27 and August 30, 2010.
Prior to sampling, approximately two well casing volume of air (e.g., approximately 2 cubic feet)
was purged from the casing using a vacuum pump to ensure that the soil gas sample is
representative of vapors associated with the soils in the vadose and are not being influenced by
stagnant air in the casing. Soil vapor monitoring consisted of recording oxygen, carbon dioxide,
methane, and LEL readings on-site using a GEM2000 landfill gas monitor. Soil vapor sampling
consisted of the collection of approximately 700 mL soil vapor samples in 1 liter Tedlar bags for
off-site analysis. Off-site analysis included VOC analysis using HAPSITE ER portable GC.
Samples were collected from all 39 SVE wells.

2.0 SAMPLE ANALYSIS USING THE HAPSITE ER

Samples were analyzed using a portable Gas Chromatograph/Mass Spectrometer HAPSITE ER
Chemical Identification System. The HAPSITE ER has the capability to identify VOCs and
SVOCs in the ppb to ppm range. Samples were analyzed for concentrations of six VOCs,
including PCE, TCE, Carbon Tetrachloride, 1,2-DCA, 1,2-Cis-DCE, 1,2-Trans-DCE, 1,2-DCE,
and 1,1-DCE. Specific analytes of interest for this project include TCE, 1,2-Cis-DCE, and 1,2-
Trans DCE. The analytical method was calibrated to provide accurate concentration readings
plus or minus 30% for concentrations ranging from 1 ppb to 1 ppm. When samples were



analyzed with concentrations that exceeded this range, the HAPSITE ER produced a
measurement that was an underestimate of the true concentration. Consequently, samples with
concentrations exceeding 1 ppm were diluted in fresh tedlar bags, and re-analyzed to obtain
accurate concentrations, which were then multiplied by the dilution factor.

Calibration checks were performed at the beginning and end of each sampling day by analyzing
tedlar bags containing a standard mix of known concentration. During the two days of sampling,
it was apparent that measurements were consistently biased low by 30%. Consequently, we
estimate that the errors associated with sample concentrations for this particular sampling event
was plus 30% and minus 10%.

3.0 RESULTS

The locations of the SVE wells and their associated COC concentrations in soil vapor during
July 2010 sampling program are shown in Figure B1. Table B1 and B3 summarizes the
analytical data for the samples collected during July and August 2010 sampling programs,
respectively. Table B2 and B4 summarizes the results of the soil vapor monitoring for O,, CO,,
and CH, during July and August 2010 sampling programs, respectively.

The highest soil vapor TCE concentrations were found at the east-northeast side of the silo with
maximum TCE concentration at SVE well LA10-SVE08-07 (21,290 ppbv), and maximum cis-
1,2-DCE concentration at SVE well LA10-SVE08-08 (14,360 ppbv) during July sampling
program. Maximum TCE concentration was observed at SVE well LA10-SVE08-07 (72,500
ppbv), and maximum cis-1,2-DCE concentration at SVE well LA10-SVE08-07 (33,900 ppbv)
during July sampling program.

Analytical data for the samples collected during August 2010 sampling program generally
showed significant rebound for TCE and cis-1,2-DCE. SVE well LA10-SVEO08-08 showed a
significant drop in both TCE and cis-1,2-DCE concentrations. Since all the wells around this
well had increase in TCE and cis-1,2-DCE concentrations, we think there has been some
sampling error for the sample collected from SVE well LA10-SVE08-08. As expected, higher
cis-1,2-DCE concentrations were observed in the same area where oxygen levels were relatively
low (e.g., 10-15%). Based on the TCE and cis-1,2-DCE concentrations and lower oxygen levels
at York site in the SVE wells on the northeastern side of the Silo (e.g., LA10-SVEQ8-07, LA10-
SVEO08-08, LA10-SVEO08-11, LA10-SVE08-14, and LA10-SVEO08-18), the area east-northeast of
the Silo was decided as the location to apply H,T.



LA10-SVE08-07]  7/27 | 8/30-31 LA10-SVE08-03 7127 8/30-31 LA10-SVE08-04 | 7/27 | 8/30-31 LA10-SVE08-01] 727 | 8/30-31
LEGEND TCE (ppbv) 21,290 | 72,500 TCE (ppbv) 459.3 (4326)| 402 TCE (ppbv) 7053 | 2,030 TCE (ppbv) 199(187) | 381
cis-DCE (ppbv) 11,550 33,900 cis-DCE (ppbv) | 436.0 (365.2) 241 cis-DCE (ppbv) 464.7 8,781 cis-DCE (ppbv) 3.2(2.6) 55
02 (%) 103(105)| 84 02 (%) 176 175 02 (%) 17.8 157 02 (%) 190(189) | 183
Header 1 CO2 (%) 52060 | 83 CO2 (%) 14 17 CO2 (%) 12 15 CO2 (%) 05(05) | 06
LA10-SVEOS-02 | 7127 | 8/30-31
Header 2 LA10-SVE08-06 | 7727 | 8/30-31 L AL0-SVED8-08 TCE (opby) 20| 44
N TCE (ppbv) 400.7 156 cis-DCE (ppbv) | 23(1.9) | 84
Header 3 cis-DCE (ppbv) 235 17.7 02 (% .187. 14. 7
02 (%) 151 | 162 A\ A% cé)(z ("D)/u) o1 03
=——— Header 4 CO2 (%) 3.0 22 LA10-SVE08-03 LA10-SVE08-01 ' '
= Header 5
LA10-SVE08-10 | 7/27 | 8/30-31 LA10-SVE08-08 | 727 | 8/30-31
TCE (ppbv) 434 | 6904 TCE (ppbv) 13870 | 141
cis-DCE (ppbv) 11.3 8.4(7.6) LA10-SVEQ8-07 \V U cis-DCE (ppbv) 14,360 712
02 (%) 16.4 18.8 LA10-SVE08-04 L A10-SVE08-02 02 (%) 175(17.6)| 19.2
Note: CO2 (%) 3.0 13 CO2 (%) 06(0.6) | 0.0
- Numbers in parentheses are duplicates
LA G LT |20l i m//”””// LAL0-SVE08-05 |  7/27 | 8/30-31
- - m - - | .
| s | e LALOSVEDE 10 S D TeEge | 6 | 100
) 2 — L LA10-SVE08-08 LA10-SVE08-05 GisDCE(ppbv) | 33 | 36
0: (%) 1 3 1 1 02 (%) 18.9 18.8
- - CO2 (%) 0.2 0.2
LA10-SVE0S-11 LA10-SVE08-09 - fuwseEes[ e Tea
t TCE (ppbv) 355.2 659
cis-DCE (ppbv) |  234.9 245
LA10-SVE08-14 7121 8/30-31 02 (%) 19.2(19.3)| 173
TCE (ppbv) 3,249 3,530 CO2 (%) 0.1(0.1) 0.3
LA10-SVE08-26 | 7/27 | 8/30-31 LA10-SVE08-27 | 7/27 | 8/30-31 LA10-SVE08-28 | 7/27 | 8/30-31 - N cis-DCE (ppbv) | 9387 | 6,010
TCE (ppbv) 105 | 5.6(207) TCE (ppbv) 103 113 TCE (ppbv) 37.8 66.2 LA10-SVE08-12 I 02 (%) 129 (13.1)| 107
cis-DCE (ppbv) | 14 | 0.6(87) cis-DCE (ppbv) | 23 17 cis-DCE (ppbv) | 28 31 LA10-SVE08-14 @1 | CO2 (%) 2827 | 29 LA10-SVE08-15]  7/27 | 8/30-31
02 (%) 172 | 19.6(9.1) 02 (%) 185 131 02 (%) 193 147 TCE (ppbv) 1,360 | 2720
CO2 (%) 13 ]| 06(35) CO2 (%) 0.4 0.8 CO2 (%) 0.3 1.0 cis-DCE (ppbv) | 5759 677
. - . 02 (%) 186(186)| 17.1
Tél(t; st\)/\iE)OS 31 179/273 3{;/23(()23711) I L LA10-SVEO8-18 8/30-3L | | coz (%) 04(00.4) | o9
- : S ( ’ TCE (pphv) 1,989 | 2,620
Z'S'BCE (bpbv) 129'45 237(167) cis-DCE (ppbv) | 3378 | 4,160
2 (%) - - 02 (%) 16.3 14.7 LAL0-SVEO8-16 |  7/27 | 8/30-31
(0R () A 04 A 10.SVEDB.LS 02 (%) 26 31 TCE (ppbv) 5917 | 1110
LALO.SVE0B32] 727 ] 83081 CISDCE(ROVINY 2254 | 236
TCE (ppbv) 2437 | 176 a () 191 ) 185
cis-DCE (ppbv) 23 6.2 C0: (%) 0.2 0.5
o0 = = LA10-SVE08-19 8/30-31
T, o s TCE (ppbv) 531.9 146
- - cis-DCE (ppbv) 5513 | 485 LA10-SVE8-17 | 7/27 | 8/30-31
LA10-SVE08-36 7127 8/30-31 02 (%) 18.2 20.3 TCE (ppbv) 39.7 722
TCE (ppbv) 46,6 371 1 LA10-SVEO08-16 CO2 (%) 18 0.0 cis-DCE (ppbv) 110 313
cis-DCE (ppbv) 04 <05 LA10-SVE08-26 i 02 (%) 193 18.9
02 (%) 200 192 LA10-SVEO08-19 CO2 (%) 05 0.6
C02 (%) 0.1 0.2 LA10-SVE08-36
p CALO.SVEOS 2l 12T ] 5/30.31 LA10-SVE8-20 | 727 | 8/30-31
LAIOSVEQ33} 7i27 | 85031 B LA10-SVE08-27 TCE(pby) | 228 | 145 LA10-SVE08-17| €D TCE (ppbV) 8o | 121
TCE (ppbv) 83 108 cisDCE (ppbv) | 61 | 26 cis-DCE (ppbv) 23 6.5 SCALE (FT)
cis-DCE (ppbv) | 14 S 0o %) o3 | 0 / 02 (%) 197(19.8) | 197
02 (%) 195 149 := 02 (%) 02 04 1 CO2 (%) 0202 | 03 [ I
CO2 (%) 0.0 0.2 _ LA10-SVE08-28 0 30
LA10-SVE08-37 | 7/27 | 8/30-31 LSV LA10-SVEQ8-21 & LA10-SVEO08-20
TCE (ppbv) 183.5 215 LA10-SVEQ08-23
cis-DCE (ppbv) 44 23 LA10-SVE08-38
02 (%) 202 1838 (T LA10-SVEQ8-34 LA10-SVEO08-29 LA10-SVE08-22
CO2 (%) 0.0 0.3 A N/~
ax 0-SVEOB-24 ENVIRONMENTAL
LA10-SVE08-38 | 7/27 | 8/30-31 LA10-SVEQ8-
TCE (ppbv) oot o8 D LA10-SVE08-39
SisRCEpphy] 30 <05 T LA10-SVEQ8-35 LA10-SVE08-30 SOIL VAPOR MONITORING AND
02 (%) 171 17.7 LA10-SVE08-40 <
C02 (%) o1 | 11 LA10-SVE08-25 SAMPLING RESULTS
0-SVE0s-40 | 72 8/30-3 .
Tch(pp:VE) - 5.; (; 31 s - ESTCP H,T Demonstration
cis-DCE (ppbv) | 16(13) | 23 Former Atlas Missile Site 10, York, Nebraska
02 (%) 20.0 17.7 GSl Job No. Drawn By:
CO2 (%) 0.1 0.1 G-3537 CRW
LA10-sVE08-39 |  7/27 | 8/30-31| | LAto-sveos-34| 727 | 8i30-31] | Lato-sveos-35| 727 | siz0-31] | LAto-sveos-20| 727 | 8i30-31) | LAt0-svEes-23| 727 | 8i30-31 | | LAL0-SVEO8-30| 7/27 | 8/30-31 LA10-sVEOs-24 | 727 | 8/30-31 ] | LA10-SvEos-25| 7727 | 8i30-31) | LA10-SVEOs-22 |  7/27 | 8/30-31 et 6-Oct-2010 e MAS
TCE (ppbv) NA 304 | [TCE (ppbv) 113.9 122 | |TCE (ppbv) 286 345 | | TCE (ppbv) 545 182 | | TCE (ppbv) 948 | 114 (122) | | TCE (ppbv) 9.5 142 TCE (ppbv) 179 14.8 | | TCE (ppbv) 8.7 7.2 | | TCE (ppbv) 9.4 6.5 — pre
cis-DCE (ppbv) NA <2.5 cis-DCE (ppbv) 11 <20 cis-DCE (ppbv) 1.0 31 cis-DCE (ppbv) 4.3 53 cis-DCE (ppbv) 274.7 | 313 (363) | | cis-DCE (ppbv) 2.6 3.7 cis-DCE (ppbv) 2.1 43 cis-DCE (ppbv) 2.4 2.1 cis-DCE (ppbv) 17 (ORI [ e — -—
02 (%) 198 179 | 0= (%) 197 167 | Jo2%) 203 187 | |o2®) 19.2 (19.3)] 174 |02 (%) 187 18.8 02 (%) 203 193 02 (%) 197 188 |02 (%) 202 (202)| 197 | |o:%) 200 (20| 197 —
CO2 (%) 0.0 03 | |co: (%) 0.1 0.4 CO2 (%) 0.1 12 ] |co: (%) 03(03) | 10 J|co: (%) 0.9 03 CO2 (%) 0.0 0.1 CO2 (%) 0.1 03 | |co: (%) 0000 | 01 ]lco:) 00(00) | 01 As Shown FIGURE B1




GSl Job No. G-3537-102 ., | G S I

Issued: 03-Aug-10 ENVIRONMENTAL

Table B1
SOIL VAPOR SAMPLING RESULTS USING HAPSITE ER - H1774
July 27, 2010

Atlas Missile Site 10
Former Lincoln AFB, York, Nebraska

Sample tblHapsiteLogFileMethod Dilution Units VC 1,1-DCE 1,2-trans-DCE 1,1-DCA 1,2-cis-DCE 1,2-DCA cTcCl TCE PCE
LA10-SVE08-01 SIM_1PPM_Hill_VI_List PPBV 39.5 0.6 2.7 0.8 3.2 ND ND 19.9| 0.2
LA10-SVE08-01 SIM_100PPB_Hill_VI_List PPBV ND 0.2 0.2 0.1 2.6 ND 0.0 18.7| 0.1]
LA10-SVE08-02 SIM_1PPM_Hill_VI_List PPBV ND 0.5 2.0 0.4 2.3 ND ND 15.2] 0.2
LA10-SVE08-02 SIM_100PPB_Hill_VI_List PPBV 0.3 0.1 0.1 0.1 1.9 0.1 0.1 13.0 0.1]
LA10-SVE08-03 SIM_1PPM_Hill_VI_List 10X PPBV ND 62.8 39.7 14.1 436.0) ND ND 459.3] 1.4]
LA10-SVE08-03 SIM_1PPM_Hill_VI_List PPBV ND 2.2 28.7 90.0} 365.2 2.8 ND 432.6| ND
LA10-SVE08-04 SIM_1PPM_Hill_VI_List PPBV ND 26.2 16.5 4.9 464.7| ND ND 705.3| ND!
LA10-SVE08-05 SIM_1PPM_Hill_VI_List PPBV 46.1] 0.9 2.8 0.8 3.3 ND ND 15.6 ND!
LA10-SVE08-06 SIM_1PPM_Hill_VI_List PPBV ND 2.9 8.0 50.2 23.5 22.3 8.9 400.7| 0.2
LA10-SVE08-07 SIM_1PPM_Hill_VI_List 100X PPBV ND 1240.0} 782.9] 225.9 11550.0] 115.6 ND 21290.0] 42.2
LA10-SVE08-08 SIM_1PPM_Hill_VI_List 100X PPBV ND 556.8 351.6] 81.6 14360.0] 91.0} ND 13870.0 26.9
LA10-SVE08-09 SIM_1PPM_Hill_VI_List PPBV 43.1] 0.8 10.9 57.4} 234.9 2.7 ND 355.2] 0.1]
LA10-SVE08-10 SIM_100PPB_Hill_VI_List PPBV 0.7 0.5 0.4 0.1 11.3 0.1 ND 43 .4 0.1]
LA10-SVE08-11 SIM_1PPM_Hill_VI_List 100X PPBV ND 489.8| 309.4] 1748.0} 7305.0] ND ND 1594.0 20.1]
LA10-SVE08-12 SIM_1PPM_Hill_VI_List 10X PPBV ND 12.5 56.8 451.6 1357.0} ND ND 1259.0 1.6
LA10-SVE08-14 SIM_1PPM_Hill_VI_List 10X PPBV ND 2022.0] 1277.0 366.6| 9387.0) 22.1 ND 3249.0) 2.4
LA10-SVE08-15 SIM_1PPM_Hill_VI_List 10X PPBV ND 101.2 63.9 71.9 575.9 ND ND 1360.0 1.3]
LA10-SVE08-16 SIM_1PPM_Hill_VI_List PPBV ND 0.8 14.0 53.9 225.4] 4.3 ND 591.7| ND
LA10-SVE08-17 SIM_100PPB_Hill_VI_List PPBV 1.1] 0.3 1.1 0.3 11.0 0.1 0.1 39.7 0.1]
LA10-SVE08-18 SIM_1PPM_Hill_VI_List 10X PPBV ND 663.8 419.2] 822.4] 3378.0] ND ND 1989.0 1.2]
LA10-SVE08-19 SIM_100PPB_Hill_VI_List PPBV 25.8 35.0} 342.4] 233.2 551.3 ND 0.0 531.9] 0.1]
LA10-SVE08-20 SIM_1PPM_Hill_VI_List PPBV ND 3.0 1.9 0.5 2.3 ND ND 8.9 ND
LA10-SVE08-21 SIM_100PPB_Hill_VI_List PPBV 1.0 0.7 0.6 0.2 6.1 0.1 0.1 22.8 0.1]
LA10-SVE08-22 SIM_1PPM_Hill_VI_List PPBV ND 0.3 0.2 0.0 1.7| 0.1 0.1 9.4 0.1]
LA10-SVE08-23 SIM_1PPM_Hill_VI_List PPBV ND 50.8 32.1 67.0] 274.7 1.0 ND 94.8] 0.1]
LA10-SVE08-24 SIM_100PPB_Hill_VI_List PPBV ND 0.3 0.2 0.1 2.1 0.2 0.1 17.9| 0.1]
LA10-SVE08-25 SIM_1PPM_Hill_VI_List PPBV 43.3] 1.1 2.1 0.6 2.4 ND ND 8.7 ND
LA10-SVE08-26 SIM_1PPM_Hill_VI_List PPBV ND 1.8| 1.2 0.4 1.4] ND ND 10.5] 0.1]
LA10-SVE08-27 SIM_1PPM_Hill_VI_List PPBV ND 3.1 0.8 6.3 2.3 ND ND 103.0 ND!
LA10-SVE08-28 SIM_100PPB_Hill_VI_List PPBV ND 0.5 0.4 0.7 2.8 0.1 0.1 37.8 0.1]
LA10-SVE08-29 SIM_100PPB_Hill_VI_List PPBV ND 0.2 0.6 3.8 4.3 8.3 0.0 54.5 0.1]
LA10-SVE08-30 SIM_1PPM_Hill_VI_List PPBV 60.2 0.9 2.2 0.7 2.6 ND ND 9.5 0.1]
LA10-SVE08-31 SIM_1PPM_Hill_VI_List PPBV 63.9 1.1] 2.0 0.6 2.4 ND ND 193.3 ND!
LA10-SVE08-32 SIM_1PPM_Hill_VI_List PPBV ND 0.5 0.3 1.9] 2.3 1.4 ND 243.7| ND
LA10-SVE08-33 SIM_1PPM_Hill_VI_List PPBV ND 1.9] 1.2 ND 1.4 ND ND 8.3 ND
LA10-SVE08-34 SIM_1PPM_Hill_VI_List PPBV ND 0.8 0.9 ND 1.1 ND ND 113.9 ND
LA10-SVE08-35 SIM_100PPB_Hill_VI_List PPBV 1.0 0.2 0.2 0.1 1.0 0.1 0.1 28.6 0.1]
LA10-SVE08-36 SIM_100PPB_Hill_VI_List PPBV 0.4 0.3 0.2 0.1 0.4 0.2 0.1 46.6| 0.1]
LA10-SVE08-37 SIM_1PPM_Hill_VI_List PPBV ND 0.7 0.4 1.0] 4.4 1.3 ND 183.5 ND!
LA10-SVE08-38 SIM_1PPM_Hill_VI_List PPBV 39.2 0.9 0.6 0.7 3.0 ND ND 61.0] ND
LA10-SVE08-40 SIM_1PPM_Hill_VI_List PPBV ND 0.9 1.4 0.5 1.6] ND 0.4 5.7 ND
LA10-SVE08-40 SIM_100PPB_Hill_VI_List PPBV ND 0.1 0.2 0.1 1.3] ND 0.1 5.3 0.1

Note:

1) Two calibration curves were generated one up to 100ppbv and one up to 1ppmv.

2) Samples from LA10-SVE08-01 and LA10-SVE08-40 were tested with both calibration curves to test the accuracy of both calibration curves.

3) Sample from LA10-SVE08-03 was tested with and without dilution to test the error in the dilution.

4) Sample from LA10-SVE08-19 was tested with the 100ppbv calibration curve and the result for TCE was above 100ppbyv, but there was not any more vapor sample to be tested with
5) Air and N2 blank samples and calibration checkes were tested often during the analysis.

6) ND = Not Detected. Detection limits were 0.5 ppbv for all the chemicals tested here.

7) Samples that exceeded 1.0 ppm were diluted 10X or 100X
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Table B2

SOIL VAPOR MONITORING RESULTS USING GEM 2000 Landfill Gas Monitor CH4/C0O2/02

July 27, 2010

Atlas Missile Site 10

Former Lincoln AFB, York, Nebraska

WIGSI

ENVIRONMENTAL

Date/Time Well ID CH4 CO2 02 Balance %LEL Baro. Press. Rel. Pressure
% % % % % inches Hg inches H20

7/27/2010 7:44 LA10-SVE08-01 0 0.5 19 80.5 0 28.24 27.98|
7/27/2010 7:45 Field Blank 0 0 20.7 79.3 0 28.24 0.95)
7/27/2010 7:46 LA10-SVE08-01_R 0 0.5 18.9 80.6 0 28.24 23.6)
7/27/2010 7:56 LA10-SVE08-02 0 0.1 18.7 81.2 0 28.2 149.48
7/27/2010 8:06 LA10-SVE08-04 0 1.2 17.8 81 0 28.2 35.88
7/27/2010 8:21 LA10-SVE08-05 0 0.2 18.9 80.9 0 28.21 49.32
7/27/2010 8:22 Field Blank 0 0 19.6 80.4 0 28.21 0.55)
7/27/2010 8:23 Field Blank 0 0 20.6 79.4 0 28.21 0.74]
7/27/2010 8:29 LA10-SVE08-03 0 14 17.6 81 0 28.21 36.91
7/27/2010 8:36 LA10-SVE08-07 0 5.2 10.3 845 0 28.21 18.73
7/27/2010 8:37 LA10-SVE08-07_R 0 5.1 10.5 84.4 0 28.21 16.73]
7/27/2010 8:43 LA10-SVE08-06 0 3 15.1 81.9 0 28.21 28.46|
7/27/2010 8:52 LA10-SVE08-08 0.1 0.6 17.5 81.8 2 28.21 33.62
7/27/2010 8:53 LA10-SVE08-08_R 0.1 0.6 17.6 81.7 2 28.21 12.65|
7/27/2010 8:54 Field Blank 0 0 20.7 79.3 0 28.21 0.92
7/27/2010 9:03 A10-SVEO08-10 0.1 3 16.4 80.5 2 28.21 29.89
7/27/2010 9:10 A10-SVEO08-11 0.1 1.3 17.1 81.5 2 28.21 30.95|
7/27/2010 9:11 Field Blank 0 0 20.6 79.4 0 28.21 0.98
7/27/2010 9:18 A10-SVEO08-12 0.1 0.6 18.4 80.9 2 28.21 25.1]
7/27/2010 9:19 Al10-SVE08-12_R 0.1 0.6 18.4 80.9 2 28.21 23.35]
7/27/2010 9:26 A10-SVE08-09 0.2 0.1 19.2 80.5 4 28.21 43.64
7/27/2010 9:28 A10-SVE08-09_R 0.2 0.1 19.3 80.4 4 28.21 42.67
7/27/2010 9:29 Field Blank 0 0 20.7 79.3 0 28.21 0.56)
7/27/2010 9:36 A10-SVEO08-15 0.1 0.4 18.6 80.9 2 28.21 36.98
7/27/2010 9:37 Al10-SVE08-15_R 0.1 0.4 18.6 80.9 2 28.21 20.35]
7/27/2010 9:48 A10-SVEO08-14 0.2 2.8 12.9 84.1 4 28.2 35.73
7/27/2010 9:49 Al10-SVE08-14_R 0.2 2.7 13.1 84 4 28.2 22.63|
7/27/2010 9:50 Field Blank 0 0 20.6 79.4 0 28.2 0.84]
7/27/2010 9:55 A10-SVEO08-16 0.2 0.2 19.1 80.5 4 28.2 50.64]
7/27/2010 11:16 A10-SVEO08-17 0.1 0.5 19.3 80.1 2 28.19 29.4]
7/27/2010 11:24 A10-SVEO08-20 0.1 0.2 19.7 80 2 28.18 33.82
7/27/2010 11:25 A10-SVE08-20_R 0.1 0.2 19.8 79.9 2 28.18 20.08|
7/27/2010 11:31 A10-SVEO08-19 0.1 1.8 18.2 79.9 2 28.19 23.82
7/27/2010 11:39 A10-SVEO08-18 0.1 2.6 16.3 81 2 28.19 23.4]
7/27/2010 11:40 Field Blank 0 0 20.8 79.2 0 28.19 0.64]
7/27/2010 11:49 A10-SVEO08-21 0.1 0.2 19.3 80.4 2 28.19 34.8
7/27/2010 11:55 A10-SVEO08-22 0.2 0 20 79.8 4 28.19 50.94
7/27/2010 11:56 Al10-SVE08-22_R 0.2 0 20.1 79.7 4 28.19 22.89
7/27/2010 12:05 Field Blank 0 0 20.7 79.3 0 28.19 0.95)
7/27/2010 12:10 A10-SVEO08-24 0.2 0.1 19.7 80 4 28.19 28.26|
7/27/2010 12:11 Al10-SVE08-24_R 0.2 0.1 19.7 80 4 28.19 28.41]
7/27/2010 12:12 Field Blank 0 0 20.6 79.4 0 28.19 1.01
7/27/2010 12:19 A10-SVEO08-25 0.2 0 20.2 79.6 4 28.19 41.04
7/27/2010 12:20 Al10-SVE08-25_R 0.2 0 20.2 79.6 4 28.19 27.58
7/27/2010 12:26 A10-SVEO08-29 0.2 0.3 19.2 80.3 4 28.19 40.69
7/27/2010 12:27 A10-SVE08-29_R 0.2 0.3 19.3 80.2 4 28.19 26.89
7/27/2010 12:28 A10-SVEO08-30 0.2 0 20.3 79.5 4 28.19 0.85)
7/27/2010 12:33 A10-SVEO08-23 0.2 0.9 18.7 80.2 4 28.19 27.09
7/27/2010 12:34 Field Blank 0 0 20.5 79.5 0 28.19 0.98
7/27/2010 12:40 A10-SVEO08-28 0.2 0.3 19.3 80.2 4 28.19 34.64
7/27/2010 12:46 A10-SVEO08-35 0.2 0.1 20.3 79.4 4 28.19 36.35)
7/27/2010 12:53 A10-SVEO08-34 0.2 0.1 19.7 80 4 28.18 36.85|
7/27/2010 12:54 A10-SVE08-34_R 0.2 0.1 19.7 80 4 28.18 40.95
7/27/2010 12:55 Field Blank 0.1 0 20.4 79.5 2 28.18 0.91]
7/27/2010 12:56 Field Blank 0.1 0 20.6 79.3 2 28.18 0.91]
7/27/2010 12:57 Field Blank 0 0 20.7 79.3 0 28.18 0.92
7/27/2010 12:58 Field Blank 0 0 20.7 79.3 0 28.18 0.92
7/27/2010 13:04 A10-SVEO08-39 0.3 0 19.8 79.9 6 28.18 34.82
7/27/2010 13:10 A10-SVEO08-38 0.3 0.1 17.1 825 6 28.18 37.69
7/27/2010 13:17 A10-SVEO08-37 0.3 0 20.2 79.5 6 28.18 33.34]
7/27/2010 13:44 A10-SVEO08-40 0.3 0.1 20 79.6 6 28.18 36.83]
7/27/2010 13:51 A10-SVEO08-32 0.3 0.1 19.7 79.9 6 28.17 33.75
7/27/2010 13:56 A10-SVEO08-33 0.3 0 19.5 80.2 6 28.17 427
7/27/2010 13:57 Field Blank 0.1 0 20.7 79 2 28.17 0.99
7/27/2010 13:58 Field Blank 0.1 0 20.8 78.9 2 28.17 1]
7/27/2010 13:59 Field Blank 0 0 20.7 79 6 28.17 1]
7/27/2010 14:03 A10-SVEO08-27 0.3 0.4 18.5 80.8 6 28.17 25.54]
7/27/2010 14:09 A10-SVEO08-26 0.3 1.3 17.2 81.2 6 28.17 29.92
7/27/2010 14:10 Field Blank 0.3 0 20.6 79.1 6 28.17 1.02
7/27/2010 14:17 A10-SVEO08-31 0.3 0.1 19.5 80.1 6 28.16 30.61
7/27/2010 14:23 A10-SVE08-36 0.3 0.1 20 79.6 6 28.16 37.62

Note:

Balance = 100 - CH4 - CO2 - O2
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Table B3
SOIL VAPOR SAMPLING RESULTS USING HAPSITE ER - H1774
August 30-31, 2010

Atlas Missile Site 10
Former Lincoln AFB, York, Nebraska

Sample Date Cellected Dilution Factor Rep. Limit Units VC 1,2-trans-DCE 1,2-cis-DCE TCE
LA10-SVE08-01 8/31/2010 11:39 1X 0.5 PPBV ND ND 5.5 38.1
LA10-SVE08-02 8/31/2010 11:56 1X 0.5 PPBV ND ND 8.4 47.4
LA10-SVE08-03 8/31/2010 12:13 80X 40 PPBV ND ND 241 402
LA10-SVE08-04 8/31/2010 11:48 250X 125 PPBV ND ND 878 2030
LA10-SVE08-05 8/31/2010 12:05 1X 0.5 PPBV ND ND 3.59 10.9
LA10-SVE08-06 8/31/2010 12:50 16X 8 PPBV ND ND 17.7 156
LA10-SVE08-07 8/31/2010 13:35 32000X 16000 PPBV ND ND 33900 72500
LA10-SVE08-08 8/31/2010 13:24 40X 20 PPBV ND ND 71.2) 141
LA10-SVE08-09 8/31/2010 12:23 160X 80 PPBV ND ND 245 659
LA10-SVE08-10 8/31/2010 12:59 1X 0.5 PPBV ND ND 8.45) 6.88|
LA10-SVE08-10 (Dup.) 8/31/2010 12:59 1X 0.5 PPBV ND ND 7.6 5.4
LA10-SVE08-11 8/31/2010 12:40 1600X 800 PPBV ND ND 16000 5040
LA10-SVE08-12 8/31/2010 12:31 500X 250 PPBV ND ND 2840 2580
LA10-SVE08-14 8/31/2010 13:15 1000X 500 PPBV ND 757 6010 3530
LA10-SVE08-15 8/31/2010 10:25 320X 160 PPBV ND ND 677 2720
LA10-SVE08-16 8/31/2010 10:16 160X 80 PPBV ND ND 236 1110
LA10-SVE08-17 8/31/2010 10:52 1X 0.5 PPBV ND ND 31.3] 72.2
LA10-SVE08-18 8/31/2010 10:37 640X 320 PPBV ND 460 4160 2620
LA10-SVE08-19 8/31/2010 10:07 80X 40 PPBV ND ND 48.5) 146
LA10-SVE08-20 8/31/2010 9:59 1X 0.5 PPBV ND ND 6.5) 12.1
LA10-SVE08-21 8/31/2010 9:42 1X 0.5 PPBV ND ND 2.6 14.5
LA10-SVE08-22 8/31/2010 9:50 1X 0.5 PPBV ND ND 0.8 6.5
LA10-SVE08-23 8/30/2010 17:30 1X 0.5 PPBV ND ND 312.8 114.0
LA10-SVE08-23 (Dup.) 8/31/2010 9:20 1X 0.5 PPBV ND ND 363.1 121.9
LA10-SVE08-24 8/31/2010 9:26 1X 0.5 PPBV ND ND 4.3 14.8
LA10-SVE08-25 8/31/2010 9:34 1X 0.5 PPBV ND ND 2.1 7.2
LA10-SVE08-26 8/30/2010 17:15 1X 0.5 PPBV ND ND 87 207
LA10-SVE08-26 (re-do) 8/31/2010 8:30 1X 0.5 PPBV ND ND 0.565| 5.58]
LA10-SVE08-27 8/30/2010 17:20 2X 1 PPBV ND ND 1.68 113.0
LA10-SVE08-28 8/31/2010 9:15 1X 0.5 PPBV ND ND 3.1 66.2
LA10-SVE08-29 8/31/2010 9:00 1X 0.5 PPBV ND ND 53 182]
LA10-SVE08-30 8/31/2010 9:10 1X 0.5 PPBV ND ND 3.7 14.2
LA10-SVE08-31 8/30/2010 16:30 1X 0.5 PPBV ND ND 29 332
LA10-SVE08-31 (Dup.) 8/30/2010 16:30 1X 0.5 PPBV ND ND 17 271
LA10-SVE08-32 8/30/2010 17:10 1X 0.5 PPBV ND ND 6.2 176
LA10-SVE08-33 8/30/2010 0:00 10X 5 PPBV ND ND ND 10.8
LA10-SVE08-34 8/31/2010 8:40 40X 20 PPBV ND ND ND 122
LA10-SVE08-35 8/31/2010 8:50 1X 0.5 PPBV ND ND 3.1 34.5
LA10-SVE08-36 8/30/2010 16:45 1X 0.5 PPBV ND ND ND 37.1
LA10-SVE08-37 8/30/2010 16:50 1X 0.5 PPBV ND ND 23.0) 215
LA10-SVE08-38 8/30/2010 17:50 1X 0.5 PPBV ND ND ND 53
LA10-SVE08-39 8/30/2010 18:00 5X 2.5 PPBV ND ND ND 30.4
LA10-SVE08-40 8/30/2010 17:40 1X 0.5 PPBV ND ND 2.3 7.5
Blank - Up Wind 8/31/2010 13:10 1X 0.5 PPBV ND ND ND ND
Blank - Down Wind 8/31/2010 13:11 1X 0.5 PPBV ND ND ND ND

Note:
ND = Not Detected
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Table B4

WIGSI

ENVIRONMENTAL

SOIL VAPOR MONITORING RESULTS USING GEM 2000 Landfill Gas Monitor CH4/C0O2/02

August 30-31, 2010

Atlas Missile Site 10
Former Lincoln AFB, York, Nebraska

Date/Time Well ID CH4 CcOo2 02 Balance %LEL Vac. Pres.
% % % % % inch-Hg

8/30/2010 16:30 LA10-SVE08-31 0.2 0.4 17.6 81.8 4 5
8/30/2010 16:45 LA10-SVE08-36 0.2 0.2 19.2 80.4 4 5
8/30/2010 16:50 LA10-SVE08-37 0.2 0.3 18.8 80.7 4

8/30/2010 17:00 LA10-SVE08-32 0.2 0.3 175 82.0 4 5
8/30/2010 17:10 LA10-SVE08-26 0.2 3.5 9.1 87.2 4 13
8/30/2010 17:20 LA10-SVE08-27 0.2 0.8 13.1 85.9 4 5
8/30/2010 17:30 LA10-SVE08-33 0.2 0.2 14.9 84.7 4

8/30/2010 17:40 LA10-SVE08-40 0.2 0.1 17.7 82 4

8/30/2010 17:50 LA10-SVE08-38 0.2 1.1 17.7 81 4

8/30/2010 18:00 LA10-SVE08-39 0.2 0.3 17.9 81.6 4

8/30/2010 21:46 Blank 0.0 0.0 20.9 79.1 0

8/31/2010 8:30 LA10-SVE08-26 0.0 0.6 19.6 79.8 0 6
8/31/2010 8:40 LA10-SVE08-34 0.0 0.4 16.7 82.9 0 4
8/31/2010 8:50 LA10-SVE08-35 0.0 1.2 18.7 80.1 0 4
8/31/2010 9:00 LA10-SVE08-29 0.0 1.0 17.4 81.6 0 4
8/31/2010 9:10 LA10-SVE08-30 0.0 0.1 19.3 80.6 0 4
8/31/2010 9:15 LA10-SVE08-28 0.0 1.0 14.7 84.3 0 5
8/31/2010 9:20 LA10-SVE08-23 0.0 0.3 18.8 80.9 0 5
8/31/2010 9:26 LA10-SVE08-24 0.1 0.3 18.8 80.8 2 3.5
8/31/2010 9:34 LA10-SVE08-25 0.1 0.1 19.7 80.1 2 35
8/31/2010 9:42 LA10-SVE08-21 0.1 0.4 19.0 80.5 2 4
8/31/2010 9:50 LA10-SVE08-22 0.1 0.1 19.7 80.1 2 4
8/31/2010 9:59 LA10-SVE08-20 0.1 0.3 19.7 79.9 2 5
8/31/2010 10:07 LA10-SVEO08-19 0.1 0.0 20.3 79.6 2 5
8/31/2010 10:16 LA10-SVEO0S8-16 0.1 0.5 18.5 80.9 2 45
8/31/2010 10:25 LA10-SVEO08-15 0.1 0.9 17.1 81.9 2 5
8/31/2010 10:37 LA10-SVEO0S8-18 0.1 3.1 14.7 82.1 2 7
8/31/2010 10:52 LA10-SVE08-17 0.1 0.6 18.9 80.4 2 45
8/31/2010 11:39 LA10-SVE08-01 0.1 0.6 18.3 81 2 5
8/31/2010 11:48 LA10-SVE08-04 0.1 1.5 15.7 82.7 2 3
8/31/2010 11:56 LA10-SVE08-02 0.1 0.3 14.7 84.9 2 3
8/31/2010 12:05 LA10-SVE08-05 0.1 0.2 18.8 80.9 2 35
8/31/2010 12:13 LA10-SVE08-03 0.1 1.7 17.5 80.7 2 55
8/31/2010 12:23 LA10-SVE08-09 0.2 0.3 17.3 82.2 4 5
8/31/2010 12:31 LA10-SVEO08-12 0.2 1.0 17.1 81.7 4 7
8/31/2010 12:40 LA10-SVEO08-11 0.2 1.1 16.9 81.8 4 7
8/31/2010 12:50 LA10-SVE08-06 0.2 2.2 16.2 81.4 4 5
8/31/2010 12:59 LA10-SVEO08-10 0.2 1.3 18.8 79.7 4 5
8/31/2010 13:15 LA10-SVEO08-14 0.2 2.9 10.7 86.2 4 5
8/31/2010 13:24 LA10-SVE08-08 0.2 0.0 19.2 80.6 4 125
8/31/2010 13:35 LA10-SVE08-07 0.2 8.3 8.4 83.1 4 15
8/31/2010 13:35 Ambient Air 0.2 0.0 19.3 80.5 4

Note:

Balance =100 - CH4 - CO2 - 02
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Appendix C: Figures and Tables from Previous Site Reports

Figure C1: Geological Cross Sections
Figure C2: Soil TCE Concentration Map, 1999-2006
Figure C3: Soil Boring Logs and SVE Well Construction

Table C1:  Soil Analytical Data, 2004-2006
Table C2: SVE Well Construction Details

Demonstration Plan: Enhanced Attenuation of September 2012
Unsaturated Chlorinated Solvent Source Zones ER-1027
Using Direct Hydrogen Delivery



Figure C1

Geological Cross Sections

Figure 5. Site Cross Section Location Map
Figure 6: Geological Cross Section B-B'
Figure 7: Geological Cross Section C-C'

Source:

Kemron, 2007, Soil vapor extraction pilot test report, former Lincoln Air Force Base, Atlas
Missile Site 10, York, Nebraska, prepared for U.S. Army corps of Engineers, November 2007
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Figure C2

Soil TCE Concentration Map, 1999-2006

Figure 2A: Site Soil Investigation, 1999-2005
Figure 2B: Site Soil Investigation, 2006

Source:

Kemron, 2007, Soil vapor extraction pilot test report, former Lincoln Air Force Base, Atlas
Missile Site 10, York, Nebraska, prepared for U.S. Army corps of Engineers, November 2007
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Table C1

Soil Analytical Data, 2004-2006

Table 2: Soil Analytical Data, Laboratory Results,
2004-2006

Source:

Kemron, 2007, Soil vapor extraction pilot test report, former Lincoln Air Force Base, Atlas
Missile Site 10, York, Nebraska, prepared for U.S. Army corps of Engineers, November 2007



Soil Analytical Data, Laboratory Results, 2004-2006
Former Lincoln Air Force Base
Atlas Missile Site 10
York, York County, Nebraska

Table 2: Soil Analytical Data, Laboratory Results, 2004-2006
SW5260B (TCL-Volatile Organics)

Boring Location | Depth (feet) Date Trichloroethene cis-1,2-Dichloroethene trans- 1,2-Dichloroethene Acetone ug/g| Trichlorofluoromethane Toluene
(ft bgs) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg)
LA10-SB04-16 30 12/7/2004 <3.88 <3.88 DNA DNA DNA DNA
LA10-SB04-17 30 12/8/2004 212 20.0 DNA DNA DNA DNA
45 12/8/2004 2810 16.1 DNA DNA DNA DNA
55 12/8/2004 60.0 <4.50 DNA DNA DNA DNA
LA10-SB04-18 30 12/9/2004 <6.74 <6.74 DNA DNA DNA DNA
45 12/9/2004 <5.55 <5.55 DNA DNA DNA DNA
58 12/9/2004 50.5 <4.48 DNA DNA DNA DNA
LA10-SB04-19 30 12/9/2004 <4.25 <4.25 DNA DNA DNA DNA
45 12/9/2004 <4.80 <4.80 DNA DNA DNA DNA
LA10-SB05-20 20 6/27/2005 <3.99 <3.99 DNA DNA DNA DNA
30 6/27/2005 <3.73 <3.73 DNA DNA DNA DNA
40 6/7/2005 <3.70 <3.70 DNA DNA DNA DNA
50 6/27/2005 11.2 <4.34 DNA DNA DNA DNA
LA10-SB05-21 20 6/27/2005 <4.19 <4.19 DNA DNA DNA DNA
LA10-SB05-22 20 6/27/2005 10.7 <5.34 DNA DNA DNA DNA
30 6/27/2005 16.9 <3.91 DNA DNA DNA DNA
40 6/28/2005 35.7 <4.30 DNA DNA DNA DNA
50 6/28/2005 11.3 <5.03 DNA DNA DNA DNA
LA10-SB05-23 20 6/28/2005 <4.03 <4.03 DNA DNA DNA DNA
30 6/28/2005 <3.96 <3.96 DNA DNA DNA DNA
40 6/28/2005 <7.40 <7.40 DNA DNA DNA DNA
50 6/28/2005 66.7 <4.31 DNA DNA DNA DNA
54 6/28/2005 62.3 <4.01 DNA DNA DNA DNA
LA10-SB05-24 20 6/28/2005 <6.02 <6.02 DNA DNA DNA DNA
30 6/28/2005 <4.63 <4.63 DNA DNA DNA DNA
40 6/28/2005 31.8 <5.26 DNA DNA DNA DNA
50 6/28/2005 65 <5.39 DNA DNA DNA DNA
LA10-SB05-25 20 6/28/2005 <4.30 <4.30 DNA DNA DNA DNA
30 6/28/2005 <4.67 <4.67 DNA DNA DNA DNA
40 6/28/2005 <9.14 <9.14 DNA DNA DNA DNA
50 6/29/2005 <4.11 <4.11 DNA DNA DNA DNA
LA10-SB05-26 20 6/28/2005 343 5.16 DNA DNA DNA DNA
30 6/28/2005 <3.64 <3.64 DNA DNA DNA DNA
40 6/28/2005 126 <6.91 DNA DNA DNA DNA
50 6/29/2005 112 <5.51 DNA DNA DNA DNA
LA10-SB05-27 20 6/29/2005 <5.08 <5.08 DNA DNA DNA DNA
30 6/29/2005 <5.03 <5.03 DNA DNA DNA DNA
40 6/29/2005 <5.01 <5.01 DNA DNA DNA DNA
50 6/29/2005 <5.28 <5.28 DNA DNA DNA DNA
LA10-SB05-28 20 6/29/2005 <4.76 <4.76 DNA DNA DNA DNA
30 6/29/2005 <4.35 <4.35 DNA DNA DNA DNA
40 6/29/2005 <5.86 <5.86 DNA DNA DNA DNA
50 6/29/2005 76.1 <4.77 DNA DNA DNA DNA
LA10-SB05-29 20 6/30/2005 <4.48 <4.48 DNA DNA DNA DNA
30 6/30/2005 <5.04 <5.04 DNA DNA DNA DNA
40 6/30/2005 <5.07 <5.07 DNA DNA DNA DNA
50 6/30/2005 <5.79 <5.79 DNA DNA DNA DNA
LA10-SB05-30 20 6/30/2005 <4.89 <4.89 DNA DNA DNA DNA
30 6/30/2005 <6.10 <6.10 DNA DNA DNA DNA
40 6/30/2005 72.4 <4.85 DNA DNA DNA DNA
50 6/30/2005 114 <4.98 DNA DNA DNA DNA
LA10-SB05-31 20 6/30/2005 <5.20 <5.20 DNA DNA DNA DNA
30 6/30/2005 <5.63 <5.63 DNA DNA DNA DNA
40 6/30/2005 <4.95 <4.95 DNA DNA DNA DNA
50 6/30/2005 <6.25 <6.25 DNA DNA DNA DNA
LA10-SB05-32 18 6/29/2005 <5.15 <5.15 DNA DNA DNA DNA
30 6/30/2005 <4.48 <4.48 DNA DNA DNA DNA
37 6/30/2005 <5.05 <5.05 DNA DNA DNA DNA
40 6/30/2005 57.0 <5.32 DNA DNA DNA DNA
50 6/30/2005 56.4 <6.28 DNA DNA DNA DNA
LA10-SB05-33 20 6/30/2005 24.3 <6.24 DNA DNA DNA DNA
30 6/30/2005 321 60.2 DNA DNA DNA DNA
40 6/30/2005 316 39.5 DNA DNA DNA DNA
50 6/30/2005 151 16.5 DNA DNA DNA DNA
LA10-SB05-34 20 7/1/2005 164 13.4 DNA DNA DNA DNA
30 7/1/2005 286 43.4 DNA DNA DNA DNA
40 7/1/2005 435 26.7 DNA DNA DNA DNA
50 7/1/2005 64.5 5.96 DNA DNA DNA DNA
LA10-SB05-35 20 7/1/2005 <3.82 <3.82 DNA DNA DNA DNA
30 7/1/2005 7.77 <4.30 DNA DNA DNA DNA
40 7/1/2005 38.8 <4.87 DNA DNA DNA DNA
50 7/1/2005 56 <4.11 DNA DNA DNA DNA
LA10-SB05-36 20 7/6/2005 276 24.2 DNA DNA DNA DNA
30 7/6/2005 377 65.2 DNA DNA DNA DNA
40 7/6/2005 430 41.1 DNA DNA DNA DNA
50 7/6/2005 201 21.8 DNA DNA DNA DNA




Soil Analytical Data, Laboratory Results, 2004-2006
Former Lincoln Air Force Base
Atlas Missile Site 10
York, York County, Nebraska

Table 2: Soil Analytical Data, Laboratory Results, 2004-2006
SW5260B (TCL-Volatile Organics)

Boring Location | Depth (feet) Date Trichloroethene cis-1,2-Dichloroethene trans- 1,2-Dichloroethene Acetone ug/g| Trichlorofluoromethane Toluene
(ft bgs) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg)
LA10-SB05-37 20 7/6/2005 14.2 <5.49 DNA DNA DNA DNA
30 7/6/2005 <5.55 <5.55 DNA DNA DNA DNA
40 7/6/2005 15.9 <5.38 DNA DNA DNA DNA
50 7/6/2005 91.7 <5.07 DNA DNA DNA DNA
LA10-SB05-38 20 7/5/2005 14.5 <5.43 DNA DNA DNA DNA
30 7/5/2005 27.6 <5.03 DNA DNA DNA DNA
40 7/5/2005 87.2 <5.79 DNA DNA DNA DNA
50 7/5/2005 74.0 <5.25 DNA DNA DNA DNA
LA10-SB05-39 19 7/5/2005 <5.94 <5.94 DNA DNA DNA DNA
30 7/5/2005 <4.58 <4.58 DNA DNA DNA DNA
40 7/5/2005 14.5 <5.78 DNA DNA DNA DNA
50 7/5/2005 35.2 <5.66 DNA DNA DNA DNA
LA10-SB05-40 20 7/6/2005 66.1 12.10 DNA DNA DNA DNA
30 7/6/2005 63.0 12.00 DNA DNA DNA DNA
40 7/6/2005 94.9 12.70 DNA DNA DNA DNA
50 7/6/2005 75.3 8.79 DNA DNA DNA DNA
LA10-SB05-41 20 7/6/2005 <5.26 <5.26 DNA DNA DNA DNA
30 7/6/2005 <5.71 <5.71 DNA DNA DNA DNA
40 7/6/2005 10.7 <4.79 DNA DNA DNA DNA
50 7/6/2005 22.0 <5.12 DNA DNA DNA DNA
LA10-SB05-42 20 7/6/2005 5.75 <2.24 DNA DNA DNA DNA
30 7/6/2005 30.0 <5.67 DNA DNA DNA DNA
40 7/6/2005 46.6 <5.84 DNA DNA DNA DNA
50 7/6/2005 73.7 <5.41 DNA DNA DNA DNA
LA10-SB05-43 20 717/2005 43.4 <6.12 DNA DNA DNA DNA
30 7/7/2005 63.0 <5.10 DNA DNA DNA DNA
40 7/7/2005 69.4 <5.14 DNA DNA DNA DNA
50 7/7/2005 164 <5.34 DNA DNA DNA DNA
LA10-SB05-44 20 717/2005 16.3 <4.76 DNA DNA DNA DNA
30 7/7/2005 13.2 <4.35 DNA DNA DNA DNA
40 71712005 43.8 <5.35 DNA DNA DNA DNA
50 7/7/2005 20.6 <3.82 DNA DNA DNA DNA
LA10-SB05-45 20 7/8/2005 <5.34 <5.34 DNA DNA DNA DNA
30 7/8/2005 <4.46 <4.46 DNA DNA DNA DNA
40 7/8/2005 <4.52 <4.52 DNA DNA DNA DNA
50 7/8/2005 5.05 <4.55 DNA DNA DNA DNA
LA10-SB06-101 20 6/22/2006 <5.02 <5.02 <5.02 <10.0 <10.0 <5.02
30 6/22/2006 <4.92 <4.92 <4.92 <9.83 <9.83 5.1
40 6/22/2006 <4.41 <4.41 <4.41 <8.82 <8.81 <4.41
50 6/22/2006 <4.80 <4.80 <4.80 16.0 <9.60 <4.80
LA10-SB06-102 20 6/22/2006 <4.63 <4.63 <4.63 <9.26 <9.26 <4.63
30 6/22/2006 <5.89 <5.89 <5.89 20.5 <11.8 <5.89
40 6/22/2006 <5.47 <5.47 <5.47 545 <10.9 <5.47
50 6/22/2006 <4.29 <4.29 <4.29 <8.58 <8.58 <4.29
LA10-SB06-103 20 6/22/2006 <4.63 <4.63 <4.63 <9.27 <9.27 <4.63
30 6/22/2006 173 89.3 4.49 <8.82 <8.82 <4.41
40 6/22/2006 1750 910 13.7 <9.96 <9.96 <4.98
50 6/22/2006 2090 530 15.6 <10.4 <10.4 <5.19
LA10-SB06-104 20 6/23/2006 <5.06 <5.06 <5.06 <10.1 <10.1 <5.06
30 6/23/2006 <5.05 <5.05 <5.05 <10.1 <10.1 <5.05
40 6/23/2006 17.8 <5.68 <5.68 <11.4 <11.4 <5.68
50 6/23/2006 15.8 <4.89 <4.89 <9.79 <9.79 <4.89
LA10-SB06-105 20 6/23/2006 <4.99 <4.99 <4.99 <9.98 <9.98 <4.99
30 6/23/2006 <4.85 <4.85 <4.85 30 <9.70 6.59
40 6/23/2006 <4.42 <4.42 <4.42 32 <8.84 <4.42
50 6/23/2006 <5.10 <5.10 <5.10 144 <10.2 <5.10
LA10-SB06-106 20 6/23/2006 <5.95 <5.95 <5.95 <11.9 <11.9 <5.95
30 6/23/2006 <4.77 <4.77 <4.77 27.8 <9.54 <4.77
40 6/23/2006 8.73 <6.15 <6.15 <12.3 <12.3 <6.15
50 6/23/2006 <4.66 <4.66 <4.66 <9.32 <9.32 <4.66
LA10-SB06-107 20 6/23/2006 <4.93 <4.93 <4.93 19.6 <9.87 <4.93
30 6/23/2006 18.1 110 7.36 <9.43 <9.43 <4.72
40 6/23/2006 126 206 10.2 <10.8 <10.8 <5.40
50 6/23/2006 6.88 <4.45 <4.45 <8.89 <8.89 <4.45
LA10-SB06-108 20 6/26/2006 <5.15 <5.15 <5.15 17.8 <10.3 <5.15
30 6/26/2006 <5.66 <5.66 <5.66 193 <11.3 <5.66
40 6/26/2006 <4.90 <4.90 <4.90 <9.80 <9.80 <4.90
50 6/26/2006 <4.35 <4.35 <4.35 16.9 <8.69 <4.35
LA10-SB06-109 20 6/26/2006 <5.99 <5.99 <5.99 25.7 <12.0 <5.99
30 6/26/2006 <4.66 <4.66 <4.66 <9.32 <9.32 <4.66
40 6/26/2006 <5.24 <5.24 <5.24 <10.5 <10.5 <5.24
50 6/26/2006 <4.83 <4.83 <4.83 <9.65 <9.65 <4.83
LA10-SB06-110 20 6/26/2006 27.7 2733 12.1 <10.5 <10.5 <5.26
30 6/26/2006 38 198 <5.01 <10.0 <10.0 <5.01
40 6/26/2006 111 107 <5.68 <11.4 <11.4 <5.68
50 6/26/2006 16.4 17.6 <4.95 <9.91 <9.91 <4.95




Soil Analytical Data, Laboratory Results, 2004-2006
Former Lincoln Air Force Base
Atlas Missile Site 10
York, York County, Nebraska

Table 2: Soil Analytical Data, Laboratory Results, 2004-2006
SW5260B (TCL-Volatile Organics)

Boring Location | Depth (feet) Date Trichloroethene cis-1,2-Dichloroethene trans- 1,2-Dichloroethene Acetone ug/g| Trichlorofluoromethane Toluene
(ft bgs) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg) (Hg/Kg)
LA10-SB06-111 20 6/26/2006 <4.67 <4.67 <4.67 <9.33 <9..33 <4.67
30 6/26/2006 <5.00 <5.00 <5.00 <10.0 <10.0 <5.00
40 6/26/2006 112 73.2 <4.97 <9.94 <9.94 <4.97
50 6/26/2006 10.5 16.6 <5.61 <11.2 <11.2 <5.61
LA10-SB06-112 20 6/27/2006 <7.37 <7.37 <7.37 <14.7 <14.7 <7.37
30 6/27/2006 <5.72 <5.72 <5.72 <114 <114 <5.72
40 6/27/2006 <4.83 <4.83 <4.83 <9.67 <9.67 <4.83
50 6/27/2006 <4.70 <4.70 <4.70 <9.40 <9.40 <4.70
LA10-SB06-113 20 6/27/2006 <4.59 <4.59 <4.59 <9.17 <9.17 <4.59
30 6/27/2006 <5.11 <5.11 <5.11 <10.2 <10.2 <5.11
40 6/27/2006 <4.76 <4.76 <4.76 <9.53 <9.53 <4.76
50 6/27/2006 <5.77 <5.77 <5.77 13.1 <11.5 <5.77
LA10-SB06-114 20 6/27/2006 <5.41 <5.41 <5.41 <10.8 <10.8 <5.41
30 6/27/2006 <5.82 <5.82 <5.82 <11.6 <11.6 <5.82
40 6/27/2006 <5.34 <5.34 <5.34 <10.7 <10.7 <5.34
50 6/27/2006 <4.71 <4.71 <4.71 <9.42 <9.42 <4.71
LA10-SB06-115 20 6/27/2006 <4.71 <4.71 <4.71 51.8 <9.42 <4.71
30 6/27/2006 21.4 19.4 <5.61 <11.2 <11.2 <5.61
40 6/27/2006 86.6 45.8 <4.84 <9.68 <9.68 <4.84
50 6/27/2006 16.5 6.91 <5.38 <10.8 <10.8 <5.38
LA10-SB06-116 20 6/28/2006 749 1560 98.3 <9.71 <9.71 <4.85
30 6/28/2006 <4.59 730 13 18.3 <9.18 <4.59
40 6/28/2006 749 261J 5.9 <8.99 <8.99 <4.50
50 6/28/2006 5.86 <4.22 <4.22 <8.44 12.6 <4.22
LA10-SB06-117 20 6/28/2006 <5.26 <5.26 <5.26 <10.5 <10.5 <5.26
30 6/28/2006 <4.96 4.96 28.2 28.2 <9.92 <4.96
40 6/28/2006 <4.63 <4.63 15.3 15.3 <9.25 <4.63
50 6/28/2006 7.71 <4.52 <4.52 <9.04 <9.04 <4.52
LA10-SB06-118 20 6/28/2006 6.95 14.6 <5.62 <11.2 <11.2 <5.62
30 6/28/2006 <5.20 46.7 <5.20 <10.4 <10.4 <5.20
40 6/28/2006 49 46.6 <4.97 <9.94 <9.94 <4.97
50 6/28/2006 37.6 <5.38 <5.38 <10.8 <10.8 <5.38
LA10-SB06-119 20 6/28/2006 14.7 77.4 <4.87 <9.74 <9.74 <4.87
30 6/28/2006 181 55.1 <5.41 <10.8 <10.8 <5.41
40 6/28/2006 492 69.1 <5.93 <11.9 <11.9 <5.93
50 6/28/2006 <5.02 7.36 <5.02 <10.0 <10.0 <5.02
LA10-SB06-120 20 6/29/2006 78.1 72.6 6.59 <9.31 <9.31 <4.65
30 6/29/2006 243) 83.4 5.04 <9.29 <9.29 <4.64
40 6/29/2006 115 242.7 <4.69 <9.37 <9.37 <4.69
50 6/29/2006 20 6.91 <4.84 <9.67 <9.67 <4.84
LA10-SB06-121 20 6/29/2006 11 321 <4.90 <9.80 <9.80 <4.90
30 6/29/2006 77.1 33.2 <4.87 <9.74 <9.74 <4.87
40 6/29/2006 34.6 <4.82 <4.82 <9.64 <9.64 <4.82
50 6/29/2006 229 <4.71 <4.71 <9.41 <9.41 <4.71
LA10-SB06-122 20 9/12/2006 204 84.0 <4.26 <8.52 <8.52 <4.26
30 9/12/2006 618 118 <4.63 111 <9.26 <4.63
40 9/12/2006 <3.75 <3.75 <3.75 8.75 <7.51 <3.75
50 9/12/2006 <3.96 <3.96 <3.96 8.87 <7.93 <3.96
LA10-MWO06-6 20 9/10/2006 <4.38 <4.38 <4.38 <8.76 <8.76 <4.38
30 9/10/2006 <3.96 <3.96 <3.96 <7.91 <7.91 <3.96
40 9/10/2006 18.1 <4.13 <4.13 <8.25 <8.25 <4.13
50 9/10/2006 6.38 <4.11 <4.11 8.67 <8.21 <4.11
LA10-MWO06-7S 20 9/8/2006 <4.73 <4.73 <4.73 <9.45 <9.45 <4.73
30 9/8/2006 <3.88 <3.88 <3.88 <7.76 <7.76 <3.88
40 9/8/2006 <3.77 <3.77 <3.77 <7.53 <7.53 <3.77
50 9/8/2006 4.27 <3.72 <3.72 <7.43 <7.43 <3.72
LA10-MWO06-8 20 9/9/2006 4.67 <4.61 <4.61 <9.21 <9.21 <4.61
30 9/9/2006 7.81 <4.12 <4.12 <8.23 <8.23 <4.12
40 9/9/2006 18.2 <3.75 <3.75 <7.51 <7.51 <3.75
50 9/9/2006 7.1 <3.83 <3.83 <7.66 <7.66 <3.83
Soil Drum
Composite 10/26/2006 <50 <50 <50 NA NA NA
Notes:

e=estimated value above calibration range
J=the analyte was positively identified, but the quantitation was below the reporting limit.

NA= Not Analyzed

DNA = Data Not Available




Table C2

SVE Well Construction Details

Table 1: SVE Well Construction Data

Source:

Kemron, 2009, Soil vapor extraction operations and maintenance (O&M) manual, former
Lincoln Air Force Base, Atlas Missile Site 10, York, Nebraska, prepared for U.S. Army corps
of Engineers, March 2009



Former Lincol

Atlas Missile Site 10

York, York County, Nebraska

SE 5002.200.001

TABLE 1: SVE WELL CONSTRUCTION DATA

_ _ Ground S_urface TO(? Total Depth Screened Interval Elevation Elevation
Well ID Date Completed Latitude (N) Longitude (W) Elevation Elevation (ft bgs) (ft bgs) Top Screen Bottom Screen
(ft MSL) (ft MSL) (ft MSL) (ft MSL)

LA10-SVEO08-1 7/10/2008 40° 53' 43.98405" 97° 41' 08.08858" 1685.563 1685.097 50 15-50 1670.563 1635.563
LA10-SVEO08-2 7/11/2008 40° 53' 43.80935" 97°41' 07.79161" 1683.409 1683.093 50 15-50 1668.409 1633.409
LA10-SVEO08-3 7/10/2008 40° 53' 44.00111" 97° 41' 08.61339" 1687.659 1687.238 50 15-50 1672.659 1637.659
LA10-SVEO08-4 7/10/2008 40° 53' 43.82373" 97° 41' 08.30560" 1686.468 1685.884 50 15-50 1671.468 1636.468
LA10-SVEO08-5 7/11/2008 40° 53' 43.63904" 97° 41' 08.03810" 1684.676 1684.373 50 15-50 1669.676 1634.676
LA10-SVEO08-6 7/10/2008 40° 53' 44.02834" 97° 41' 09.16902" 1687.909 1687.28 50 15-50 1672.909 1637.909
LA10-SVEOQ8-7 7/10/2008 40° 53' 43.81969" 97° 41' 08.88939" 1687.801 1687.368 50 15-50 1672.801 1637.801
LA10-SVEO08-8 7/10/2008 40° 53' 43.64893" 97° 41' 08.59955" 1686.609 1686.247 50 15-50 1671.609 1636.609
LA10-SVEO08-9 7/11/2008 40° 53' 43.40892" 97° 41' 08.31356" 1685.884 1685.513 50 15-50 1670.884 1635.884
LA10-SVEO08-10 7/10/2008 40° 53' 43.62907" 97° 41' 09.13625" 1688.093 1687.684 50 15-50 1673.093 1638.093
LA10-SVEO08-11 7/10/2008 40° 53' 43.40970" 97° 41' 08.88390" 1687.238 1686.788 50 15-50 1672.238 1637.238
LA10-SVE08-12 7/22/2008 40° 53' 43.23759" 97° 41' 08.69365" 1687.938 1686.468 50 15-50 1672.938 1637.938
LA10-SVEO08-14 7/10/2008 40° 53' 43.18762" 97° 41' 09.09779" 1688.288 1687.759 50 15-50 1673.288 1638.288
LA10-SVEO08-15 7/10/2008 40° 53' 43.00515" 97° 41' 08.85709" 1687.426 1686.926 50 15-50 1672.426 1637.426
LA10-SVEO08-16 7/10/2008 40° 53' 42.77316" 97° 41' 08.60179" 1686.388 1685.993 50 15-50 1671.388 1636.388
LA10-SVEO08-17 7/11/2008 40° 53' 42.55317" 97° 41' 08.32960" 1684.609 1684.263 50 15-50 1669.609 1634.609
LA10-SVEO08-18 7/22/2008 40° 53' 42.83145" 97° 41' 09.10445" 1687.888 1687.472 50 15-50 1672.888 1637.888
LA10-SVEO08-19 7/10/2008 40° 53' 42.61277" 97° 41' 08.82500" 1686.738 1686.155 50 15-50 1671.738 1636.738
LA10-SVEO08-20 7/11/2008 40° 53' 42.40781" 97° 41' 08.59887" 1686.263 1685.855 50 15-50 1671.263 1636.263
LA10-SVE08-21 7/9/2008 40° 53' 42.39603" 97° 41' 09.05940" 1687.147 1686.738 50 15-50 1672.147 1637.147
LA10-SVE08-22 7/9/2008 40° 53' 42.22504" 97° 41' 08.81433" 1686.451 1685.997 50 15-50 1671.451 1636.451
LA10-SVE08-23 7/15/2008 40° 53' 42.38054" 97° 41' 09.50638" 1688.181 1687.518 50 15-50 1673.181 1638.181
LA10-SVEO08-24 7/9/2008 40° 53' 42.22394" 97° 41' 09.29129" 1687.218 1686.648 50 15-50 1672.218 1637.218
LA10-SVE08-25 7/11/2008 40° 53' 42.02880" 97° 41' 09.09862" 1686.014 1685.685 50 15-50 1671.014 1636.014
LA10-SVEO08-26 7/11/2008 40° 53' 42.77629" 97°41' 10.51223" 1688.335 1687.993 50 15-50 1673.335 1638.335
LA10-SVE08-27 7/11/2008 40° 53' 42.63454" 97° 41' 10.26700" 1688.535 1688.089 50 15-50 1673.535 1638.535
LA10-SVEO08-28 7/15/2008 40° 53' 42.41494" 97° 41' 09.95468" 1688.11 1687.618 50 15 -50 1673.11 1638.11
LA10-SVE08-29 7/8/2008 40° 53' 42.24684" 97° 41' 09.77026" 1687.014 1686.289 50 15-50 1672.014 1637.014
LA10-SVEO08-30 7/9/2008 40° 53' 42.09638" 97° 41' 09.52475" 1685.914 1685.552 50 15-50 1670.914 1635.914
LA10-SVE08-31 7/11/2008 40° 53' 42.79985" 97° 41' 10.99549" 1688.189 1687.639 50 15-50 1673.189 1638.189




Former Lincol

Atlas Missile Site 10

York, York County, Nebraska

SE 5002.200.001

TABLE 1: SVE WELL CONSTRUCTION DATA

_ _ Ground S_urface TO(? Total Depth Screened Interval Elevation Elevation
Well ID Date Completed Latitude (N) Longitude (W) Elevation Elevation (ft bgs) (ft bgs) Top Screen Bottom Screen
(ft MSL) (ft MSL) (ft MSL) (ft MSL)

LA10-SVE08-32 7/12/2008 40° 53' 42.62979" 97° 41' 10.79798" 1688.56 1688.048 50 15-50 1673.56 1638.56
LA10-SVEO08-33 7/11/2008 40° 53' 42.49245" 97°41' 10.51580" 1688.277 1687.743 50 15-50 1673.277 1638.277
LA10-SVE08-34 7/8/2008 40° 53' 42.25653" 97° 41' 10.24499" 1687.077 1686.489 50 15-50 1672.077 1637.077
LA10-SVE08-35 7/9/2008 40° 53' 42.12517" 97° 41' 09.99735" 1686.348 1685.685 50 15-50 1671.348 1636.348
LA10-SVEO08-36 7/12/2008 40° 53' 42.62816" 97°41' 11.23862" 1688.139 1687.431 50 15-50 1673.139 1638.139
LA10-SVEO08-37 7/16/2008 40° 53' 42.49943" 97°41' 10.98786" 1688.014 1687.598 50 15-50 1673.014 1638.014
LA10-SVE08-38 7/8/2008 40° 53' 42.30330" 97°41' 10.73397" 1686.393 1685.852 50 15-50 1671.393 1636.393
LA10-SVEO08-39 7/8/2008 40° 53' 42.14795" 97° 41' 10.47542" 1686.085 1685.452 50 15-50 1671.085 1636.085
LA10-SVEO08-40 7/11/2008 40° 53' 42.19500" 97° 41' 10.94646" 1685.885 1685.289 50 15-50 1670.885 1635.885




Figure C3

Soil Boring Logs and SVE Well Construction

Drilling Logs:  LA10-SVE08-01 to LA10-SVE08-40

Source:

Kemron, 2009, Soil vapor extraction operations and maintenance (O&M) manual, former
Lincoln Air Force Base, Atlas Missile Site 10, York, Nebraska, prepared for U.S. Army corps
of Engineers, March 2009



Borehole Number: LA10-SVE08-01

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Atlanta, GA 30318
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Borehole Number: LA10-SVE08-02

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Borehole Number: LA10-SVE08-03

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Borehole Number: LA10-SVE08-04

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Borehole Number: LA10-SVE08-05

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Brown clayey silt with trace fine sand, trace Lo [ 3
5 coarse sand and fine gravel from 20' to 41', = P [vd
- dry, no odor S i @)
- O L =
e hh o
. JL Fi Y @)
B ‘.{::_.“ ‘1“ q‘
107 3
] s k\ N
T 5
. n
15+ Q
- c
- o
c
7 ]
i o0
20—
- c
25— o
i o 3
m Q
i & g
— - §
30j (c/)% (_f)
i P N
g, o S
1 ) °©
O
35 & >
i N a
. i o
i <
<
T O
40 v
N
SRR YA U Loveland Loess / Grand Island
a IGIGIGINGEGI Formation Transition
HIKMWHAHIHUAHTA U H Gray clayey silt with some coarse sand and
ASHIHHIHR A AR trace fine gravel, dry, no odor
50— AR ALLALEE : , v -
= Boring Terminated




Borehole Number: LA10-SVE08-06

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Borehole Number: LA10-SVE08-07

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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Borehole Number: LA10-SVE08-08

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A
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5 coarse sand, dry, no odor = P fa
4 o X ; :“ O
. O S I < R+
- l o . s b;‘ o
= Py <
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] E k\ N
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i Loveland Loess M
20 Brown clayey silt with trace fine sand and
7 layers of coarse sand and gravel, dry, no
] odor
- c
25 o
- o &))
] (&)
i & g
] ko] o
307 g 7
- U) =
i P N
. kS, S
. (/_) o
O
35+ & >
i N o
. i o
| <
=
1 (&)
40 0
a N
45—
JHUHAMEHUAMHEL Loveland Loess / Grand Island
- HHIATTHEIATTH Formation Transition
. THUHHIHIUHHIHMAHl Gray-brown fine sandy clayey silt, dry, no
S0 odor > -

Boring Terminated




Borehole Number: LA10-SVE08-09

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
R Topsoil T
] Loveland Loess BN B -
4 Brown clayey silt with trace fine sand, trace Lo 5] 9
5 layers of coarse sand and fine gravel from = P [vd
= 23'to 42', dry, no odor S i (©)
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STHIHHATHEHRTH IHHTT Loveland Loess / Grand Island
A HAHLETTHHE L Formation Transition
A5-HHMIUAHIHIUAHIHUAH]  Gray clayey silt with some coarse sand to
At A A fine gravel, dry, no odor
50 1 1 ] - . 4 3
= Boring Terminated




Borehole Number: LA10-SVEO08-10

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Dark brown-gray clayey silt with layers of L B @
5 fine or coarse sand and gravel, dry, no odor = P x
T S i S O
] O by 3
. JL Fris . o
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- Brown clayey silt with trace coarse sand
7 and gravel, dry, no odor
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AHUHAMHLHAMHIHEIE Loveland Loess / Grand Island
50 Formation Transition - -

Gray-tan clayey silt with some fine sand,
dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-11

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN B -
i Dark brown clayey silt with trace layers of Lo Fi g
5 coarse sand and gravel, dry, no odor = P [vd
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20— Brown clayey silt with trace fine/coarse
7 sand layers, dry, no odor
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AHUHAMHLHAMHIHEIE Loveland Loess / Grand Island
50 Formation Transition v *

Gray-tan clayey silt with some fine sand,
dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-12

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/22/2008

Site Location: York, NE

Geologist: Wesley Bowen

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger

Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN B -
i Dark brown clayey silt with trace fine to s 5] Q
5 coarse sand, dry, no odor = P @
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Boring Terminated




Borehole Number: LA10-SVEQ08-14

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Dark brown clayey silt with little fine sand, Lo 5] 9
5| layers of coarse sand and gravel, dry to = P x
. moist, no odor o il w0
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. JL fr s o
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- Brown clayey silt with layers of coarse sand @
20— and gravel, dry to moist, no odor
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-HMnEHHAMH e Loveland Loess / Grand Island
- HHLAHHTHE LR Formation Transition
50 Gray clayey silt with some fine sands, dry, E3 -

no odor

Boring Terminated




Borehole Number: LA10-SVE08-15

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Dark brown clayey silt with trace fine sand, Lo [ 3
5 layers of coarse sand and gravel, dry, no = P x
. odor o KR @)
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107 3
i I w
) x
. n
15 Q
. E
- o
<
]
i Loveland Loess oM
20— Brown clayey silt with trace coarse sand
7 and gravel, dry, no odor
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AHUHAMHUEAMHIHEATE Grand Island Formation
50 Gray-tan fine sand with some clayey silt, v x

dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-16

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Dark brown clayey silt with trace fine sand, Lo [ Q
5 dry to moist, no odor 5 x
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25— o
- « (%))
* (&)
i & g
] ko] o
307 g 7
- U) =
] « N
g, o S
. (/_) o
35- S S
i N o
. i o
| <
=
1 (&)
40 0
a N
45—
-HMnEHHAMH e Loveland Loess / Grand Island
- HQHIAIHHHLAIHEI Formation Transition
50 Gray-tan clayey silt with some fine sand, > -

dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-17

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
= Topsoil T
] Loveland Loess &N e _
i Brown clayey silt with trace fine sand, some Lo Fi @
5 layers of coarse sand and fine gravel from = P @
- 22'to 43', dry, no odor o i O
- O =
;';'-h';‘ ._r\_l-‘\__. o
_ l e o
- ;.f:\_:q ;':\4 <r
107 3
] T k\ N
T 5
7 n
15 Q
4 c
- @]
<
7 ]
i m
20—
n c
25— g
i o 5
B [S]
i & g
] ke} °
307 g )
i > ;
] P N
. kS, S
4 (/_) o
O
357 & S
i N o
4 i o
_ <t
<
B [S)
40 P
7 N
SHIIHATHIAHAH A Loveland Loess / Grand Island
A5nHELTHHHE LR Formation Transition
HIRMWHAAIATHAHIATHR Gray clayey silt with some tan fine to coarse
THHUAm U A sand, dry, no odor
5o MURIHIMURIHINURIH . : v >
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Borehole Number: LA10-SVE08-18

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/22/2008

Site Location: York, NE

Geologist: Wesley Bowen
Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN B -
i Dark brown-gray clayey silt with trace fine s 5] Q
5 sand, dry to moist, no odor = P @
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AHMUHAHLEHRTHIH Loveland Loess / Grand Island
50 Formation Transition s -

Dark gray clay with some fine to coarse
sand, dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-19

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/10/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess e B -
i Dark brown clayey silt with trace/little fine s Q
5 sand, trace debris, moist, no odor = P fa
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7 sand and gravel, dry to moist, no odor
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- QHIHUTAHLAIRH]L  Gray-tan fine sand with clayey silt, dry, no
7 UAHIHMUAHIAMAH] odor
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Boring Terminated




Borehole Number: LA10-SVEQ08-20

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Brown clayey silt with trace fine sand, some Lo [ 3
5 coarse sand and fine gravel from 27" to 45/, = P [vd
4 dry, no odor S i Q
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AHMHAMHEHRTHH Loveland Loess / Grand Island
AHIHAEINRETH A Formation Transition
HIRMWHAAIATHAHIATHR Gray clayey silt with some coarse sand and
THU A AU AR H fine gravel, dry, no odor
50 v x
. Boring Terminated




Borehole Number: LA10-SVE08-21

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/09/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Dark brown clayey silt with tracel/little fine s [ Q
5 sand, dry, no odor = P [od
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- Brown clayey silt with little coarse sand, dry,
7 no odor
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JHUHAMEHUAMHEL Loveland Loess / Grand Island
- HHIATTHEIATTH Formation Transition
50 B UHHIHIUAHIHMUAH| Gray clayey silt with some tan coarse sand N
A A

and gravel, dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-22

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/09/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Brown clayey silt with trace fine sand, dry, Lo 5] Q
5 no odor s P B
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= Brown clayey silt with trace fine sand, little
7 coarse sand and fine gravel, dry, no odor S
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AHMHAMHEHRTHH Loveland Loess / Grand Island
- HHHHE AT H Formation Transition
7 UAHIAMUAHIATL A Gray clayey silt with tan coarse sand, dry,
7 AR HM AR HALF no odor
50 v A

Boring Terminated




Borehole Number: LA10-SVE08-23

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date

: 07/15/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
L= TR T T) Topsoil and Gravel T
| Loveland Loess T =
2 Dark brown clayey silt with trace fine sand, b e .é’
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i dry, no odor 3 [ 7
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50 Formation Transition v -

Gray-brown clayey silt with some fine sand,
dry, no odor

Boring Terminated




Borehole Number: LA10-SVEQ08-24

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/09/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Brown clayey silt with trace fine sand, dry, Lo 5] Q
5- no odor = o4
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Borehole Number: LA10-SVEQ08-25

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN B -
4 Brown clayey silt with trace fine sand, trace Lo [ 3
5 coarse sand and fine gravel from 26' to 45/, = P [vd
. dry, no odor o i (&
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AHMHAMHEHRTHH Loveland Loess / Grand Island
AHIHAEINRETH A Formation Transition
HIRMWHAAIATHAHIATHR Gray clayey silt with some coarse sand and
THU A AU AR H fine gravel, dry, no odor
50 v x
. Boring Terminated




Borehole Number: LA10-SVE08-26

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
N Topsail T
] Loveland Loess BN = -
4 Brown clayey silt with trace fine sand, trace Lo [ 3
5 coarse sand and fine gravel from 26' to 44, = P x
- dry, no odor S i @)
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TR AR fine gravel, dry, no odor
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Borehole Number: LA10-SVEQ08-27

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
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Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
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5 coarse sand and fine gravel from 28' to 48, = P x
- dry, no odor S i @)
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AHUHAHHR U Loveland Loess / Grand Island
50 Formation Transition - -
7 Gray clayey silt with some coarse sand and
| fine gravel, dry, no odor
. Boring Terminated




Borehole Number: LA10-SVE08-28

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/15/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0w _ _ _ Ground Surface
+:9% kS g“u?g“’u?_gl‘u? Gravel a N T
. Loveland Loess T 5
2 Dark brown clayey silt with trace fine sand, b e .é’
5 5 L
i dry, no odor 3 [ 7
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A sand, dry, no odor S Q
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AHUHAMHLHAMHIHEIE Loveland Loess / Grand Island
50 Formation Transition - -

Gray-brown clayey silt with some fine sand,
dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-29

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/08/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Dark brown clayey silt with trace fine sand, Lo [ 3
5 dry, no odor = P [od
T o X ; :“ O
| O S I < R+
. JL B A o
m ‘.{::_.“ ‘1“ q‘
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i = w
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i Loveland Loess oM
20 Dark brown clayey silt with trace fine sand,
7 little coarse sand and fine gravel from 18' to
] 32', some coarse sand and gravel from 32'
| to 48', dry, no odor -
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AHMUHAHLEHRTHIH Loveland Loess / Grand Island
50 Formation Transition - -

Gray clayey silt with tan coarse sand, dry,
no odor

Boring Terminated




Borehole Number: LA10-SVE08-30

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/09/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Brown clayey silt with trace fine sand, dry, Lo 5] Q
5 no odor = P [od
T o X ; :“ O
| O S I < R+
. JL BN wy o
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= Brown clayey silt with trace fine sand, little
7 coarse sand and gravel, dry, no odor S
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SHIUHATHIAHAHHA Loveland Loess / Grand Island
. HHIATTHEIATTH Formation Transition
7 THHHIHUAHIHMH Gray clayey silt with tan coarse sand, dry,
50 no odor > -

Boring Terminated




Borehole Number: LA10-SVE08-31

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
4 Brown clayey silt with trace fine sand, trace Lo [ 3
5 coarse sand and fine gravel from 27" to 47', = P [vd
- dry, no odor S i @)
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STHHHATHAH O HHT Loveland Loess / Grand Island
AL HHHE L TTTHE LR TR Formation Transition
50 Gray clayey silt with some coarse sand and E3 -
] fine gravel, dry, no odor
. Boring Terminated




Borehole Number: LA10-SVE08-32

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/12/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
BLrE L By ey Gravel T
i Loveland Loess BN = N
i Dark brown clayey silt with little to trace Lo [ Q
5 coarse sand and gravel, moist (due to = P x
. overnight rain), no odor S il Q
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10— S S
i \ wn
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i Loveland Loess 3]
- Brown clayey silt with trace fine to coarse S 2
. sand, dry, no odor g @
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SHIIHATHIAHAH A Loveland Loess / Grand Island N
. SHLHITTAH LA Formation Transition
HIKAHIHIUHHIKM AH! Brown clayey silt with increasing amounts of
asTHEHRHATHTH BHA R fine sand with depth, dry, no odor
50 AL LR . -

Boring Terminated




Borehole Number: LA10-SVE08-33

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/11/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
N Topsail T
] Loveland Loess BN = -
4 Brown clayey silt with trace fine sand, trace Lo [ 3
5 coarse sand and fine gravel from 28' to 44, = P x
- dry, no odor S i @)
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a IGIGIGINGEGI Formation Transition
HIKMWHAHIHUAHTA U H Gray clayey silt with some coarse sand and
TR AR fine gravel, dry, no odor
50 - = - = - = : : + k2
= Boring Terminated




Borehole Number: LA10-SVE08-34

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/08/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Dark brown to brown clayey silt with trace Lo Fi g
5 fine sand, dry to moist, no odor = P fa
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- Brown clayey silt with trace fine sand, little
7 coarse sand and fine gravel from 19' to 28',
7 some coarse sand and gravel from 28' to c
] 50', dry to moist, no odor @
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Boring Terminated




Borehole Number: LA10-SVE08-35

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/09/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess BN = -
i Brown clayey silt with trace fine sand, dry, Lo 5] Q
5 no odor = P [od
T o X ; :“ O
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- Brown clayey silt with trace fine sand, little s
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AHUHAHHR U Loveland Loess / Grand Island
- HHLAHHTHE LR Formation Transition
50 Gray clayey silt with tan coarse sand, dry, E3 -

no odor

Boring Terminated




Borehole Number: LA10-SVE08-36

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/12/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0w _ _ _ Ground Surface
+:9% kS g“u?g“’u?_gl‘u? Gravel a N T
. Loveland Loess T 5
. Dark brown clayey silt with few coarse oK ke 2
5 sands and gravel, moist (due to overnight § S ) ?)C
7 rain), no odor 3 S s >
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7 coarse sand, moist to dry, no odor
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HIRFMHAHIHIUWHHIHUAH|! Gray-brown clayey silt with some fine sand
TR HM AR H  and trace coarse sand, dry, no odor
so— e UE TN LRI * -
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Borehole Number: LA10-SVE08-37

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/16/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0l _ _ _ Ground Surface
Fota ety 2 Y ey Cravel I
. Loveland Loess T 5
5 Dark brown clayey silt with trace coarse oK ke 2
5+ sand, dry to moist, no odor 3 SN ?j
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AHHHOHEHAHHA[H Loveland Loess / Grand Island
50 Formation Transition . x

Gray-brown clayey silt with some fine sand

and trace coarse sand, dry, no odor

Boring Terminated




Borehole Number: LA10-SVE08-38

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/08/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
N Topsoil T
] Loveland Loess BN = -
i Dark brown to brown clayey silt with trace Lo [ Q
5 fine sands, dry to moist, no odor 5 x
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i Loveland Loess
- Brown clayey silt with some coase sand and
7 gravel from 20" to 25', little fine/coarse sand
1 and gravel from 25' to 47', moist to dry, no &
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AHUHAHHR U Loveland Loess / Grand Island
- HHLAHHTHE LR Formation Transition
50 Gray clayey silt with tan coarse sand, dry, > -

no odor
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Borehole Number: LA10-SVE08-39

Project No: SE5002-200
Project: Atlas Missile Site 10
Client: USACE Omaha

Drill Date: 07/08/2008

Site Location: York, NE

Geologist: Keith Rice

Drilled By: Peterson Drilling, Inc.
Drill Method: Hollow Stem Auger
Bore Hole Diameter: 6.25"
Sampling Method: N/A

KEMmRON

ENVIRONMENTAL SERVICES

1359-A Ellsworth Ind. Blvd.
Atlanta, GA 30318

Depth
Below
Ground Lithologic Symbol Soil Classification SVE Well Construction
Surface
(ft)
0 Ground Surface
- Topsoil T
] Loveland Loess T BN = -
i Brown clayey silt with trace fine sand, dry, 4’5--5: %__':-_;;:;. _g
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©ESTCP WIGSI

ENVIRONMENTAL

Environmental Security Technology Certification Program
(ESTCP)

Enhanced Attenuation of Unsaturated Chlorinated Solvent Source Zones
Using Direct Hydrogen Delivery

ESTCP Project ER-1027

Appendix D: Boring Logs and Well Construction Details

Demonstration Plan: Enhanced Attenuation of September 2012
Unsaturated Chlorinated Solvent Source Zones ER-1027
Using Direct Hydrogen Delivery



GEOLOGIST: Ahmad Seyedabbasi COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured
DRILLING METHOD: Direct Push TOP OF CASING ELEV.: Not Measured
HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES: Not Measured
1 —
SOIL DESCRIPTION 5 | g E £ WELL CONSTRUCTION
= | W K=" . .
E m 9 - | 7 <§( < 2-ft dia. concrete pad with
oLl 2 |5 = 213 18-in dia. manhole cover
oz = ~ = | X
=l 5 |<|?|o|a = = =
GROUND SURFACE SRE ?|a S A AR
Topsoil from 0 to 1.25 ft, Some Rocks, dry 0 &O‘ ‘ a0 a1 ]
B i 0.0 7z /|- /| |/— Bentonite Grout
7z 7z 7z 7z 7z Seal
4 7 7 7 7
Olive gray clgyey SILT (ML), low plasticity, no hydrocarbon 15 ;:: ::.: b :j
odor, low moisture content - ft & ¢ 0,
BE b
o P (X
@ ¢ (X
_ - 1o : 8
- color change to dark gray below 3 ft, stiff, dry to low £y ¢ &
moisture content, shell and rock fragments throughout E:: ¢ [:’
- . 0 ¢
£y R &
25 @ C K
5 V Ezi 0 :E‘n
Dark gray silty CLAY-clayey SILT (CL-ML), dry to low :I: L :}
moisture content, no hydrocarbon odor, very stiff, low B 12 :Z: g .:.:
plasticity, lots of rock fragments throughout, some black ' 0 b :Z:
iron staining o g o
o b g
r o L b
o : £
3 I 3
- 1.8 o g o
- less stiff below 8 ft & g b
£X b KX
- 0 g 6
- color change to dark brown below 9 ft V 1.0 E:i ; :E.'
10 s 1 & 0.75-in ID
Brownish-olive clayey SILT (ML), moderate stiffness, black ::: 0 ;:01 schedule 40 PVC
iron staining, low plasticity, dry to low moisture content B 11 B g ;:j riser
. o P (X
£y P b .
KX C £ Bentonite Pellet
L o ¢ E: Seal
(X ¢ b
£y R o,
KX b &
L 1.3 e ¢ 3
£y R &
S : 3
- :
- color change to olive gray below 14 ft, dry to low moisture V 3.8 :I: ¢ :::
content, no hydrocarbon odor, moderate stiffness, low L 15 ::: g I:ﬁ
plasticity, lots of rock fragments and nodules throughout [:j b :
( P Py
£ L b
- 14.8 b ¢ o
£y R &
S : 3
- HE b
- increased moisture content below 17 ft :Z: ¢ :::
b ¢ :.*
- 125 K ; £
- color change to brown below 18 ft 18.5 [:j p
SK g 3
L fit B g 8
V 109 E:i ; : 6-in pre-packed
Dark gray silty CLAY-clayey SILT (CL-ML), low to moderate | o( 20 ft :} g chdd screen, no. 10 slot
moisture content, no hydrocarbon odor, moderate stiffness, ::: g U.S. 20/40 mesh
low plasticity B 75 EZE interval silica sand
' E} C pack
q g
Brown clayey SILT (ML), with red-black iron-oxide staining, | :Z: g End Cap
low to moderate moisture content, moderate stiffness, low £y ¢
plasticity, no hydrocarbon odor ::: b
- 9.0 s :
- increased moisture below 22.5 ft, some very fine sand, ::: 0
black iron staining L B g
o »
KX ¢
25 ' 143 o SHS
Page 1 of 2
LOG & RECORD OF WELL CONSTRUCTION GSI Job No. G-3537
.' ‘ G S I IW-1S, IW-1M, IW-1D Page 1 of 2

Issued: 8 June 2011

ESTCP H2T Vadose Demonstration

ENVIRONMENTAL Atlas Missile Site 10, York, Nebraska Figure A.1




GEOLOGIST: Ahmad Seyedabbasi COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured
DRILLING METHOD: Direct Push TOP OF CASING ELEV.: Not Measured
HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES:Not Measured
SOIL DESCRIPTION > | m - g WELL CONSTRUCTION
| © |glujLl8
FH| S |22 2]«
& Hl o |x|S|2]|5
oz | E El<|91]Q
=l E <9 @|o
- ; o
Brown silty CLAY-clayey SILT (CL-ML), moderate moisture 25
content, no hydrocarbon odor, moderate stiffness, low 20.8
plasticity B :
o 215
28.5
i f H 6-in pre-packed
= -i -
V 22.3 ] screen, no. 10 slot
— 30 30 ft
U.S. 20/40 mesh
| 23.4 interval silica sand
' pack
L End Cap
- stiff below 32 ft
- 19.7
- less stiff below 33 ft, increased moisture content, black
iron staining B
V 17.2
35
Brown silty CLAY (CL), very stiff, no hydrocarbon odor, low
to moderate plasticity, black iron staining throughout, low 121
moisture content B N :
- B 7.9
38.5[%
i _ 74 : : 6-in pre-packed
: HEH screen, no. 10 slot
40 40 ft
U.S. 20/40 mesh
Total Depth = 40 ft L _ interval silica sand
pack
L - End Cap
50
Page 2 of 2

LOG & RECORD OF WELL CONSTRUCTION
.' ‘ G S I IW-1S, IW-1M, IW-1D

GSI Job No. G-3537
Page 2 of 2

ESTCP H2T Vadose Demonstration
ENVIRONMENTAL Atlas Missile Site 10, York, Nebraska

Issued: 8 June 2011
Figure A1




GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES: Not Measured

SOIL DESCRIPTION

GROUND SURFACE

Topsoil from 0 to 1.5 ft, grass, dry

Light brown clayey sandy SILT (ML), low plasticity, no
hydrocarbon odor, dry, stiff

- color change to olive gray below 3 ft, rock fragments

- very stiff below 5 ft

- color change to dark brown below 7.5 ft

Dark gray silty CLAY (CL), very stiff, no hydrocarbon odor,
slight plasticity, black iron staining, low moisture content,
small pockets of very fine sand throughout

Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon
odor

- color change to olive gray below 14.5 ft, moderate
stiffness, rock fragments

- increased stiffness below 19 ft

Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity
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o o
- 0.6 o b
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L (X kX
o o
10 £ £ 0.75-in ID
K o schedule 40 PVC
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L o & Seal
(X kX
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o o
B 4.5 & b
(X kX
(X kX
(X kX
- (X kX
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15 o b
(X kX
e b
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(X kX
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o o
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o H
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L b e .
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' b pack
b
u o End Cap
(X
(X
b
27.5 :::
(X
(X
L (X
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GEOLOGIST: Ahmad Seyedabbasi COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured
DRILLING METHOD: Direct Push TOP OF CASING ELEV.: Not Measured
HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES:Not Measured
SOIL DESCRIPTION > | m - g WELL CONSTRUCTION
| © |glujLl8
FH| S |22 2]«
& i e} % s |23
oz | £ |E[3]19(8
=l E || |>d|8
- ; o
Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 16.0
Light brown clayey SILT (ML), some rock fragments,
moderate moisture content, moderate stiffness, low >
plasticity, no hydrocarbon odor B 3.3
28.5
- moist to wet from 28 to 30 ft - ft - .
0.8 a5 6-in pre-packed
) screen, no. 10 slot
— 30 30 ft
U.S. 20/40 mesh
- very stiff below 30.5 ft, red-black iron-oxide staining L 10.4 interval silica sand
pack
- End Cap
- less st_ihf below 32 ft, increased moisture content, black
iron staining | 215
Brown silty CLAY (CL), very stiff, no hydrocarbon odor, - .
moderate plasticity, black iron staining, moderate moisture 2
content 4.1
- B 18.2
- very moist below 37 ft
- B 17.4
38.5[%
i _ 3.2 : : 6-in pre-packed
: HEH screen, no. 10 slot
40 40 ft
U.S. 20/40 mesh
Total Depth = 40 ft | | interval silica sand
pack
L - End Cap
50
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES: Not Measured

SOIL DESCRIPTION

GROUND SURFACE

DEPTH
IN FEET

Topsoil from 0 to 0.75 ft, dry to low moisture content

Light brown clayey sandy SILT (ML), low plasticity, no
hydrocarbon odor, dry, stiff

- color change to olive gray below 3 ft

- very stiff below 5.5 ft

o

Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity

Dark gray silty CLAY (CL), very stiff, no hydrocarbon odor,
slight plasticity, black iron staining, low moisture content,
small pockets of very fine sand throughout

Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon
odor

- color change to olive gray below 16 ft, moderate stiffness,
rock fragments

- increased stiffness below 18.5 ft

Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity

25

— w =)
> | d = £ WELL CONSTRUCTION
O o
o | W & . .
9 = <§( < 2-ft dia. concrete pad with
Q El=s|9 2 18-in dia. manhole cover
E 58|30
-2 O a (0 10301 (0
< = & &
7 7 7
7z 7z 7z .
1.4 , /| |[/— Bentonite Grout
) : a1 Seal
o kX
o kX
o kX
o o
4.8 o o
o o
< b
3 b
o kX
o o
6.4 o o
o o
3 b
o kX
o o
3.2 o o
o o
3 b
o kX
o kX
o kX
o o
8.9 o b
o kX
o kX
o kX
o kX
o o
5.5 £ o
£ kX .
o £ 0.75-in ID
o
K o schedule 40 PVC
7.8 E:i :} riser
b 9 .
o o Bentonite Pellet
o
o £ Seal
o kX
o o
12.4 3 b
: o kX
o o
3 b
o o
23.2 3 b
: o kX
o o
3 b
o o
31.7 3 b
: o kX
o kX
o o
e £
o kX
o kX
o kX
o o
35.9 o b
s s
NI
287 £ : 6-in pre-packed
: o : screen, no. 10 slot
o ’
o U.S. 20/40 mesh
o h i
30.4 E: glati{(val silica sand
o
o
£y End Cap
o
o
o
24.3 0
S
o
o
s
19.1 :::
s
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GEOLOGIST: Ahmad Seyedabbasi COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured
DRILLING METHOD: Direct Push TOP OF CASING ELEV.: Not Measured
HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES:Not Measured
SOIL DESCRIPTION > | m - g WELL CONSTRUCTION
| © |glujLl8
FH| S |22 2]«
& i e} E s |23
oz | £ |E[3]19(8
=l E <9 @|o
- ; o
Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 222
Light brown clayey SILT (ML), some rock fragments, -
moderate moisture content, moderate stiffness, low
plasticity, no hydrocarbon odor
- 13.0
28.5
- moist to wet below 29 ft 16.8 ol 6-in pre-packed
) screen, no. 10 slot
— 30 30 ft
U.S. 20/40 mesh
| 14.1 interval silica sand
' pack
- End Cap
- very stiff below 32 ft, red-black iron-oxide staining
o 8.1
- less stiff below 34 ft, increased moisture content, black V 29
iron staining )
— 35
1.2
Brown silty CLAY (CL), very stiff, no hydrocarbon odor,
moderate plasticity, black iron staining, moderate moisture | i
content
o ] 2.8
38.5[%
- very moist below 38.5 ft - - I
0.7 HER 6-in pre-packed
: HEH screen, no. 10 slot
40 40 ft
U.S. 20/40 mesh
Total Depth = 40 ft L _ interval silica sand
pack
L - End Cap
50
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER:
DRILLING METHOD: Direct Push
HOLE DIAMETER: 2.25 inches

John Wilkinson, Saberprobe

COMPLETION DATE: 9 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES: Not Measured

WELL CONSTRUCTION

1 —
SOIL DESCRIPTION > | m =
- O = I Q| a
T w s | =
M| S 22| 5]<
o o x|ls|u|l>
w T wiz|lalo
°2| E |5 |9 |85
GROUND SURFACE - |2 " | T
Topsoil from 0 to 1 ft, dry 0 &
0.0
Dark brown clayey sandy SILT (ML), thin layers of very fine
to medium sand, low plasticity, no hydrocarbon odor, dry, B
stiff
o 0.0
- color change to olive gray below 3.5 ft -
V 0.0
—5
o 0.0
Olive gray silty CLAY-clayey SILT (CL-ML), low to L 0.0
moderate moisture content, no hydrocarbon odor, stiff, low
plasticity
Dark gray silty CLAY (CL), stiff, no hydrocarbon odor, low V 0.0
plasticity, black iron staining, dry, small pockets of very fine [ 10
sand throughout
o 0.0
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon B 1.2
odor, layers of fine to medium size sand throughout '
V 0.0
— 15
- color change to olive gray below 15 ft, moderate stiffness
- 4.3
o 1.8
- increased stiffness below 18 ft
NG
— 20
Olive gray silty CLAY-clayey SILT (CL-ML), moderate L 11.1
moisture content, no hydrocarbon odor, stiff, low plasticity
- 23.9
Brown clayey SILT (ML), low moisture content, stiff, low L
plasticity, no hydrocarbon odor 348
25 '

1-ft dia. concrete pad with
7-in dia. manhole cover

Bentonite Grout
Seal

3/8-in ID Nylaflow
tubing inside 0.75-
in schedule 40
PVC riser

Bentonite Pellet
Seal

U.S. 20/40 mesh
interval silica sand
pack

6-in S.S. Vapor
Implants
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 9 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

1 —
SOIL DESCRIPTION > | m ~ | § WELL CONSTRUCTION
- (O] a w LL =
|:|_: i} (o] Jl2 el =
B w | o o = <
s (e} S >
az| T |B[2]19]¢Q
=l E |<|9|a|c
Brown clayey SILT (ML), low moisture content, stiff, low 25
plasticity, no hydrocarbon odor B 441
Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity B 38.0
28,5 s
B ft = U.S. 20/40 mesh
: interval silica sand
52.7 pack
— 30 30 ft )
6-in S.S. Vapor
Light brown clayey SILT (ML), some rock fragments, o 64.2 Implants
moderate moisture content, moderate stiffness, low
plasticity, no hydrocarbon odor
- very stiff below 32 ft, black iron-oxide staining
o 48.5
Brown silty CLAY (CL), very stiff, no hydrocarbon odor, low V 72.4
plasticity, black iron staining, moderate moisture content L 35
o - 59.1
- very moist below 37 ft
- B 78.4
Brown silty CLAY-clayey SILT (CL-ML), moderate to high V 79.3
moisture content, no hydrocarbon odor, stiff, low plasticity L 40
o 76.6
82.8| 43.5[f%
B g2 I U.S. 20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft o _ Implants
50
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

COMPLETION DATE: 10 May 2011
GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured

HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES: Not Measured
1 —
SOIL DESCRIPTION 5 | g E £ WELL CONSTRUCTION
= wl = ; .
E m 9 4 T <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oZ = = = | X
=5 |g|¥Y|0o|8
GROUND SURFACE - |2 " | T
Topsoil from 0 to 0.75 ft, lots of rocks, grass, dry 0 A )
B 0.0 Bentonite Grout
Dark brown clayey sandy SILT (ML), some very fine sand, ) Seal
low plasticity, no hydrocarbon odor, low moisture content,
stiff -
o 0.0
- color change to olive gray below 4 ft V 0.0
—5
o 0.0
3/8-in ID Nylaflow
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture tubing inside 0.75-
content, no hydrocarbon odor, stiff, low plasticity B 0.0 in schedule 40
' PVC riser
- Bentonite Pellet
V 0.0 Seal
10
Dark gray silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, black iron-oxide staining, low moisture content, B 0.0
thin layers of very fine sand throughout :
o 0.0
U.S. 20/40 mesh
Brown clayey SILT (ML), black iron-oxide staining, low V 0.0 interval silica sand
moisture content, very stiff, low plasticity, no hydrocarbon | pack
odor, layers of fine to medium size sand throughout 15 6-in S.S. Vapor
B 12 Implants
- color change to olive gray below 15 ft, moderate stiffness
o 3.5
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture V 6.2
content, no hydrocarbon odor, moderate stiffness, low L 20
plasticity
o 12.8
- very stiff below 22 ft
- 19.1
28.9
2 Y
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

1 —
SOIL DESCRIPTION > | D | E WELL CONSTRUCTION
T Q L|lwlLle
FHl S |22 ]2«
& i e} E s |23
oz | £ |E[3]19(8
- 5 < n om a)
= o
Brown clayey SILT (ML), low moisture content, stiff, low 25
plasticity, no hydrocarbon odor
- 335
23.4
Olive gray silty CLAY-clayey SILT (CL-ML), moderate 28.5 ¢
moisture content, no hydrocarbon odor, stiff, low plasticity | f —1— U.S. 20/40 mesh
: interval silica sand
33.5 pack
30 30 ft )
Brown clayey SILT (ML), moderate moisture content, 6-in S.S. Vapor
moderate stiffness, low plasticity, no hydrocarbon odor B 41.1 Implants
- very stiff below 32 ft, black iron-oxide staining
- 48.0
V 52.1
— 35
46.6
Brown silty CLAY (CL), very stiff, no hydrocarbon odor, low
plasticity, black iron-oxide staining, moderate moisture B ]
content
- B 39.0
- very moist below 38 ft
V 22.1
12.4
Brown silty CLAY-clayey SILT (CL-ML), moderate moisture
content, no hydrocarbon odor, stiff, low plasticity B
| 18.7 43'2 i [H— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER:
DRILLING METHOD: Direct Push

John Wilkinson, Saberprobe

COMPLETION DATE: 10 May 2011
GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured

HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES: Not Measured
1 —
SOIL DESCRIPTION 5 | g E £ WELL CONSTRUCTION
= wl = ; .
E m 9 4 T <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oz = ~ = | X
=5 |g|¥Y|0o|8
GROUND SURFACE - |2 " | T
Topsoil from 0 to 1 ft, some rocks, dry 0 & )
00 Bentonite Grout
Brown clayey sandy SILT (ML), low plasticity, no Seal
hydrocarbon odor, dry, stiff B
o 0.6
- very stiff below 4 ft V 21
—5
o 1.7
- 3/8-in ID Nylaflow
- color change to dark brown below 7 ft tubing inside 0.75-
L 1.1 in schedule 40
PVC riser
Bentonite Pellet
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture V 0.3 Seal
content, no hydrocarbon odor, stiff, low plasticity 10
Dark gray silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, low moisture content, thin layers of very fine sand |- | 3.3
throughout
o ] 54
U.S. 20/40 mesh
Brown clayey SILT (ML), black iron-oxide staining, low V 12.1 interval silica sand
moisture content, stiff, low plasticity, no hydrocarbon odor | 15 pack
6-in S.S. Vapor
B 26.3 Implants
- color change to olive gray below 16 ft, moderate stiffness,
rock fragments B
o 34.8
- increased stiffness below 19 ft V 52.1
— 20
o 48.7
54.5
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture
content, no hydrocarbon odor, stiff, low plasticity B
71.2
2 Y
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

1 —
SOIL DESCRIPTION > | D | E WELL CONSTRUCTION
T Q L|lwlLle
FH| S |22 2]«
& i e} E s |23
oz | £ |E[3]19(8
=l E <9 @|o
- ; o
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture 25
content, no hydrocarbon odor, stiff, low plasticity B 68.0
Light brown clayey SILT (ML), some rock fragments,
moderate moisture content, moderate stiffness, low B 49.9
plasticity, no hydrocarbon odor ' o8
| ?t -— U.S. 20/40 mesh
: interval silica sand
65.8 pack
— 30 30 ft )
- moist to wet below 30 ft 6-in S.S. Vapor
B 63.2 Implants
o 57.1
- less stiff below 34 ft, increased moisture content, black V 72.9
iron-oxide staining
— 35
o 84.4
87.0
Brown silty CLAY (CL), stiff, no hydrocarbon odor,
moderate plasticity, black iron-oxide staining, moderate B i
moisture content
79.3
o ] 725
Brown clayey SILT (ML), moderate to high moisture 76.8| 43.5 XKL
content, stiff, low plasticity, no hydrocarbon odor B ' .ft : ||=— U.S. 20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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GEOLOGIST: Ahmad Seyedabbasi

COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured

DRILLING METHOD: Direct Push
HOLE DIAMETER: 2.25 inches

TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES: Not Measured

1 —
SOIL DESCRIPTION 5 | g fiJ £ WELL CONSTRUCTION
= w K=" ; .
E m 9 4 T <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oZ = = = | X
=5 |g|¥Y|0o|8
GROUND SURFACE - |2 " | T
Topsoil from 0 to 1 ft, some rocks, dry 0 &
Bentonite Grout
0.0
Brown clayey sandy SILT (ML), low plasticity, no Seal
hydrocarbon odor, dry, stiff B
o 0.0
- color change to dark gray below 4 ft V 0.0
—5
o 0.0
Olive gray s:]ltydCLAYt;claytay SIL'_I;f((IZL—MII_), Ip\(v moisture L 3/8-in ID Nylaflow
content, no hydrocarbon odor, stiff, low plasticity tubing inside 0.75-
L 0.0 in schedule 40
PVC riser
- Bentonite Pellet
V 1.2 Seal
— 10
0.0
Dark gray silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, low moisture content B
11
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, stiff, low plasticity, no hydrocarbon odor U.S. 20/40 mesh
interval silica sand
15 17 pack
6-in S.S. Vapor
B 13.8 Implants
- color change to olive gray below 17 ft, moderate stiffness,
rock fragments B 297
V 42.8
— 20
o 49.5
- increased moisture content below 21 ft
o 36.2
44.4
2 Y
Page 1 of 2

W GSI

LOG & RECORD OF WELL CONSTRUCTION
MW-4S, MW-4M, MW-4D

ENVIRONMENTAL

ESTCP H2T Vadose Demonstration
Atlas Missile Site 10, York, Nebraska

GSl Job No. G-3537
Page 1 of 2
Issued: 8 June 2011

Figure A.7




GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

1 —
SOIL DESCRIPTION > | D | E WELL CONSTRUCTION
T 8 L|lwlLle
= ﬂ | - C_LI 9|«
O o x|s|2|>
Bz| £ |E[Z]9]8
= - (7)) a
5 < om =
= o
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture 25
content, no hydrocarbon odor, stiff, low plasticity B 479
o 46.0
| 28'2 -— U.S. 20/40 mesh
: interval silica sand
52.2 pack
— 30 30 ft )
6-in S.S. Vapor
Implants
41.1
Light brown clayey SILT (ML), some rock fragments,
moderate moisture content, moderate stiffness, low B
plasticity, no hydrocarbon odor
o 43.0
- increased moisture content below 33.5 ft -
V 32.6
— 35
o 27.7
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, moderate moisture content
- B 12.5
V 11.9
o ] 8.4
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B
| 198 43'2 i [H— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft 6:n S.5. V.
-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER:
DRILLING METHOD: Direct Push

John Wilkinson, Saberprobe

COMPLETION DATE: 10 May 2011
GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured

HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES: Not Measured
1 —
SOIL DESCRIPTION 5 | g E £ WELL CONSTRUCTION
= wl = ; .
E m 9 4 T <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oZ = = = | X
5 |<|?|9|S
GROUND SURFACE - |2 " | T
Top soil from 0 to 0.75 ft, low moisture content 0 A )
B 0.0 Bentonite Grout
Light brown clayey sandy SILT (ML), low plasticity, no ) Seal
hydrocarbon odor, dry, stiff
- color change to olive gray below 2 ft
o 2.8
V 6.9
—5
o 8.2
- very stiff below 6 ft
- 3/8-in ID Nylaflow
tubing inside 0.75-
6.4 in schedule 40
Olive gray silty CLAY-clayey SILT (CL-ML), moderate PVC riser
moisture content, no hydrocarbon odor, stiff, low plasticity i
- Bentonite Pellet
V 11.9 Seal
10
Dark gray silty CLAY (CL), very stiff, no hydrocarbon odor,
slight plasticity, low moisture content, some very fine sand | 145
Brown clayey SILT (ML), black iron-oxide staining, low -
moisture content, very stiff, low plasticity, no hydrocarbon
odor, layers of fine to moderate size sand throughout
o 19.4
B U.S. 20/40 mesh
interval silica sand
15 22.0 pack
- color change to olive gray below 15 ft, moderate stiffness, 6-in S.S. Vapor
rock fragments B 39.5 Implants
o 42.7
- increased stiffness below 19 ft V 48.7
— 20
o 45.0
Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity 29.1
14.6
2 Y
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

1 —
SOIL DESCRIPTION > | D | E WELL CONSTRUCTION
T Q L|lwlLle
FH| S |22 2]«
& i [e) E s |23
coz| £ |[E1219]8
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Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 25 3
32.4
Light brown clayey SILT (ML), moderate moisture content, 28.5 ¢
stiff, low plasticity, no hydrocarbon odor B .ft —1— U.S. 20/40 mesh
: interval silica sand
19.5 pack
— 30 30 ft )
6-in S.S. Vapor
B 28.8 Implants
- very stiff below 31 ft
- 35.9
- less stiff below 34 ft, increased moisture content V 49.8
— 35
- 55.7
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, moderate moisture content
- B 54.1
V 51.6
- B 48.2
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B
| 40.7 43'2 i [H— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
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TOP OF CASING ELEV.: Not Measured

STATE PLANE COORDINATES: Not Measured
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SOIL DESCRIPTION 5 | g E £ WELL CONSTRUCTION
= | W K=" . .
E m 9 - | 7 <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oZ = = = | X
5 |<|?|9|S
GROUND SURFACE - |2 " | T
Top soil from 0 to 0.75 ft, low moisture content 0 A
Bentonite Grout
Light brown clayey sandy SILT (ML), low plasticity, no B 0.0 Seal
hydrocarbon odor, dry, stiff
- color change to olive gray below 2 ft
o 0.0
V 0.0
—5
o 0.0
- very stiff below 6 ft
- 3/8-in ID Nylaflow
tubing inside 0.75-
0.0 in schedule 40
Olive gray silty CLAY-clayey SILT (CL-ML), moderate PVC riser
moisture content, no hydrocarbon odor, stiff, low plasticity i
- Bentonite Pellet
V 0.0 Seal
10
Dark gray silty CLAY (CL), very stiff, no hydrocarbon odor,
slight plasticity, low moisture content, some very fine sand | 0.0
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon B 0.0
odor, layers of fine to moderate size sand throughout '
B U.S. 20/40 mesh
interval silica sand
15 0.0 pack
6-in S.S. Vapor
Implants
- 0.0
- color change to olive gray below 16 ft, stiff
o 0.0
| DSE
— 20
- increased stiffness below 20 ft
o 2.8
Oliye gray silty CLAY-clayey SILT (CL—ML_), moderate_ ] L 35
moisture content, no hydrocarbon odor, stiff, low plasticity
3.2
2 Y
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Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 6.8
4.5
Brown clayey SILT (ML), low to moderate moisture content, 28.5 ¢
stiff, low plasticity, no hydrocarbon odor B .ft —1— U.S. 20/40 mesh
: interval silica sand
11.8 pack
— 30 30 ft )
6-in S.S. Vapor
B 14.8 Implants
- 12.9
- less stiff below 33 ft, increased moisture content
V 8.2
— 35
- 6.0
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low - .
plasticity, low moisture content
- B 5.5
- increased moisture content below 39 ft V 2.0
0.0
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B
1.9 | 43.54
- layers of fine to medium size sand below 43.5 ft o f|s 5T U.S. 20/40 mesh
Y interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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GROUND SURFACE - |2 " | T
Top soil from 0 to 1 ft, low moisture content 0 & )
00 Bentonite Grout
Light brown clayey sandy SILT (ML), low plasticity, no Seal
hydrocarbon odor, dry, stiff B
o 0.0
- color change to olive gray below 3 ft
V 0.0
—5
- very stiff below 5.5 ft L 0.0
- 3/8-in ID Nylaflow
tubing inside 0.75-
0.0 in schedule 40
Olive gray silty CLAY-clayey SILT (CL-ML), moderate PVC riser
moisture content, no hydrocarbon odor, stiff, low plasticity i
- Bentonite Pellet
V 0.0 Seal
10
Dark gray silty CLAY (CL), very stiff, no hydrocarbon odor,
slight plasticity, low moisture content, some very fine sand | 0.0
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon B 0.0
odor, layers of fine to moderate size sand throughout '
B U.S. 20/40 mesh
interval silica sand
15 18 pack
6-in S.S. Vapor
B 21 Implants
- color change to olive gray below 16 ft, stiff
o 4.2
V 9.9
— 20
- increased stiffness below 20 ft
o 12.8
Olive gray silty CLAY-clayey SILT (CL-ML), moderate
moisture content, no hydrocarbon odor, stiff, low plasticity B 165
25 v 18.7
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Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 141
294
Brown clayey SILT (ML), low to moderate moisture content, 28.5 ¢
stiff, low plasticity, no hydrocarbon odor B .ft —1— U.S. 20/40 mesh
: interval silica sand
32.5 pack
— 30 30 ft )
6-in S.S. Vapor
B 276 Implants
o 31.9
- less stiff below 33 ft, increased moisture content
V 36.3
— 35
o 32.8
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, low moisture content
- B 27.7
- increased moisture content below 38.5 ft L .
V 31.0
19.8
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B
- some very fine to fine sand below 43 ft (8
B 255 43.f5t ¢ ||=— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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DRILLER:
DRILLING METHOD: Direct Push
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COMPLETION DATE: 10 May 2011
GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured

HOLE DIAMETER: 2.25 inches STATE PLANE COORDINATES: Not Measured
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= w K=" ; .
E m 9 4 T <§( < 1-ft dia. concrete pad with
oLl 2 |5 = 213 7-in dia. manhole cover
oZ = = = | X
5 |<|?|9|S
GROUND SURFACE - |2 " | T
Top soil from 0 to 0.75 ft, low moisture content 0 A
B 0.0 Bentonite Grout
Brown clayey sandy SILT (ML), low plasticity, no ) Seal
hydrocarbon odor, dry, stiff
o 0.0
- color change to olive gray below 3 ft
V 0.0
—5
- very stiff below 5.5 ft L 0.0
- 3/8-in ID Nylaflow
tubing inside 0.75-
L 0.0 in schedule 40
PVC riser
- Bentonite Pellet
V 0.0 Seal
— 10
Olive gray silty CLAY-clayey SILT (CL-ML), moderate L 0.0
moisture content, no hydrocarbon odor, stiff, low plasticity
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, very stiff, low plasticity, no hydrocarbon B 0.0
odor, layers of fine to moderate size sand throughout '
B U.S. 20/40 mesh
interval silica sand
15 0.0 pack
- color change to olive gray below 15 ft 6-in S.S. Vapor
B 0.0 Implants
o 0.0
V 0.0
— 20
- increased stiffness below 20 ft
o 0.0
Olive gray silty CLAY-clayey SILT (CL-ML), moderate L 0.0
moisture content, no hydrocarbon odor, stiff, low plasticity
25 v 0.0
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GEOLOGIST: Ahmad Seyedabbasi
DRILLER: John Wilkinson, Saberprobe
DRILLING METHOD: Direct Push

HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011

GROUND SURFACE ELEV.: Not Measured
TOP OF CASING ELEV.: Not Measured
STATE PLANE COORDINATES:Not Measured

SOIL DESCRIPTION ~ | I _ | E WELL CONSTRUCTION
T Q L|lwlLle
FH| S |22 2]«
& i [e) E s |23
coz| £ |[E1219]8
=l E <9 @|o
- ; o
Olive gray silty CLAY-clayey SILT (CL-ML), moderate 25
moisture content, no hydrocarbon odor, stiff, low plasticity B 11
0.6
Brown clayey SILT (ML), low to moderate moisture content, 28.5 ¢
stiff, low plasticity, no hydrocarbon odor B .ft —1— U.S. 20/40 mesh
: interval silica sand
2.0 pack
— 30 30 ft )
6-in S.S. Vapor
B 35 Implants
- 1.8
- less stiff below 33 ft, increased moisture content
V 0.0
— 35
- 0.0
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, low moisture content
- 0.0
V 0.0
40
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B 0.0
- very stiff below 42 ft
| 0.0 43'2 i [H— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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GEOLOGIST: Ahmad Seyedabbasi COMPLETION DATE: 10 May 2011

DRILLER: John Wilkinson, Saberprobe GROUND SURFACE ELEV.: Not Measured
DRILLING METHOD: Direct Push TOP OF CASING ELEV.: Not Measured
HOLE DIAMETER: 2.25inches STATE PLANE COORDINATES:Not Measured
SOIL DESCRIPTION > m =203 WELL CONSTRUCTION
— w =
= W S 4 5 2 < 1-ft dia. concrete pad with
nE| 2 |[H(2]92(3 7-in dia. manhole cover
°21 E |55 |32
GROUND SURFACE - = o | &
Topsoil from 0 to 1 ft, some rocks, dry 0 &
0.0 Bentonite Grout
Brown clayey sandy SILT (ML), low plasticity, no Seal
hydrocarbon odor, dry, stiff B
- 2.5
- color change to dark gray below 4 ft V 3.8
—5
- 2.1
- 3/8-in ID Nylaflow
tubing inside 0.75-
L 1.9 in schedule 40
PVC riser
Bentonite Pellet
Olive gray silty CLAY-clayey SILT (CL-ML), low moisture V 29 Seal
content, no hydrocarbon odor, stiff, low plasticity 10
4.8
Dark gray silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, low moisture content B
12.8
Brown clayey SILT (ML), black iron-oxide staining, low
moisture content, stiff, low plasticity, no hydrocarbon odor | U.S. 20/40 mesh
interval silica sand
15 34.9 pack
6-in S.S. Vapor
B 526 Implants
- color change to olive gray below 17 ft, moderate stiffness,
rock fragments B 84.0
V 112.1
— 20
- 96.9
- increased moisture content below 21 ft
- 97.2
25 ' 87.1
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HOLE DIAMETER: 2.25 inches

COMPLETION DATE: 10 May 2011
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Olive gray silty CLAY-clayey SILT (CL-ML), low moisture 25
content, no hydrocarbon odor, stiff, low plasticity B 79.2
o 64.5
| 28'2 -— U.S. 20/40 mesh
: interval silica sand
- 30 B2 ot pack
6-in S.S. Vapor
Implants
43.3
Light brown clayey SILT (ML), some rock fragments,
moderate moisture content, moderate stiffness, low B
plasticity, no hydrocarbon odor
o 31.8
- increased moisture content below 33.5 ft -
V 271
— 35
o 19.4
Brown silty CLAY (CL), stiff, no hydrocarbon odor, low
plasticity, moderate moisture content
o B 12.8
V 9.8
o ] 4.2
Brown clayey SILT (ML), moderate moisture content, stiff,
low plasticity, no hydrocarbon odor B
| 71 43'2 i [H— U.S.20/40 mesh
sl interval silica sand
P3N pack
45 45 ft .
6-in S.S. Vapor
Total Depth = 45 ft L i Implants
50
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1.0 INTRODUCTION

In support of ESTCP Project ER-201027, Enhanced Attenuation of Unsaturated Chlorinated
Solvent Source Zones Using Direct Hydrogen Delivery, a bench-scale treatability study of
reductive dechlorination in unsaturated soil using several gaseous electron donor mixtures was
conducted in accordance with the January 12, 2011 memorandum from the project team to
ESTCP. This report presents the objectives, materials and methods, results, conclusions, and
recommendations for the treatability study.

1.1 Background

The York Atlas 10 Site in Nebraska (Site) has a chlorinated solvent source in the vadose zone,
dominated by trichloroethene (TCE) and some cis-1,2-dichloroethene (cis-1,2-DCE). Soil-vapor
extraction (SVE) has been used at the site. While SVE has substantially reduced TCE
concentrations, residual contamination exists. A field demonstration of hydrogen injection
technology (H2T) was conducted to reductively dechlorinate TCE in situ.

Biological reductive dechlorination of TCE requires the presence electron donors, anaerobic
conditions, and the presence of Dehaloccoccoides ethenogenes (DHC). This process has been
demonstrated in groundwater in both laboratory and field conditions. It is now a common and
accepted process for site cleanup. On the other hand, little, if any, demonstration of this
technology in unsaturated vadose zone soils has been conducted. In situ bioremediation of
perchlorate and nitrate in vadose zone soil has been demonstrated previously using an analogous
process called gaseous electron donor injection technology or GEDIT (Evans 2007; Evans and
Trute 2006; Nzengung et al. 2009; Evans et al. 2011; Cai et al. 2010)

The microbes responsible for reductive dechlorination of TCE, cis-1,2-DCE, and VC require
electron donors for their metabolism. In groundwater systems, commonly-used donors include
compounds such as vegetable oil, molasses, whey, glycerin, ethanol, or lactic acid/lactate salt. In
the vadose zone, these compounds are not readily distributed. Hydrogen is another electron
donor that is capable of promoting complete reductive dechlorination of TCE to ethene by DHC
and can be delivered in the vadose zone. However, use of hydrogen to promote complete
reductive dechlorination of TCE in vadose zone soil has not been demonstrated. The treatability
study described in this report was conducted parallel to the field demonstration to determine
whether reductive dechlorination could occur using site soil.

Other questions were also addressed in the treatability study. Hydrogen was mixed with nitrogen
and propane in the GEDIT demonstration for three reasons. First, nitrogen is a relatively
inexpensive carrier gas that allows greater flow rates to transport the hydrogen. Second, mixing
the hydrogen with propane reduces the buoyancy so that the mixture can be transported
horizontally rather than rising. Third, propane is metabolized by aerobic bacteria which consume
oxygen and which is inhibitory to reductive dechlorination. Liquefied petroleum gas (LPG) is an
attractive alternative to propane because of its ready availability and low cost relative to pure
propane. LPG typically contains mostly propane and butane but it also contains other compounds
such mercaptans which serve as odorants. LPG was not found to be inhibitory to perchlorate
reduction (Evans et al. 2011), but may be inhibitory to reductive dechlorination. The treatability
study described here addressed whether this inhibition would occur.



Finally, soil moisture is an important factor promoting microbial metabolism. Biodegradation of
perchlorate in vadose zone soil was determined to be inhibited by low soil moisture contents (Cai
et al. 2010). Therefore, it was important to determine whether Site soil moisture contents were
capable of supporting reductive dechlorination of TCE.

1.2 Objectives
The objectives of this study were to:

e Determine the extent to which reductive dechlorination of TCE occurs under unsaturated
conditions in vadose-zone soil from the Site.

e Identify the optimum gaseous electron donor mixture to be used in the demonstration,
and investigate performance differences between propane and LPG.

e [Evaluate the effects of soil moisture levels, gaseous electron donor mixtures, phosphorus
addition, and bioaugmentation on reductive dechlorination of TCE and its daughter
products.



20 MATERIALS & METHODS
2.1 Study Design

This study used microcosms to examine the effectiveness of various electron donor mixtures,
electron donor concentrations, soil moisture contents, bioaugmentation, and nutrient
supplementation as shown in Table 2-1.

Complete biological reductive dechlorination of TCE is dependent on the presence and activity
of DHC. Because these organisms are not ubiquitous in the environment and bioaugmentation
has been shown to promote reductive dechlorination. While questions remain as to how a liquid
bioaugmentation culture would be introduced into the vadose zone, this study evaluated
bioaugmention to determine whether reductive dechlorination would occur under conditions
where DHC were known to be present. Tests 1 through 11 were not bioaugmented and Tests 12
through 22 were bioaugmented with Shaw SDC-9™ culture.

To evaluate the effect of soil moisture, this study targeted three moisture levels. These conditions
were chosen to represent the range of moisture concentrations that may be encountered in the
field. The moisture content of 30 percent was selected as highest moisture content in which a
homogenized soil/water mixture did not show visible separation of water (i.e., the field capacity).
The two other moistures (15 and 19 percent) were selected based as Site data. Tests 1 through 5
and 12 through 16 contained 30 percent moisture. Tests 6 through 8 and 17 through 19 contained
19 percent moisture. Tests 9 through 11 and 20 through 22 contained 17 percent moisture.

The rate of microbial activity can be limited by the electron donor concentration. However,
injection of higher hydrogen concentrations may be costly. Therefore, two different
concentrations of hydrogen were evaluated. For each moisture level and each bioaugmentation
condition, hydrogen concentrations of 1 and 10 percent were tested. For example, in the un-
bioaugmented, 30 percent moisture condition (i.e., Tests 1 through 5), Tests 1 and 2 evaluated 10
percent hydrogen, Tests 3 and 4 evaluated 1 percent hydrogen, and Test 5 was a control with 0
percent hydrogen.

LPG was added at concentrations equal to the hydrogen concentration in Tests representing
different electron donor concentrations, moisture contents, and bioaugmentation. To evaluate the
potential inhibition of LPG, additional tests using pure propane were tested only at the high
moisture content. For example, Tests 1 and 2 contained equal concentrations of LPG and
propane, respectively, to allow comparison.

Because LPG includes constituents that could be inhibitory to the reductive dechlorination
process, additional microcosms were set up using propane instead of LPG. Only the highest
moisture level was used for these conditions, which allowed comparison of LPG and propane
under conditions expected to be optimal for reductive dechlorination.

All test conditions containing electron donor were amended with 1 percent carbon dioxide as a
carbon source for microbial growth. The electron-donor-free control bottles did not receive
carbon dioxide.



After about six weeks of incubation, there were clear differences in TCE degradation between
bioaugmented and un-augmented bottles. We hypothesized that phosphorous nutrient limitation
may be inhibiting the un-bioaugmented microcosms. Triethylphosphate (TEP), a gaseous
phosphorous nutrient, was added to Test Conditions 1 and 2 on Day 49 to test this hypothesis.

Table 2-1: Experimental Conditions

. Phosphorus . .
Sl el moSiStlllJre sildillof augmBeIISt-ation Gas Composttion

(Day 49) H, LPG | Propane CO,
1 30% Y N 10% 10% 0 1%
2 30% Y N 10% 0 10% 1%
3 30% N N 1% 1% 0 1%
4 30% N N 1% 0 1% 1%
5 30% N N 0 0 0 0
6 19% N N 10% 10% 0 1%
7 19% N N 1% 1% 0 1%
8 19% N N 0 0 0 0
9 17% N N 10% 10% 0 1%
10 17% N N 1% 1% 0 1%
11 17% N N 0 0 0 0
12 30% N Y 10% 10% 0 1%
13 30% N Y 10% 0 10% 1%
14 30% N Y 1% 1% 0 1%
15 30% N Y 1% 0 1% 1%
16 30% N Y 0 0 0 0
17 19% N Y 10% 10% 0 1%
18 19% N Y 1% 1% 0 1%
19 19% N Y 0 0 0 0
20 17% N Y 10% 10% 0 1%
21 17% N Y 1% 1% 0 1%
22 17% N Y 0 0 0 0

2.2 Soil Collection and Processing

Soil cores were collected from depths up to 40 feet on 8/24/11 and shipped overnight on ice to
the CDM Smith Environmental Treatability Laboratory in Bellevue, Washington. Approximately
5 kilograms (kg) of Site soil were received at the lab on 8/25/11. Because the microorganisms
responsible for reductive dechlorination of TCE are highly sensitive to oxygen, exposure to air
was minimized during soil collection, shipping, and handling. Once received in the lab, the soil
cores were placed in a nitrogen-purged anaerobic chamber (Plas Labs Inc., Lansing, MI) with an
oxygen concentration of <1% as measured using a GasAlertMicro 5 gas detector (BW
Technologies, Lincolnshire, IL). Prior to microcosm setup, the soil was processed and tested as
summarized in Table 2-2. All handling of soils used for the microcosms occurred in the
anaerobic chamber, while soils used for moisture tests and the field-capacity test were removed
from the anaerobic chamber for testing.



Table 2-2: Soil Processing

Date Event Description
Soil cores were received at the lab. Cores were passed
into anaerobic chamber, opened, and each core

8/25/11 Soil Receipt homogenized.
8/25/11- Moisture was tested by mass-loss on drying at 104 °C
8/26/11 Soil moisture test | using soil from core 36 to 37 feet.

Water-holding capacity of soil was tested using soil from
core 36 to 37 feet. Water was added to samples of soil
achieve mixtures of approximately 20%, 25%, 30%,
35%, and 40% moisture (wet weight.); mixtures were
8/25/11- observed for soil-water separation. Actual moisture
8/26/11 Field capacity test | content of mixtures was tested by drying at 104 °C.

Soil from all cores was thoroughly blended and clumps
were broken apart until the mixture was a granular
8/26/11 Homogenization texture.

Portions of the homogenized soil were partially dried at
room temperature in the anaerobic chamber to generate

soil with targeted low moisture contents. Subsamples of
8/28/11- the dried soils were tested for moisture by mass-loss on

8/31/11 Partial Drying drying at 104 °C.

2.3  Microcosm Setup

Microcosms were set up on 9/1/11 in 240-milliliter (mL) serum bottles (BellCo Glass, Vineland,
NJ). The setup was conducted in the nitrogen-purged anaerobic chamber in order to minimize
oxygen exposure. Each of the conditions shown in Table 2-1 was run in duplicate, for a total of
44 microcosms. For microcosms with 30 percent and 19 percent moisture, the soil was dried to
18% moisture and then adjusted to the desired moisture level. Soil dried to 15 percent moisture
was used for the 17 percent moisture condition. The soil moisture was adjusted via the addition
of deionized water and, in the case of the bioaugmented conditions, 0.2 mL/bottle of a culture of
Dehalococcoides (SDC-9™, from The Shaw Group, Lawrenceville, NJ). Each bottle contained
20.5 = 0.4 g (wet weight) of soil. The 19 percent and 17 percent moisture soils had a malleable
consistency, so pieces of soil were shaped to fit through the neck of the serum bottle and added
to the bottle until the approximate desired soil mass was reached. The soil was then tamped into
a thin layer on the bottom of the bottle, as shown in Figure 2-1, and the final soil mass was
measured. The soil at 30 percent moisture was too loose to for this method, so it was emplaced
into the serum bottles using a pastry bag. These bottles were manually agitated to settle the soil
into an even layer in the bottom of the bottle, shown in Figure 2-2. Immediately after soil
addition and tamping or settling, each bottle was sealed with a thick butyl rubber stopper held in
place with an aluminum crimp. Once sealed, the bottles were removed from the anaerobic
chamber for the remainder of the experiment.



Figure 2-2: Microcosm Bottle with Soil at 30 Percent Moisture



The extensive soil manipulations prior to and during microcosm setup promoted the
volatilization of VOCs from the soil. The sealed bottles were therefore spiked with TCE (Sigma-
Aldrich, St. Louis, MO) in order to ensure a starting vapor-phase concentration of >100 parts
per million by volume (ppmv). Additions were made through the stoppers via gas-tight needle
and syringe (Hamilton Co., Reno, NV). The microcosms were allowed to equilibrate for 5 days
after spiking with TCE before addition of hydrogen, propane, LPG, and carbon dioxide.

A volume (41.1 mL) of gas was removed from all the bottles prior to gas addition to prevent
over-pressurization. All withdrawals and injections were made using gas-tight syringes and
needles (Hamilton Co., Reno, NV). Injected gas volumes are shown in Table 2-3. High-purity
nitrogen and ultra-high purity hydrogen were supplied by Airgas USA, LLC (Long Beach, CA),
98% propane was supplied by Sigma-Aldrich (St. Louis, MO), 99.8% carbon dioxide was
supplied by Supelco Analytical (Bellefonte, PA), and LPG was supplied by Benzomatic
(Columbus, OH).

Table 2-3: Initial Gas Concentration Adjustments

Gas Volume Gas Injected (mL at 20°C and 1 atm)
LG 38%023 (]_nlll,;r:)t N, H, LPG Propane CO,
1 41.1 0 23.0 23.0 0 2.3
2 41.1 0 23.0 0 23.0 2.3
3 41.1 41.4 2.3 2.3 0 2.3
4 41.1 41.4 2.3 0 2.3 2.3
5 41.1 48.3 0 0 0 0
6 41.1 0 23.0 23.0 0 2.3
7 41.1 41.4 2.3 2.3 0 2.3
8 41.1 48.3 0 0 0 0
9 41.1 0 23.0 23.0 0 2.3
10 41.1 41.4 2.3 2.3 0 2.3
11 41.1 48.3 0 0 0 0
12 41.1 0 23.0 23.0 0 2.3
13 41.1 0 23.0 0 23.0 2.3
14 41.1 41.4 2.3 2.3 0 2.3
15 41.1 41.4 2.3 0 2.3 2.3
16 41.1 48.3 0 0 0 0
17 41.1 0 23.0 23.0 0 2.3
18 41.1 41.4 2.3 2.3 0 2.3
19 41.1 48.3 0 0 0 0
20 41.1 0 23.0 23.0 0 2.3
21 41.1 41.4 2.3 2.3 0 2.3
22 41.1 48.3 0 0 0 0

Note: These adjustments were made on 9/7/2011, six days after microcosm setup.
2.4 Microcosm Maintenance, Sampling, and Analysis

The microcosm bottles were incubated in the dark at room temperature for the duration of the
experiment. The electron donors were added on day 6 of the experiment; this was done to allow
the TCE addition to equilibrate between the soil and headspace. On day 49, TEP (Sigma-Aldrich,



St. Louis, MO) was added to Test conditions 1 and 2 at an amount of 0.62 mg/bottle or a
concentration of 30 mg/kg of TEP (wet weight basis).

The headspace composition was analyzed for volatile organic compounds (VOCs) and electron
donors at several points throughout the experiment. All headspace analyses were conducted on
an HP 5890 gas chromatograph equipped with a thermal conductivity detector (TCD), flame
ionization detector (FID), and an HP 7694 autosampler. Headspace samples (1 mL volume) were
taken using a gastight syringe and injected into 10-mL headspace vials (Thermo Scientific,
Waltham, MA). An equal volume of high-purity nitrogen was injected into the microcosm
bottles immediately prior to sampling to offset the volume removed by sampling and to maintain
a slight positive pressure. Separation and analysis of hydrogen and carbon dioxide was
conducted using an Agilent GS-Gaspro column and TCD. Need GC conditions. Methane, ethane,
ethene, acetylene, propane, TCE, cis-1,2-dichloroethene, and vinyl chloride separation and
analysis was conducted using a Restek ShinCarbon ST column and FID.

Additional hydrogen was added when the hydrogen concentration in a bottle fell below a set
threshold (5 percent for the 10 percent hydrogen bottles; 0.5 percent for the 1 percent hydrogen
bottles). After each hydrogen addition, the headspace composition was re-tested in the affected
bottles. The dates of microcosm set-up, phosphorus addition, headspace sampling, and hydrogen
additions are shown in Table 2-4.



Table 2-4: Headspace Sampling, Analysis, Hydrogen Addition, and TEP Addition Events

Elapsed
Time from Bottles (Both A and B replicates of
Date Bottle Event each condition, except for
Setup individual conditions as noted)
(days)

9/1/2011 0 Bottle Setup and TCE Addition All

9/2/2011 1 FID analysis All

9/6/2011 5 FID analysis All

9/7/2011 6 H,, CO,, and LPG addition See Table 2-1

9/8/2011 7 TCD analysis All

9/20/2011 19 FID analysis All

9/21/2011 20 TCD analysis All

9/23/2011 22 H, Addition; TCD re-analysis 3,4,7,10, 14,15, 18, 21A
10/11/2011 40 FID analysis All
10/12/2011 41 TCD analysis All
10/13/2011 42 H, Addition; TCD re-analysis 12,13, 14,15
10/20/2011 49 TEP Addition 1,2

10/31/2011 60 FID analysis All

11/2/2011 62 TCD analysis All

11/3/2011 63 H, Addition; TCD re-analysis 3,4,13A, 14,15, 17A, 18A,21B
11/14/2011 74 FID analysis All

11/15/2011 75 TCD analysis All

11/18/2011 78 H, Addition; TCD re-analysis 1,2,3,4,12, 123(,)i4, 15,17, 18B,
12/5/2011 95 FID analysis All

12/6/2011 96 TCD analysis All

12/8/2011 98 H, Addition; TCD re-analysis 1,2,3,4,7,13A, 15, 17A, 18, 20B
2/13/2012 165 FID analysis All

2/20/2012 172 TCD analysis All




3.0 RESULTS
3.1 Extent of Dechlorination

TCE removals ranged from 35 percent to >99 percent, and a few conditions achieved full
dechlorination to to ethene. This demonstrates that complete reductive dechlorination was
possible in this soil. Table 3-1 summarizes the VOC transformations in each condition, and the
following sections discuss the effects of each of the treatment variables in more detail. Data trend
plots for the each test condition are presented in the Appendix.

Control bottles with neither gaseous electron donors nor bioaugmentation (conditions 5, 8, and
11) achieved 40% to 60% removal of TCE. Possible mechanisms of TCE removal in these
bottles include abiotic attenuation, biological reduction fueled by organic matter already present
in the site soil, sorption to the rubber stopper, and removal and dilution of TCE in the headspace
during gas sampling. No production of cis-1,2-DCE or VC was observed in these bottles, which
suggests that biotic degradation was not a significant factor in the observed TCE removal.
Headspace removal during gas sampling was also likely to be insignificant: only about 1% of the
headspace was exchanged during each round of sampling, so less than 10 percent of the
headspace would have been removed during sampling over the course of the experiment.
Therefore, abiotic attenuation and sorption to the stoppers were probably the major sources of
TCE removal in the un-bioaugmented controls.
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Table 3-1: VOC Transformation Summary

Soil Phosphorus el o TCE cis-1,2- Cis-1,2-DCE Ve vC tra_lns-z Ethene
Test . " augment Gas Composition 1 DCE trans- production | formation ;
moisture addition . removal . D, Production
ation production | formation
(Day 49) H, LPG Propane CO,
1 30% Y N 10% 10% 0 1% 69% \
2 30% Y N 10% 0 10% 1% 48% \
3 30% N N 1% 1% 0 1% 48% \
4 30% N N 1% 0 1% 1% 57% \
5 30% N N 0 0 0 0 38%
6 19% N N 10% 10% 0 1% 35% \
7 19% N N 1% 1% 0 1% 39%
8 19% N N 0 0 0 0 56%
9 17% N N 10% 10% 0 1% 57%
10 17% N N 1% 1% 0 1% 44%
11 17% N N 0 0 0 0 46%
12 30% N Y 10% 10% 0 1% >99% \ \ \ \ \
13 30% N Y 10% 0 10% 1% >99% \ \ \ \ \
14 30% N Y 1% 1% 0 1% 78% \ partial slight
15 30% N Y 1% 0 1% 1% 79% \
16 30% N Y 0 0 0 0 71% \
17 19% N Y 10% 10% 0 1% >99% \ partial \
18 19% N Y 1% 1% 0 1% 96% \ partial
19 19% N Y 0 0 0 0 89% \ partial
20 17% N Y 10% 10% 0 1% >99% \ partial \
21 17% N Y 1% 1% 0 1% >99% \ partial \
22 17% N Y 0 0 0 0 80% \ slight
Notes:

1.

Calculated as the percent reduction in TCE concentration from T=6 days (immediately after electron-donor addition) to T=165 days, averaged for the replicate bottles in each condition.

2. Transformation of cis-1,2 -DCE and VC was defined as an increase in the concentration of the compound (production) followed by a decrease.
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3.2 Effects of Bioaugmentation

As shown in Table 3-1, TCE removal was consistently higher with bioaugmentation (Test
conditions 12 through 22) than without (Test conditions 1 through 11). No un-bioaugmented
condition exceeded 70 percent TCE removal, whereas Several of the bioaugmented conditions
achieved >99 percent removal.

Production of cis-1,2-DCE occurred in all of the bioaugmented conditions, indicating that part of
the TCE loss was due to biodegradation. In contrast, production of cis-1,2-DCE occurred in less
than half of the un-bioaugmented conditions. Furthermore, cis-1,2-DCE production occurred
carlier and to a greater extent in the bioaugmented conditions (Figure 3-1). The slight
cis-1,2-DCE production seen in a few of the un-bioaugmented conditions suggests that, given
enough time, reductive dechlorination of TCE to cis-1,2-DCE can occur in Site soils without
bioaugmentation. However, in the time period of this test, the extent of dechlorination in these
conditions was small.

180

160 95
60

140 19 95

120

100
80
60

95
20 A
0 - T T T T T
2
€
o
@]

=
(-]

Concentration (ppmv)

— - — - 5 — — 5 — —
4 c g < 5 & 8 5 4 4
= S =2 S 5 = = S = =
=N 2 X 2 O X X O N X
o o — o o — o —
— fa) f— — —
g LB | i
o -
b d
30% Moisture 19% Moisture 17% Moisture
m Not Bioaugmented Labels above bars indicate time (in days) to peak

concentration. Detecton occurred only on the final sampling

W Bioaugmented event (Day 172) in un-bioaugmented conditions.

Figure 3-1: Effect of Bioaugmentation on Peak cis-1,2-DCE Concentrations with Varying
Hydrogen Concentrations with LPG or Propane and Moisture Contents.

Most of the bioaugmented conditions achieved some removal of cis-1,2-DCE, accompanied by
production of VC. Full reductive dechlorination to ethene was seen in conditions 12 and 13,
which had a high moisture content of 30 percent, a high electron donor concentration of 10
percent, and bioaugmentation. In contrast, conditions without bioaugmentation showed no



conversion of cis-1,2-DCE to VC or ethene.

Methane production was observed with and without bioaugmentation at the 30 percent moisture
content and in the presence of LPG (Figure 3-2). While methane production was greater with
bioaugmentation, the observed differences do not explain the relatively poor reductive
dechlorination activity without bioaugmentation. In other words, un-bioaugmented microcosms
produced 50 percent or more as methane as bioaugmented microcosms, but were much less
efficient in terms of TCE dechlorination to cis-1,2-DCE.
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Figure 3-2: Effect of Bioaugmentation Methane Production in the Presence of LPG and at the 30
Percent Moisture Content.

3.3 Effects of Moisture Level and Electron Donor Concentration

Because complete TCE removal and further reductive dechlorination occurred only with
bioaugmentation, this section focuses on the bioaugmented conditions. Moisture level and
electron donor concentration interacted to produce complex effects. With a high electron donor
concentration, increased moisture was beneficial, whereas at a low electron donor concentration,
increased moisture was detrimental.

3.3.1 Moisture Effects with High Electron Donor Concentration

When high hydrogen concentrations, bioaugmentation, and LPG were used (Test conditions 12,
17, and 20), TCE removal was not significantly affected by increased moisture levels. Figure 3-
3 shows TCE concentrations over time in these conditions. It can be seen that they achieved
complete TCE removal, at similar rates, regardless of moisture content. Moisture level did
impact the reductive dechlorination of cis-1,2-DCE and VC. Concentrations of cis-1,2-DCE and
VC over time in these conditions are shown in Figures 3-4 and 3-5. In Test condition 12 with 30
percent moisture, near-complete cis-1,2-DCE removal occurred by day 74. Cis-1,2-DCE
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accumulated and was subsequently reductively dechlorinated at slower rates at lower moisture
contents in Test conditions 17 and 20. VC was largely removed by the end of the experiment
with 30 percent moisture (Test condition 12) but was either still accumulating or just beginning
to be dechlorinated at lower moisture contents (Figure 3-5). Ethene production was observed
only in Test condition 12 with 30 percent moisture (Figure 3-6). Overall, the high-moisture
condition performed better than those with lower moistures.
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Figure 3-3: TCE Concentrations with High Hydrogen Concentration and LPG for Varying
Moisture Contents.
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Figure 3-4: Cis-1,2-DCE Concentrations with High Hydrogen Concentration and LPG for
Varying Moisture Contents.
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Figure 3-5: VC Concentrations with High Hydrogen Concentration and LPG for Varying
Moisture Contents.
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Figure 3-6: Ethene Concentrations with High Hydrogen Concentration and LPG for Varying
Moisture Contents.

Methane production was generally similar for all three conditions (Figure 3-7) with the
possibility of lesser production in Test condition 20 with the lowest moisture content. The
hydrogen consumption generally increased with increasing moisture contents (Figure 3-8).
Comparison of the time profiles of VOC reductive dechlorination with methane accumulation
and hydrogen consumption suggests that hydrogen was initially directed toward reductive
dechlorination. After a period of acclimation, hydrogenotrophic methanogenesis accelerated.

15



While reductive dechlorination was incomplete at the lower moisture contents, hydrogen
consumption and methanogenesis activities were high and not inhibited commensurately by low
moisture contents.
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Figure 3-7: Methane Concentrations with High Hydrogen Concentration and LPG for Varying
Moisture Contents.
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Figure 3-8: Hydrogen Consumption Concentrations with High Hydrogen Concentration and
LPG for Varying Moisture Contents.
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3.3.2 Moisture Effects with Low Electron Donor Concentration

Although an increase in moisture improved dechlorination when the electron donor
concentration was high, it had the opposite effect on TCE removal when the electron donor
concentration was low (Test conditions 14, 18, and 21). The TCE concentrations over time for
these conditions are shown in Figure 3-9. In Test conditions 18 and 21 (moisture of 19% and
17%, respectively), TCE was largely removed by day 60, with a concomitant production of
cis-1,2-DCE (Figure 3-10). In Test condition 14 with 30% moisture, the TCE was not fully
removed and less cis-1,2-DCE production occurred. Transformation of cis-1,2-DCE was
incomplete regardless of moisture level, although some degradation occurred at low moisture
levels. Minor VC accumulation was observed in all three conditions and no ethene production
was observed.
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Figure 3-9: TCE Concentrations with Low Hydrogen Concentration and LPG for Varying
Moisture Contents.
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Figure 3-10: Cis-1,2-DCE Concentrations with Low Hydrogen Concentration and LPG for
Varying Moisture Contents.

Methane generation (Figure 3-11) and hydrogen consumption (Figure 3-12) with low hydrogen
concentrations were qualitatively and quantitatively different from that observed with high
hydrogen concentrations (Figures 3-7 and 3-8). Methane production and hydrogen consumption
under low hydrogen concentrations were significantly lower than under high hydrogen
concentrations for all moisture contents. Additionally, methane production and hydrogen
consumption were more sensitive to moisture content at lower hydrogen concentrations. These
data alone do not explain the incomplete reductive dechlorination of TCE at 30 percent moisture.
Competition for hydrogen by methanogens and reductive dechlorinators appears to have been a
contributing factor. Figure 3-13 demonstrates that hydrogen was frequently depleted in the high
moisture and low hydrogen concentration condition. Such was not the case in the high moisture
and high hydrogen concentration condition. At lower moisture contents, low hydrogen
concentration test conditions were either de