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EXECUTIVE SUMMARY

In-situ carbon dioxide (CO,) sparging was designed and implemented to treat a subsurface caustic
brine pool (CBP) formed as a result of releases from historical production of industrial chemicals at the
LCP Chemicals Site, Brunswick, GA (Site). The CBP is being addressed under an Administrative
Settlement Agreement and Order on Consent (AOC), which was entered into between Honeywell and EPA
on April 18, 2007. The remedial action objectives (RAOs) that are defined in the AOC include: 1) reducing
the pH of the CBP to between 10 and 10.5 and 2) reducing the density of the CBP.

This report describes the implementation and monitoring results related to Phase 3 of CO; sparging
and summarizes the effect of all three phases of sparging on groundwater quality within the deep Satilla

aquifer beneath the Site. These three CO, sparging phases were as follows:

e Phase 1 conducted between October 2013 and February 2014,
¢ Phase 2 conducted between October 2014 and April 2015; and
e Phase 3 conducted between October 2015 and May 2016.

The technical objectives of Phase 3 sparging were to build upon the success of the first two phases
and achieve compliance with the RAOs within the deep Satilla aquifer. Specifically, Phase 3 addressed

two arcas within the Phase 1 footprint and completed treatment in the southern area of the Site.
Sparging Activity

A total of 64 sparge wells were installed at the Site during Phase 3, bringing the total number of
sparge wells to 209. Phase 3 sparging was initiated on October 10, 2015 and continued through April 7,
2016. After the post-sparge sampling event, remaining CO; in storage was sparged into select sparge wells
from May 11, 2016 through May 17, 2016. As was performed in Phases 1 and 2, the target mass for cach
sparge well was calculated from interpolated groundwater alkalinity mappings. The targeted CO, per
sparge well varied from 8,000 to 36,000 1b. All Phase 3 sparge wells received their target mass.

Reduction in pH

Prior to the start of Phase 1 CO, sparging, the average pH of the CBP was 11.3. After Phase 3,
nearly all (28 out of 30; 93%) of deep Satilla monitoring points (monitoring wells and extraction wells) had
a pH of less than 10.5. Most of these monitoring points had pH less than 7.5 (24 out of 30; 80%). The
mean pH in the deep Satilla monitoring points decreased from 11.32 (2011-2012) to 7.11 as a result of CO,
sparging. The median pH decreased from 11.44 to 6.57.



Reduction in Specific Gravity

The effect of CO; sparging on the density of groundwater was evaluated by two methods. First,
pre-Phase 1 and post-Phase 3 measurements of groundwater specific gravity (SG) were compared for deep
Satilla monitoring points where data was available. Second, pre-Phase 1 and post-Phase 3 SG was
computed for all deep Satilla monitoring points using measured total dissolved solids (TDS) concentrations.
In both cases, the SG decreased from pre-Phase 1 baseline conditions. Computed SG decreased in 20 out
of 30 deep Satilla monitoring locations. The decrease in median computed SG was significant at the 95%
confidence level, supporting the conclusion that CO, sparging decreased the density of the CBP. The
decrease in SG was largely the result of the reductions in dissolved silica concentrations when the pH was

decreased to circumneutral.
Reduction in Mercury (Hg) Concentrations

Prior to the start of CO, sparging, the total mercury concentration in the CBP ranged from 35.7 to
2,530 pg/L, with a mean of 270 pg/l. and median of 128 pg/I.. By the end of Phase 3, almost every
monitoring point (28 out of 30) in the deep Satilla had lower total Hg when compared to pre-sparge levels.
The majority (23 out of 30; 77%) of monitoring points had total Hg concentrations less than 20 pg/I.. About
one-third of all monitoring points (11 out of 30; 37%) had Hg concentrations less than 2.0 ng/I.. Atthe end
of Phase 3, the average total Hg concentration decreased 87% from 270 to 36 pg/L.. The median Hg
concentration decreased 97% from 128 to 4 pg/L..

Conclusions
In summary, for the Phase 3 sparging:

e Nearly all (28 out of 30; 93%) of the deep Satilla monitoring and extraction wells had a pH of
less than 10.5. Most of these monitoring points had pH less than 7.5 (23 out of 30; 77%). In
the southern area, the majority of post-Phase 3 discrete groundwater samples collected by
Geoprobe from the base of the Satilla aquifer were less than 10.5; and

e The majority (23 out of 30; 77%) of the deep Satilla monitoring and extraction wells had total
Hg concentrations less than 20 pg/L. About one-third of these monitoring points (11 out of 30,
37%) had total Hg concentrations less than 2.0 pg/L.

1



A summary of the overall effect of Phase 1 - 3 sparging on the CBP is presented below:

e CO; sparging has been extremely effective at lowering the pH in the deep Satilla aquifer. The
mean pH in the deep Satilla monitoring points has decreased from 11.32 (2011-2012) to 7.11
as a result of CO, sparging (Table 4-1). The median pH decreased from 11.44 to 6.57 (Table
4-1).

e The SG (and therefore the density) of groundwater within the deep Satilla has decreased as a
result of CO, sparging. Computed SG decreased in 20 out of 30 deep Satilla monitoring
locations. The median computed SG decrease from 1.009 to 1.007 from pre-Phase 1 to post-
Phase 3 was statistically significant at the 95% confidence level.

e CO; sparging has also been extremely effective at lowering concentrations of Hg in the deep
Satilla. Almost every deep Satilla monitoring point (28 out of 30) has lower total Hg when
compared to 2011-2012 levels as a result of CO, sparging. The mean Hg concentration in all
monitoring points was lowered from 270 to 36 ng/L, a percent decrease of 87%. The median
Hg concentration in all monitoring points was lowered from 128 to 4 ng/L, a percent decrease

of 97%.
Recommendations

The AOC for the caustic brine plume requires that the pH be reduced to 10 to 10.5 and that density
be reduced. The three Phase CO, sparging effort has clearly met both of these RAOs. To date, rebound of
pH to values greater than 10.5 has been minimal during the rest period in-between phases. Therefore,
extensive rebound is not expected within the treated arca, with the exception of the eastern edge of the
northern area, which will be addressed as part of a separate regulatory process for the soils beneath the
former cell building. No additional sparging at the Site 1s recommended as the CO, treatment has achieved
the RAO:s.
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1 INTRODUCTION

Mutch Associates, LLC (Mutch), in collaboration with Parsons Environment & Infrastructure
Group, Inc. (Parsons), have prepared this report of Phase 3 of carbon dioxide (CO-) sparging at the LCP
Chemicals Site in Brunswick, Georgia (Site). Phase 3 of CO, sparging was conducted in accordance with
the CO. Sparging Work Plan, LCP Chemicals Site, Brunswick, GA dated April 24, 2013 (Sparging Work
Plan) (Mutch Associates and Parsons, 2013a) and the Technical Approach for Phase 3 CO Sparging, LCP
Chemicals Site, Brunswick GA (Revision 1) dated September 1, 2015 (Phase 3 Memo) (Mutch Associates,
2015b). Formal approval of the Sparging Work Plan and Phase 3 Memo were granted by the U.S.
Environmental Protection Agency, Region 4 (EPA) on May 1, 2013 and January 7, 2016, respectively. The
CBP is being addressed under an Administrative Settlement Agreement and Order on Consent (AOC)
entered into between EPA and Honeywell on April 18, 2007. The remedial action objectives (RAO) were
defined in the AOC and included reducing the pH of the CBP to between 10 and 10.5 and reducing the
density of the CBP.

This report describes the implementation and monitoring results related to Phase 3 of CO; sparging
and summarizes the effect of all three phases of sparging on groundwater quality within the deep Satilla

aquifer beneath the Site. This report is organized in the following manner:

e  Section 1 —Introduction and background;

e  Section 2 — Describes the sparge well installation and sparge system construction;

e  Section 3 — Describes the specific procedures and protocols employed during sparging;

e  Section 4 — Presents the results of sparging on pH, specific gravity, mercury (Hg), other
geochemical parameters, and groundwater levels; and

e  Section 5 — Conclusions and recommendations.
1.1  Site Description

The Site is located at 4125 Ross Road,! in the City of Brunswick, in Glynn County, Georgia, and
is bordered by the Turtle River marshes to the west and south and urban areas of Brunswick to the north
and cast. The Site encompasses approximately 813 acres, of which 684 acres are tidally influenced salt

marsh. A Site location map is provided in Figure 1-1.

During chemical production activities at the Site, a portion of the shallow aquifer was contaminated

by releases from the chlor-alkali-manufacturing operations and a subsurface CBP formed. The CBP is

L A site address was developed as part of the County’s upgrade to its 911-emergency system.
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defined in the AOC as groundwater with a pH above 10.5. The dashed line on Figure 1-2 shows the location
and extent of the CBP based on pH data collected in 2012.> The area within the 10.5 contour was 8.6 acres.

In July and August of 2014, Honeywell performed groundwater sampling via Geoprobe at the base
of the Satilla aquifer along the southern boundary of the CBP as mapped in 2012. The purpose of this
sampling was to improve delineation of the extent of the high pH (> 10.5) plume. Further details on this
sampling are provided in the Phase 2 final report. Results of the re-mapping of the pH > 10.5 plume are
shown as the solid line in Figure 1-2. Addition of the southern area increased the area of the CBP to 13.9

acres.
1.2 Summary of Proof of Concept Test

Full-scale CO, sparging was preceded by a Proof of Concept Test. The Proof of Concept Test was
conducted from October 29, 2012 to November 17, 2012 in accordance with the Final Work Plan for CO.
Sparging Proof of Concept Test, LCP Chemicals Site, Brunswick, GA (Proof of Concept Test Work Plan)
dated September 11, 2012 (Mutch Associates, 2012). EPA approved the Proof of Concept Test Work Plan
in a letter dated September 10, 2012. The Proof of Concept Test was designed to evaluate the feasibility of
CO; sparging to remediate the CBP (Figure 1-3).

Key observations from the Proof of Concept Test that are relevant to the design and implementation
of full-scale sparging, as described in the CO. Sparging Proof of Concept Test Report (Mutch Associates
and Parsons, 2013b) are:

1. Significant pH reductions from pH 11-12 in the deep Satilla were achievable in 5 to 7 days sparging
at circa 50 standard cubic feet per minute (scfm).

2. Aradius of influence (ROI) of at least 20 feet was achieved in the deep Satilla and greater than 60
feet (ft) at the water table surface.

3. Hg levels in the high pH CBP waters fully-impacted by the sparging declined from 110-120 pg/L
to 11-33 pg/L (70 to 90% reductions).

4. During sparging, significant mounding of the potentiometric surface was observed. Shallow Satilla

wells within the 20-ft radius of sparge wells increased to within 1 ft of the ground surface.

2 The mapping of the CBP (Figure 1-2) was created by kriging pH data from deep Satilla monitoring wells (MW
series) from the May/June 2012 monitoring event, supplemented with data from September 2011 for extraction wells
(EW series). For most wells, field pH values were used for the mapping. The only exceptions were MW-357A, MW-
357B, MW-512B and MW-516B, where laboratory pH was conservatively used because field pH was considerably
lower than historic values. Well MW-113C was not included in kriging because of poor resolution in this area of the
site.
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5. Significant rebound of pH or Hg was not observed based on results from groundwater monitoring

conducted three months after completion of sparging.

The Proof of Concept Test demonstrated that CO, sparging is an effective, innovative technology,
suitable for full-scale implementation at the Site (Figure 1-3). Observations made during testing further
demonstrated that full-scale implementation of CO, sparging should be conducted over a multiple-year,

sequential effort. The principal drivers for this sequential implementation were:

¢ Management of groundwater mounding caused by superposition of multiple, closely-spaced sparge
wells; and

e Maximization of sparging efficiency.

The Proof of Concept Test indicated that managing groundwater mounding during full-scale
implementation would be critical. The groundwater table rose to within 1 ft of the ground surface during
the testing. This potential for mounding could be exacerbated by superposition of mounding from multiple
nearby sparging wells and by seasonal rises of the groundwater table. Moreover, in some areas of the CBP,
the water table is even closer to the surface than at the test site. These factors could impose a practical limit
on the spacing of wells and the number of wells that could be sparged simultancously. Conducting the
implementation over multiple years would allow active sparge wells to be further apart, thereby reducing

the superposition of groundwater mounding.

The Proof of Concept Test suggested that CO, sparge efficiency could be enhanced by a sparge
regimen that emphasizes short bursts of sparging (anywhere from % to 4 hr) followed by rest periods. The
rest periods would allow CO; gas residual saturation remaining in the formation to both dissolve and diffuse
into the surrounding CBP waters. The Proof of Concept Test Report concluded that different sparge

regimens should be tested during the first year of sparging in an effort to optimize sparge efficiency.

The Proof of Concept Test results also showed that the pH reached target levels in the deep Satilla
at least 20 ft away from sparge well MW-1C (Mutch Associates and Parsons, 2013b). This indicated an
effective ROI of at least 20 ft in the deep Satilla. Modest decreases in pH in deep Satilla wells were
observed at radial distances greater than 20 i, indicating some consumption of CO, demand. The ROI in
the intermediate and shallow Satilla was significantly larger than 20 ft. For example, gas channels extended
all the way from MW-1C to MW-517A, which is a distance of approximately 100 ft. As a result, there was
some uncertainty regarding the ROI that would be achieved during full-scale implementation. The Proof
of Concept Test Report indicated that further evaluation of ROI could be achieved by using an initial coarse
grid spacing for sparge wells during the first year of sparging, followed by filling-in with a denser well

spacing in future efforts based on observed results.
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Although Hg concentrations are not a component of the AOC, the performance of the CO; sparging
with respect to its impact on Hg concentrations was monitored. The Proof of Concept Test results showed
a clear trend of decreasing Hg concentrations with decreasing pH as a result of CO, sparging. Furthermore,
monitoring in these same wells showed a gradual lowering of dissolved Hg concentrations over time at a
given pH (Mutch Associates and Parsons, 2013c). This effect appeared after 3 months and was sustained
through 6 months after sparging was completed.

1.3 Summary of Phase 1 of Full-Scale Sparging

As described in the EPA-approved Sparging Work Plan (Mutch Associates and Parsons, 2013a),
the technical objectives of Phase 1 of full-scale sparging were the following:

¢ Reduce pH as determined by measurements in deep Satilla monitoring wells and extraction wells;

e Determine the average ROI of sparging to develop a technical approach for Phase 2 of CO;
sparging;

¢ Determine the optimal sparging regimen to maximize CO, utilization efficiency; and

e Reduce Hg concentrations as determined by comparison of pre- and post-sparging concentrations

in mid and deep Satilla monitoring wells.

Phase 1 of CO, sparging at the Site is described in detail in the CO, Sparging Phase 1 Full-scale
Implementation and Monitoring Report, Revision I (Phase 1 Report), dated June 20, 2014 (Mutch
Associates and Parsons, 2014). Phase 1 sparge wells were placed approximately 80 ft apart on a coarse,
semi-regular, hexagonal grid pattern (Mutch Associates and Parsons, 2013a). This layout provided
flexibility for various final sparge well spacings by placing additional sparge wells on the grid. Sparging
was performed from November 8, 2013 to February 13, 2014. A total of 783,000 1b of CO; was sparged
during Phase 1.

A summary of the key results from Phase 1 is presented below:

e All of the technical objectives of Phase 1 of CO, sparging were met.

e Sparging was effective in reducing the pH of the CBP groundwater. Following Phase 1 of sparging,
14 out of 15 deep Satilla monitoring points within a radial distance of 30 ft from a sparge well had
a post-sparge pH < 10.0, and 13 out of 15 monitoring points had a post-sparge pH < 7.5. Many
wells at distances greater than 30 ft showed significant decreases in pH.

e An average ROI of 32.9 ft was estimated from the pH versus distance data. This is considerably
larger than the approximate 20 ft ROI measured in the Proof of Concept Test.
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The optimal sparging regimen was Regimen A (once per week). Some sparge wells required longer
sparge durations of 8 to 24 hr to provide adequate flow.

The efficiency of CO, sparging was evaluated by comparing the CO, demand of the CBP with the
amount of CO, mass required to lower the pH to circumneutral and found to be 29%. This
efficiency was approximately three times larger than the efficiency estimated from the Proof of
Concept Test (9.7%).

CO, sparging resulted in a significant decline in aqueous-phase Hg concentrations. In monitoring
points where post-sparge pH was less than 7.5, the mean Hg concentration decreased from 94 pg/L
to 21 pg/L (n= 22), a decrease of 78%.

The pre-and post-sparging aquifer testing showed no sharp loss of aquifer transmissivity. The mean
of six pre-sparge well specific capacities was 0.011 gpm/ft. The mean of ten post-sparge specific
capacities measured approximately 2 weeks after sparging was 0.035 gpm/ft.

The pre-sparge aquifer testing indicated that the basal Satilla varies in hydraulic conductivity within
the CBP from 2 to 17 ft/d, with a mean value of 9.9 ft/d. The Proof of Concept pre-sparging aquifer
test had previously measured a hydraulic conductivity of 8.9 ft/d in that area of the Site.

A significant fraction of the injected CO, remained in the formation as residual CO, saturation and
was not vented to the atmosphere. The emplacement of CO; residual saturation into the Satilla
provides a long-term source of pH-neutralization and Hg immobilization for water flowing from
upgradient locations. This may also serve as protection against pH rebound.

As the CO; residual saturation dissolves into the surrounding groundwater, a process that could
take months or years, aquifer properties such as hydraulic conductivity and storativity should
concomitantly approach pre-sparge levels, except for whatever impact the minimal reduction in
porosity may have on these properties. Experience during the Proof of Concept Test and Phase 1

suggested that these latter impacts were not of particular concern.

Summary of Phase 2 of Full-Scale Sparging

The technical objectives of Phase 2 sparging was to continue to make progress in meeting the RAOs

in the deep Satilla groundwater. Phase 2 of CO; sparging at the Site is described in detail in the CO;

Sparging Phase 2 Full-scale Implementation and Monitoring Report, Revision 1 (Phase 2 Report), dated
September 1, 2015 (Mutch Associates and Parsons, 2015). Based on the average radius of influence (ROI)

observed during Phase 1 of 33 feet (ft), the final layout of Phase 2 sparge wells within the Phase 1 sparging

footprint was designed to form sparge “columns,” with consideration given to overlap. A total of 58 Phase

2 sparge wells were installed within the Phase 1 footprint (SW-66 through SW-123).
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Prior to the Phase 2 sparging, the southern boundary of the CBP was further defined via a Geoprobe
sampling program that delineated the extent of the high pH plume to the south. This newly delineated
“southern area’ was added to the sparging program, bringing the total area to 13.9 acres. This southern
area was treated for the first time as part of Phase 2 sparging, utilizing 22 new wells. Phase 2 sparge wells
in the southern areca were placed approximately 114 ft apart on a coarse, semi-regular, hexagonal grid
pattern. This was done so that a final spacing of 66 ft (consistent with a 33 ft ROI) could be achieved by

placing additional sparge wells in Phase 3 at the geometric center of triangles formed by the Phase 2 wells.

Sparging was performed from October 17, 2014 to April 28, 2015. The total amount of CO; injected
during Phase 2 was 1,521,000 Ib. Phase 2 sparge wells received 1,199,000 1b while Phase 1 sparge wells
received additional 321,000 Ib.

A summary of the key results from Phase 2 is presented below:

e  Only four deep Satilla monitoring points within the sparging footprint had a pH above 10.5 after
Phase 2 sparging.

e Post-sparge Geoprobe groundwater sampling of pH in the southern area supported the selected ROI
of 33 ft within the Phase 1 footprint.

¢ The mean Hg concentration in Phase 2 monitoring points where the pH was less than 10.5 was 12.4
ng/L, an 89% reduction from pre-Phase 1 levels.

¢ Hg measurements throughout the entire sparging program showed that additional reductions in Hg

should occur over time as groundwater remains at neutral pH.
1.4.1 Technical Objectives of Phase 3

The technical objectives of Phase 3 sparging were to build upon the success of the first two phases
and to finally achieve the RAOs within the deep Satilla aquifer. Specifically, Phase 3 addressed two areas
within the Phase 1 footprint and completed treatment in the southern area. These are discussed in more

detail below.

By the end of Phase 2, treatment within the Phase 1 footprint was largely complete. However, at
the end of Phase 2, two monitoring points along the eastern edge (MW-352B and MW-513B) and two
monitoring point along the western edge (EW-5) of the sparging footprint did not achieve a circumneutral
final pH (Phase 2 Report). In addition, the pH increased above 10.5 in one monitoring well just outside the
sparging footprint (MW-510B). To address these areas, a total of 14 wells were installed within the Phase
1 footprint. Two wells were installed near EW-5 and MW-510B. The remaining twelve wells were
installed along the castern edge of the sparging footprint to address high pH groundwater near MW-352B
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and MW-513B. Ten of these wells form a “sparge column™ to treat groundwater that may be entering the

sparging footprint from the east

The conceptual layout for the southern area, first presented in the Phase 2 technical memo (Mutch
Associates, 2014), featured a coarse hexagonal grid pattern where Phase 2 sparge wells are 114.3 ft apart.
Post-Phase 2 Geoprobe sampling of groundwater in the southern area demonstrated sparging influence that
was consistent with the 33 ft ROI observed during Phase 1. Therefore, a final spacing of 66 ft (consistent
with a 33 ft ROI) was achieved by placing additional sparge wells at the geometric center of triangles
formed by the Phase 2 wells.

1.42 Reporting

Data collected during Phase 3 sparging is compiled and evaluated in this report. Specifically, this

report contains the following information:

e Borings / well construction logs for sparge wells installed prior to Phase 3 sparging;

¢ A tabular summary of injection activities at each well, including mass of CO, injected per event;

e Changes in pH and specific gravity observed in the monitoring well network;

e Pre- and post-sparge groundwater monitoring results of other constituents such as Hg, total
dissolved solids (TDS), silica (S1), arsenic (As) and chromium (Cr);

e A description of supplemental Geoprobe sampling of deep Satilla groundwater along the western
edge of the sparging footprint to delineate the extent of the pH 10.5 plume;

¢ Recommendations for future activities relating to groundwater at the Site.
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2 SYSTEM CONSTRUCTION

2.1  Sparge Well Construction
2.1.1 Sparge Well Locations within the Phase 1 Footprint

To address the identified high pH areas within the Phase 1 footprint, 14 new sparge wells (SW-196
through SW-209) were installed (Figure 2-1 and Figure 2-2). Two of these sparge wells (SW-196 and SW-
197) were installed north of SW-23 to treat arcas near EW-5 and MW-510B. Twelve sparge wells (SW-
198, SW-199, SW-200 through SW-209) were placed along the eastern edge of the Phase 1 footprint near
the existing infiltration galleries. Two of these twelve sparge wells were located west of the galleries, to
fill a small gap in sparging coverage south of SW-121. The remaining ten sparge wells form a “sparge
column” to treat groundwater that may be entering the sparging footprint from the east. The wells that form

the sparge column were spaced approximately 50 ft apart so that there is significant overlap between

adjacent ROL
2.1.2 Sparge Well Locations in Southern Area

The conceptual layout for the southern area was first presented in the Phase 2 technical memo
(Mutch Associates, 2014). This layout featured a coarse hexagonal grid pattern where Phase 2 sparge wells
are 114.3 ft apart. Post-Phase 2 Geoprobe sampling of groundwater in the southern areca demonstrated
sparging influence that was consistent with the 33 ft ROI observed during Phase 1. Based on this result, a
total of 50 sparge wells were installed in the southern area during Phase 3 (SW-146 through SW-195).
Consistent with the conceptual layout, Phase 3 sparge wells completed the grid in the southern area with a
final spacing of 66 ft on center. The as-built locations of the Phase 3 wells are shown on Figure 2-1 and
Figure 2-3. Sparge wells SW-180 through SW-182 are located outside the pH 10.5 contour in the southern
area, but were installed and sparged to lower dissolved Hg concentrations in this area which ranged from
31 to 76 pg/L (Mutch Associates and Parsons, 2015). Slight alterations to the regular grid were needed for
SW-177 and SW-178, due to an existing concrete wall on the Site.

2.1.3 Sparge Well Installation and Development

Sparge wells were constructed with 2 ft of 2-inch diameter, 0.010-inch slotted Schedule 40 PVC
screen with a 2-inch Schedule 40 PVC riser. At most locations, permeable aquifer material (i.e. fine to
medium sand) was encountered directly above the variably-cemented sandstone. At these locations, the
well screen was set at the top of the variably-cemented sandstone. When less permeable aquifer material
unsuitable for sparging was present at the base of the Satilla aquifer (i.e. silt, very fine sand, sand with little

to some silt), the screen was set at the deepest interval where the more permeable aquifer material (i.e. fine
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to medium sand) was encountered. When a clay stratum was encountered directly above the variably-
cemented sandstone, the well screen was set in permeable aquifer material at the base of the clay stratum,
after grouting the boring to the top of the clay with 95% Type 2 Portland / 5% bentonite if the clay had been
penetrated greater than 6 in. Well construction was completed with a 20/30 sand pack to 2 ft above the top
of screen, followed by a 2-ft bentonite seal, and cement grout to the surface. Boring logs / well construction
diagrams are provided in Appendix A in a standardized form and for all three phases of sparge well

installation.

Following installation, sparge wells were developed by removing an average of 70 gallons of water
with the goal of achieving a turbidity of 50 Nephelometric Turbidity Units (NTU). During well
development, yields less than 0.5 gallons per minute (gpm) were observed in a number of sparge wells;
these wells were surged with a surge block to improve yield. Final yields and water quality data (i.e. pH,
specific conductance) obtained during well development are included in the summary table provided in

Appendix B.

No additional shallow piezometers were installed during Phase 3 since there were already 35
piczometers to monitor shallow groundwater rise. The locations of the piezometers installed during Phases

1 and 2 are provided in Figure 2-4.
2.1.4 Monitoring Well Com pletions

The monitoring well network used to evaluate Phase 3 CO; sparging is shown on Figure 2-5. To
reduce the potential for groundwater surfacing, threaded plugs were installed on all monitoring wells within
the sparging footprint to contain the possible rise of water. Similar to Phases 1 and 2, the monitoring wells
were outfitted with fittings and ports to allow for instrumentation cables and manual pressure measurements

(Mutch Associates and Parsons, 2014).
2.1.5 Top of Sandstone and Clay Isopach Mappings

The mapping of the top of the variably-cemented sandstone was updated prior to Phase 3 sparge
well installation. This map was used to estimate depth of the variably-cemented sandstone from ground
surface at planned Phase 3 sparge well locations (Figure 2-1 through Figure 2-3). Field data for the
elevation of the top of the variably-cemented sandstone was gathered from Phase 1 and 2 sparge well boring
logs, boring logs from Site monitoring wells and extraction wells, Geoprobe drilling reports, Cone
Penetrometer Tests (CPTs), and exploratory borings from the Remedial Investigation (RI). The elevation
data was catalogued and consolidated into a master database and used as the basis for interpolation of the

top of variably-cemented sandstone elevation over the entire Site. The interpolation was accomplished
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using Ordinary Kriging with 2" order trend removal with the Geostatistical Analyst package of ArcGIS
(ESRI).> The map (Figure 2-6) shows the variably-cemented sandstone as a continuous unit at elevations
varying from —39.5 to —43.0 ft (NAVD 88). The variably-cemented sandstone surface generally deepens
moving north-northwest (NNW) across the sparging footprint.

A clay isopach map was prepared in order to estimate the location and thickness of clay deposition
to assist in well screen placement (Figure 2-7). Data used for the clay isopach map was obtained from the
same sources as the top elevation of the variably-cemented sandstone described above. Clay thickness was
interpolated over the entire sparging footprint using inverse-distance weighting interpolation with the
Geostatistical Analyst package of ArcGIS. Clay is not pervasive in the subsurface, and 1s typically thicker
in the northern portion of the sparging footprint.

2.2 CO, Storage, Vaporization, and Distribution System

Equipment to store, vaporize, and distribute CO; to the sparge wells was installed at the Site in

October and November 2013, as summarized below.

e Storage and vaporization equipment included two 50-ton refrigerated bulk tanks for liquid CO;
storage, two 105-kW process vaporizers to convert liquid CO; to gaseous form, pressure regulators
to reduce CO; line pressure from 300 pounds per square inch (psi) to a field delivery pressure of
approximately 50 psi, a trim heater to adjust the final temperature of the gaseous CO,, a flow meter,
and other instrumentation and controls.

e Distribution system equipment included distribution piping, eight distribution panels (DPs),
portable hoses, and instrumentation. The distribution panels included three 1-inch branch lines
following the upstream pressure regulator; each branch line included a downstream pressure
regulator and a flow meter (rotameter). A temperature gauge also was provided at each distribution
panel. Temperature measurements, together with the flow and pressure measurements, were used

to estimate CO, mass sparged into each sparge well.

Further detail regarding the equipment installed to support sparging is described in the Phase 1
Report (Mutch Associates and Parsons, 2014). Various system components installed during Phase 1 are

also illustrated below.

3 Ordinary Kriging was performed using an experimental semivariogram (lag size: 43.3 ft, number of lags: 12)
modeled with a Gaussian function optimized to reduce root mean square error (nugget: 1.84, major range: 346.6,
partial sill: 0.453). Kriging was performed using a search neighborhood of 4 sectors with 45 degree offset (min/max
neighbors: 10/15).
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Based on the investigations described in the Phase 2 report, the sparging footprint was expanded to
the south. To accommodate Phase 2 and Phase 3 sparging in this area, three additional distribution panel
locations were established (DP-9, DP-10, and DP-11), and approximately 800 ft of additional distribution
piping was installed at the Site in September and October 2014, as shown on Figure 2-8. On January 7,
2015, distribution panels were shified from locations DP-1, DP-5, and DP-8 (following substantial
completion of sparging at these locations), to locations DP-11, DP-10, and DP-9, respectively, to allow for
sparging in the south and southwest. A process and instrumentation drawing (P&ID) illustrating the

additional piping and distribution panels is provided as Figure 2-9.












calculate averages or percent removals. It should be noted that pH values collected in these extraction wells
were considered to be not significantly affected by this dilution because of the logarithmic scale of pH. A
10:1 dilution of deep Satilla is required to bias measured pH values low by one standard unit. The pH
measured in the extraction wells described above were included in figures and included in summary tables

of this report.
3.2 Monitoring During Sparging

Groundwater pH and conductivity were measured throughout the sparging program in all
monitoring points within the sparging footprint. A portable peristaltic pump was used to pump water to the
surface. Tubing was lowered to the mid-point of the screen and water was pumped with a flow rate that
ranged from 0.25 to 2.50 L/min. The water passed through a flow cell equipped with a YSI Professional
Plus multi-parameter probe that measured pH, specific conductance, barometric pressure, and temperature.
The probe was set to take readings every 30 seconds. Wells were pumped until all parameters were
stabilized over three consecutive readings. The final stabilized reading was used as the data point of record.

The data was recorded on the internal memory of the meter and was reported at the end the day.

Field measurements of pH and conductivity occurred at a frequency of approximately once per
week in deep Satilla monitoring points within the sparging footprint. Several wells to the west of the
sparging footprint were sampled approximately once per month to assess lateral migration of the CBP. A
few deep Satilla monitoring wells to the east of the sparging footprint were sampled at the end of Phase 3.
In addition, wells screened in the Coosawhatchie A/B formation (HWEast2, HWEast3, HWEast5, MW-
352D, MW-115, and MW-360D) were sampled at the end of Phase 3 operations to assess effect of sparging
on pH (Figure 3-3). Shallow Satilla monitoring wells were not monitored as part of Phase 3 sparing effort.

All pH electrodes were calibrated daily to ensure accuracy of results. A three-point standard curve
using pH 4.01, 7.00, and 10.01 was used. A valid pH calibration curve was obtained only when the slope
was within 5% of the theoretical value of =59 mV/pH. Specific conductance was also calibrated daily. A

calibration check was performed at least once per day to ensure electrode stability.

3.3 Sparge Operations
3.3.1 Sparge Regimens

Phase 1 of CO, sparging tested four sparging regimens to optimize CO, efficiency (Mutch
Associates and Parsons, 2014). The Phase 1 Report recommended a once per week regimen with a 4-hr
duration to start, with adaptive management to optimize well-specific performance. Phase 1 sparging also

indicated that specific wells needed longer sparging intervals (e.g. 8 or 24 hr) to provide adequate mass
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flows of CO,. Since this approach was successful in Phases 1 and 2, the same procedures were applied

throughout Phase 3 of CO, sparging.
3.3.2 Required CO; Mass Per Well

During Phase 1 sparging, an overall mass of at least 8,000 to 9,000 1b of CO, per sparge well was
estimated to treat moderate alkalinity groundwater (< 4,000 mg/I. CaCOs). Areas of higher alkalinity were
sparged at approximately 1.5-times (12,000 Ib) to 2-times (16,000 1b) this amount to account for the
increased demand. To prepare for Phase 2, alkalinity was measured in select sparge wells and Geoprobe
locations. This information was combined with deep Satilla alkalinity data collected prior to Phase 1 to
interpolate alkalinity across the entire sparging footprint. This alkalinity map was further updated with
additional information from Phase 3 sparge wells in the northern area of the Site (Figure 3-4).° The
interpolated alkalinity map shows high alkalinity areas in the northern portion of the Site near the elevated

pad, and in the southwestern area of the Site.

To refine the estimate of CO, dosing in high alkalinity areas, the total mass of CO, was scaled from
the 8,000 1b baseline established in Phase 1 using the following procedure. First, the average alkalinity
within a 33-ft radius of each sparge well was estimated using the interpolated alkalinity map (Figure 3-4)
and the zonal statistics toolbox of ArcGIS (version 10.3). Second, an alkalinity multiplier was calculated
for each sparge well by dividing the average alkalinity by 4,000 mg/L as CaCOs (the baseline alkalinity
from Phase 1). Finally, the required CO, dose was determined by scaling up the baseline in a linear fashion

according to Table 3-3.

This method of calculating required CO, mass was also retroactively applied to Phase 1 and 2
sparge wells. In light of the new alkalinity data, a small number of Phase 1 and 2 sparge wells had less than
the required CO; mass using the linear scale-up method described above. Therefore, these wells were
sparged during Phase 3 to achieve the revised target. In addition, Phase 2 sparge wells in the southern arca
that had already met the new mass requirements received approximately 2,000 1b of CO, during Phase 3.
The purpose of the additional sparging was to treat high pH groundwater that may have moved into the

zone of influence of a Phase 2 well during sparging of Phase 3 sparge wells. A secondary benefit of sparging

5 This map was created using the radial basis function interpolator in ArcGIS Geostatistical Analyst. Data used for the
interpolation are indicated on Figure 3-4. Phase 2 sparge wells with a pH <10.5 were excluded from the interpolation
data set because they were assumed to have been influenced by Phase 1 sparging. MW-105C was replaced with March
2014 data because of an error in reporting of alkalinity from the lab. The data set was supplemented with alkalinity
values from 2010 (MW-101C, MW-106C, MW-304C, MW-306B, MW-351B, MW-355B), 2006 (MW-307B), and
2003 (MW-114C and MW-116C).
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understand well-specific pressure / flow relationships, while at the same time making observations and
collecting shallow groundwater elevations to understand the potential for groundwater mounding and

surfacing. Initial guidelines for sparge well sequencing included the following:

e Two sparge wells per distribution panel would be sparged simultaneously, initially for
approximately 4-hr periods.

e Extended duration sparging would be applied to arcas with high alkalinity.

¢ During sparging, water levels were monitored in piezometers. Superposition of mounding
was not significant and groundwater levels generally never rose to within 1 ft of the ground

surface.
3.3.5 Sparge Well and Monitoring Well Maintenance

Basic maintenance was required on sparge wells and monitoring wells. Notably, two sparge wells

(SW-36 and SW-141) were damaged while clearing vegetation and were repaired using a PVC coupling.
3.4 Field Measurements During Sparging

During sparging of a well, measurements of temperature, flow rate and pressure were made at the
distribution panel. Pressure was measured at a gauge just downstream of the rotameter. These
measurements were collected at periodic intervals, typically every half hour during normal sparging
operations. The collected measurements were recorded in electronic spreadsheets stored on waterproof
tablets and copied to a master spreadsheet for calculation of total mass sparged (see Section 3.5). A

summary of these measurements for each sparge well is provided in Appendix E.
3.5 Measurement and Calculation of Flowrates and CO, Mass

The flow rate of gas to the sparge well was read from a distribution panel rotameter upstream of
the well head. Rotameters report accurate flow rates only when the operating conditions (temperature and
pressure) are the same as the conditions under which the rotameter was calibrated. When operating and
calibration conditions differ, flow readings from a rotameter must be corrected. The rotameter correction

equation for gases is:

Q * (SCﬁTl) = Qrotameta‘ (iﬂd ][%] (3'2)

act std

where Qrotameter 1 the flow reading from the rotameter, Q* is the gas volumetric flow rate (in scfm), Pact is
the actual pressure (in psia), T,q 18 the actual temperature (in °R), Pyq 1s the standard pressure (in psia), Ty

is the standard temperature (530 °R) of the rotameter correction. Rotameters installed on the permanent
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system were calibrated for carbon dioxide, so an additional specific gravity correction was not required.

For CO, sparging, Equation 3-2 becomes:

530°R P +14.7
*(scfm CO,) = act -
Q (SC 2) Qrotameter‘j( Tact T 460 J( 14.7 pSl j (3 3)

The rotameter used for the portable system was not calibrated for CO,. Therefore, a specific gravity

correction was also required:

Q*(SCﬁncoz):QrotameterJ( 530“R ](P30t+14'7j( l j (3'4)

T, +460 )| 14.7psi )\ SG

The mass of CO: injected into sparge wells was calculated by numerically integrating the flow versus time
data for each sparge well (Appendix E). The trapezoidal method of integration was employed and the

equation used to calculate the mass for each well is shown below:

M, pged = Pgas [Qdt~ p, > QAL (3-5)

where p’gs tepresents the density of carbon dioxide equal to 0.1144 Ib/ft* at standard temperature and
pressure (70 °F and 14.7 psi). A correction factor (Cr) of 1.136 was used to modify Equation 3-4 to more

accurately account for the mass to each sparge well (Mutch Associates and Parsons, 2014):

530°R ][Pm + 14.7]
(3-6)

*(sctin CO,)=C
Q*( 2) FQrotameter \/( Tapt + 460 14.7 psi

3.6 Piezometric Surface and Groundwater Table

The 20 shallow piczometers installed prior to Phase 2, the 15 piczometers installed prior to Phase
1, and the shallow Satilla monitoring wells were checked for water level rise via manual measurement with

an electronic water level meter.

A total of ten pressure transducers (Solinst, Levelogger) were installed in Satilla monitoring wells.
The transducers were used to obtain information on piezometric surface rise in the deep Satilla and shallow
groundwater level rise throughout the sparging program. Five transducers were placed within the sparging
footprint: MW-352B, MW-501B, MW-513B, MW-515B and MW-519A. Five transducers were placed to
the west of the sparging footprint: MW-112C, MW-353B, MW-503B, MW-507B and MW-508B. Each

transducer was set to a designated depth within the well and securely affixed to prevent any movement.

3-10



Automatic data loggers connected to each transducer were synchronized for time and programmed to record
water levels at 5-minute intervals during the CO, sparging period. All transducers were installed by October
30th, 2015. Transducers installed in MW-508B and MW-513B failed about a month into Phase 3 therefore
and data was available only through November 29, 2015. The remaining eight transducers collected data
through March 16, 2016.

3.7 Geoprobe Sampling

Geoprobe sampling of deep Satilla groundwater was performed in January 2016 to delineate the
extent of high pH groundwater northwest of SW-152 and SW-159. The details of this work are described
in the Technical memorandum entitled Supplemental Geoprobe Investigation, LCP Chemicals Site,
Brunswick GA (Mutch Associates, 2015a) dated December 22, 2015. The work was approved by EPA on
January 15, 2016. The memo proposed a minimum of two samples and a maximum of four samples (at
locations denoted TL-01 through TL-04 on Figure 3-5) in cleared arcas as determined by a 2015 tree-line
survey, accessible with a Geoproberig. As per the memo, one additional sample would be collected beyond
the initial sample if the pH measured in the field was above 10.5. The results for the first two locations GP-
36 and GP-37 were 10.44 and 10.48, respectively (Figure 3-5). Since these were less than 10.5, additional
sampling was not performed. The groundwater sampling purge logs for these samples are provided in

Appendix C.

Post-sparge Geoprobe sampling was performed to provide groundwater quality data after sparging
in the southern area. The sampling program consisted of 18 locations along the pre-sparge Geoprobe
transects to allow for pre-sparge and post-sparge comparisons of water quality. Also, the locations were
placed at varying distances from sparge wells to provide information on the radius of influence in the
southern area. Each location was sampled using a 4-ft screen set approximately 1 ft above the estimated
depth to sandstone, with the exception of GP-50a and GP-51a, where the screen was set approximately 3 ft
above the estimated depth to sandstone. Samples were measured for pH in the field and field-filtered using

a 0.45 pm filter. The samples were then sent to TestAmerica Laboratories in Savannah, GA for analysis of

dissolved Hg using EPA method SW-846 7470A.
3.8 Air Monitoring

Ambient air monitoring during sparging consisted of grab sample monitoring for carbon dioxide,
oxygen, and hydrogen sulfide using a MultiRae IR Plus multi-gas meter, and for Hg using a Jerome Model
431X meter. The air space near representative sparge wells was sampled over the course of the program.
Typically, measurements were collected at the sparge well heads and approximately 10 ft north, south, cast,

and west of the sparge wells (i.e., five locations per sparge well).
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4 RESULTS OF PHASE 3 SPARGING

4.1 Sparge Well Flow Rates and Total CO, Mass
4.1.1 CO, Flow Rates

The first two weeks of sparging operations involved a “break-in” period where CO; was injected
into each Phase 3 sparge well for the first time. The initial injections provided critical information on
injection pressures required to achieve flow. All Phase 3 wells had measureable flow at moderate pressures

(30 to 35 psi gauge) indicating that they were functional sparge wells.

The average flow rates for each Phase 3 sparge well varied from 10.8 scfm (SW-193) to 46.8 scfm
(SW-205) (Figure 4-1). The average flow rate for all Phase 3 sparge wells was 24.1 scfim. Average flow
rates for Phase 1 and Phase 2 wells sparged during Phase 3 were similar (Figure 4-2).

4.1.2 CO; Total Mass

The total amount of CO, injected during Phase 3 was 1,156,000 1b. By comparison, 783,000 1b
was sparged during Phase 1 and 1,521,000 Ib was sparged during Phase 2. The sparged mass and target
mass of CO, for each of the Phase 3 sparge wells are shown on Figure 4-3. As described earlier in Section
3.2.2, sparge well target masses ranged from 8,000 to 32,000 1b of CO,. All Phase 3 sparge wells received
their target mass. The sparged mass and target mass of CO, for each Phase 1 and Phase 2 sparge well
sparged during Phase 3 are shown in Figure 4-4. All Phase 1 and Phase 2 sparge wells received their target
mass. As described earlier, all Phase 2 sparge wells in the southern area (SW-126 through SW-145) received
at least 2,000 1b during Phase 3 of CO; to treat high pH groundwater that may have moved into the zone of
influence of a Phase 2 well during sparging of Phase 3 sparge wells and to replenish residual saturation of

CO,.
4.1.3 CO, Mass Balance

A system-wide mass balance was performed for Phase 3 to determine the total mass of CO; injected
and to verify the masses injected into each sparge well. The total mass delivered to the Site must be equal

to the sum of the CO; mass sparged, the CO; left in inventory and any major losses during start-up:
Mdeliveled = Msparged + Minventory + Mmajor losses (4' l)

The total mass delivered to the Site by Airgas was 1,208,000 1b (604 tons). The storage tanks had
approximately 5,000 Ib (2.5 tons) remaining in inventory at conclusion of sparging. During system start-

up, the tank telemetry system indicated that approximately 15,000 1b (7.5 tons) was used, effectively setting
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Mumajor 1osses. The mass of CO, sparged, calculated using numerical integration of the flow versus time data

(Equation 3-5), was 1,156,000 (578 tons). The mass balance error was calculated according to:

M +M

+M
S ed
Error %= pae

inventory

major losses ) - Mdelivered «100% ( 4_2)
Mdelivered

The mass balance error calculated using this approach was —=2.6%:

(1,156,000 + 15,000 + 5,000)— 1,208,000
1,208,000

Error %=

x100%=—2.6% (4-3)

This is an acceptable level of error for this type of system mass balance.
4.2  Effect of Sparging on pH

42.1 Pre-sparge pH

Deep Satilla Monitoring and Extraction Wells

Groundwater monitoring results from deep Satilla monitoring and extraction wells from 2011-2012
(Figure 4-5) serve as an appropriate pre-sparge baseline for the CBP. The CBP during this period was
characterized as consistently having pH between 10.5 and 12.0 (Table 4-1). As described in Section 2.1,

the Phase 1 sparging footprint was determined via interpolation of these pH values.

The pH in groundwater sampled from deep Satilla monitoring locations prior to the start of Phase
3 sparging is shown in Figure 4-6. In general, pH within the sparging footprint varied from 6.18 (MW-
357B) to 11.71 (MW-516B).

Sparge Wells

Pre-sparge pH in Phase 3 sparge wells (Figure 4-7) varied from 5.94 (SW-173) to 11.98 (SW-205).
Many of the Phase 3 sparge wells in the southern area had a pre-sparge pH less than 10.5 as a result of the
Phase 2 effort. A composite map showing pH in deep Satilla monitoring locations (monitoring wells,
extraction wells, sparge wells) is provided as Figure 4-8. This map displays all information that was known

about the pH of deep Satilla groundwater prior to the start of Phase 3 sparging.
Mid Satilla Monitoring Wells

The pH in the mid Satilla aquifer beneath the Site is generally lower than the deep Satilla, consistent
with the conceptual model of the CBP as a dense plume at the base of the aquifer. Mid Satilla pH within
the sparging footprint from 2011-2012 (Figure 4-9) varied from 6.38 (MW-501A) to 11.60 (MW-514A).
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12) decreased from pH 11.7 to pH 6.8 during Phase 1 of sparging and has stayed between 6.7 and 7.0
through all of the subsequent sparging phases. Approximately half of deep Satilla monitoring points (14
out of 31) have exhibited similar behavior: EW-1, EW-2, EW-9, EW-11, MW-1C, MW-2C, MW-357A,
MW-501B, MW-502B, MW-504B, MW-505B, MW-517B, MW-518B and MW-519B. A few monitoring
points have shown gradual decreases in pH throughout all three phases: EW-3, EW-8 and MW-511B. A
relatively small number of monitoring points have shown evidence of rebound, but the pH decreased again
during subsequent sparging phases. Examples of monitoring points exhibiting this behavior include EW-
4, EW-6, EW-10, MW-105C, MW-115C, MW-352B, MW-357B, MW-512B and MW-515B. MW-513B
and MW-516B are the only deep Satilla monitoring points that have not exhibited a decrease in pH as a
result of CO, sparging. MW-513B and MW-516B had post-Phase 3 sparging pH values of 10.62 and 11.83,

respectively.

SW-196 and SW-197 were installed specifically to address high pH water on the northwestern edge
of the Phase 1 sparging footprint near MW-510B and EW-5 (Figure 2-2). Therefore, MW-510B and EW-
5 were useful monitoring points for assessing the effectiveness of sparging in this area. The pH versus time
for MW-510B (Figure 4-21) shows a decreased in pH from 10.9 to approximately 7.0 within a few weeks
of sparging during Phase 3. Likewise, the pH in EW-5 decreased toward the end of Phase 3, finishing with
a pH of 9.41 (Figure 4-15).

The pH of MW-352B (Figure 4-12) decreased from pH 12.00 to 9.55 during Phase 2, only to
rebound back to pH 11.39 at the end of Phase 2. The nearest sparge well to MW-352B is SW-123, which
was sparged during Phase 2 and was located on the edge of the Phase 2 sparge well network. The pH
rebound observed in MW-352B was likely caused by westward movement of untreated groundwater cast
of SW-123. As discussed in Section 2.1.1, a “sparge column” of ten sparge wells (SW-200 to SW-209)
was installed and sparged during Phase 3 to address the area along the eastern edge of the sparging footprint.
In addition, SW-123 was sparged during Phase 3 to re-treat the arca near MW-352B. This approach proved
to be successful, as the pH in MW-352B slowly decreased throughout Phase 3 to a final value of 8.68.

The pH of MW-513B (Figure 4-13) decreased from 11.34 to 6.51 after Phase 1, with a rebound to
pH 9.30 by the start of Phase 2. During Phase 2, the pH was highly variable ranging from 7.42 to 11.69.
During Phase 3, the pH of MW-513B dropped below 10.5 on numerous occasions with a final pH of 10.62
at the end of Phase 3.

Field pH versus time for deep Satilla monitoring wells west of the sparging footprint are provided
in Figures 4-22 through 4-24. The pH in these wells has been relatively stable over time with MW-508B
as the only exception. The pH in MW-508B varied from 9.0 to 10.0 from June 2012 through June 2015
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(the end of Phase 2). However, at the start of Phase 3, the pH was substantially lower (7.83) and decreased
even lower by the end of Phase 3 (7.10). This well is reasonably close (approximately 70 fi) to the edge of
the sparging footprint, however there were no sparge wells running in the vicinity of MW-508B during
Phase 3. It is likely that water treated via CO; sparging has travelled west towards MW-508B since the end
of Phase 2.

4.2.3 Post-sparge pH Results

As discussed in Section 3.1, pH was measured in the field in all deep monitoring and extraction
wells, and select mid Satilla monitoring wells within the sparging footprint at the end of Phase 3. In
addition, field pH was measured in select sparge wells and in discrete groundwater samples collected from

the deep Satilla aquifer via Geoprobe in the southern area of the Site.
Deep Satilla Monitoring and Extraction Wells

A summary of the changes in pH in deep Satilla monitoring and extraction wells within the Phase
1 footprint is provided in Table 4-1. Post-Phase 3 pH results are also shown below and on Figure 4-25 in
plan view for deep Satilla monitoring and extraction wells. After Phase 3, nearly all (28 out of 30; 93%)
of deep Satilla monitoring and extraction wells within the sparging footprint had a pH of less than 10.5.
Most of these monitoring points had pH less than 7.5 (24 out of 30; 80%). The mean pH in these same
deep Satilla monitoring points decreased from 11.32 (2011-2012) to 7.11 as a result of CO; sparging (Table
4-1). The median pH decreased from 11.44 to 6.57.

As mentioned in the previous section, the only deep Satilla monitoring points within the sparging
footprint above pH 10.5 at the end of Phase 3 were MW-516B (pH 11.83) and MW-513B (pH 10.62). MW-
513B has had its pH driven down to near-neutral at various points during sparging, but the final pH was

marginally above 10.5 at the end of Phase 3.









Sparge Wells

Post-Phase 3 pH values in all 209 sparge wells are shown in Figure 4-26. The mean and median
pH in these wells were 6.89 and 6.71, respectively. A large majority (191 out of 209 or 91%) of these wells
showed pH less than 7.5. A small number of sparge wells had a pH greater than 7.5 (e.g. SW-6, SW-18,
SW-73, SW-106). The sparge well with the highest pH (10.05) was measured in SW-49, a Phase 1 sparge
well on the southeastern edge of the sparging footprint. SW-49 is in close proximity to the former pH 10.5
contour, and thus the pH of groundwater near SW-49 is expected to increase as the natural westward

hydraulic gradient in the Satilla aquifer brings slightly-alkaline, non-sparged groundwater into the area.

Since there was an inventory of CO; (approximately 79,000 Ib) in storage following planned Phase
3 sparging, sparge wells with pH greater than 8.5 received a relatively small amount (2,000 to 6,000 1b) of
supplemental CO,. SW-113 and SW-73 were resampled for pH one week after the conclusion of
supplemental sparging. The pH was less than 7.0 in both sparge wells (SW-113: pH 6.68, SW-73: pH 6.89).
Based on previous experience at this Site, the pH in all of the other sparge wells that received supplemental

CO; is also expected to be between 6.5 to 7.0.

The pH in all deep Satilla monitoring locations (monitoring wells, extraction wells, and sparge
wells) is shown in Figure 4-27. The two monitoring locations with pH greater than 10.5 (MW-513B and
MW-516B) are isolated areas with neutral pH water on all sides. MW-513B (pH 10.62) is located within
a triangle formed by SW-52, SW-59 and SW-110, all of which had neutral pH at the end of Phase 3 (pH
7.07 to 7.39). Likewise, MW-516B (pH 11.83) is located within a rectangle formed by SW-11, SW-20,
SW-75 and SW-82, all which had neutral pH at the end of Phase 3 (pH 6.65 to 6.82).

Groundwater Sampled via Geoprobe

As described in Section 3.1.2, a total of 18 discrete groundwater samples were collected via
Geoprobe from the base of the Satilla aquifer in the southern area of the Site at the end of Phase 3. The pH
and dissolved Hg concentrations from these samples are summarized in Table 4-2, along with groundwater
pH and Hg results from Geoprobe sampling performed at the end of Phase 2. Note that the data in Table
4-2 is sorted by distance from Geoprobe sampling location to the nearest sparge well. The pH at these
Geoprobe locations are shown in Figure 4-28 along with 33-ft radii extended outward from southern arca
Phase 2 and 3 sparge wells. Post-Phase 2 results showed that the pH was between 6.86 and 7.82 at distances
between 15 and 25 ft. At distances 30 ft or greater, pH was between 7.14 and 11.67, with several locations
with pH less than 10.0. These results were consistent with the observed average ROI of 33 ft within the
Phase 1 footprint.












4.3.2 Effect of Sparging on Total Dissolved Solids

TDS measured in deep Satilla monitoring points throughout all phases of CO, sparging are
summarized in Table 4-4. Prior to Phase 1 sparging, TDS in deep Satilla monitoring points within the
sparging footprint ranged from 2,600 mg/L. (MW-105C) to 56,000 mg/L. (MW-352B), with a mean of
16,000 mg/L (n = 28) and median of 12,000 mg/L.. Note that MW-352B had the highest TDS and silica
prior to Phase 1 (see Section 4.3.1). TDS concentrations appear to have large spatial variability; monitoring

points showing the highest concentrations are often near points with relatively low concentrations. For

cxamplic - m 1S N1 18] 1] - m an - m .
ple, MW-352B (56,000 mg/L) is neighbored by EW-1 (3,500 mg/L) and MW-514B (5,300 mg/L)

Pre-Phase 3 TDS in deep Satilla monitoring points ranged from 3,800 mg/L (MW-514B) to 59,000
mg/L. (MW-352B), with a mean of 16,000 mg/L. (n = 29) and median of 12,000 mg/L.. Post-Phase 3 TDS
in deep Satilla monitoring points ranged from 3,000 mg/L (EW-4) to 41,000 mg/L. (EW-5). Overall, mean
and median TDS in deep Satilla monitoring points within the sparging footprint decreased from pre-Phase
1 to post-Phase 3. The mean TDS decreased from 16,000 mg/L to 13,000 mg/L, for a percent decrease of
19%. The median TDS decreased from 12,000 mg/L to 9,800 mg/L, for a percent decrease of 18%.

There are numerous geochemical reactions occurring during CO, sparging which can affect TDS.
The reaction which appears to have the largest effect on TDS is precipitation of amorphous silica. As
discussed in Section 4.3.1, mean silica concentrations decreased from 1,400 to 300 mg/L, resulting in a
decrease of 1,100 mg/L. Silica results from the laboratory were reported in units of “mg/L as S10,” Since
dissolved silica exists in natural waters predominantly as silicic acid (Si(OH),), the decrease in dissolved
solids due to loss of silica is even larger (1,800 mg/L), and accounts for more than 50% of the mean decrease
in TDS (3,000 mg/L). Amorphous silica is also capable of adsorbing and co-precipitating other cations
such as iron, aluminum, manganese, and magnesium. Thus, most of the loss in TDS is probably the result
of silica precipitation. CO, sparging is not expected to have a large effect on sodium and chloride which
are the major components of TDS within the CBP, and these ions generally behave conservatively (i.e. do
not precipitate or adsorb). CO; sparging is expected to increase the concentrations of bicarbonate ion which

1s produced when high pH water is neutralized by CO..
4.3.3 Effect of Sparging on Specific Gravity

Specific gravity (SG) of a liquid is defined as the ratio of density of the liquid (p) to a reference
density (prer), usually taken to be the density of pure water at 4°C (prer = 1.0000 g/mL):

sG=—— (4-4)
Pref
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As a result of this definition, the density of a liquid is linearly proportional to its specific gravity. The
presence of dissolved solids in water has the effect of increasing its density. Since all groundwaters possess
some level of dissolved solids, groundwater samples collected from the Site would be expected to have a

specific gravity greater than 1.0000.

Measured specific gravity values from Phases 1, 2 and 3 are summarized in Table 4-5. The majority
of specific gravity measurements recorded during Phase 1 were between 1.01 and 1.02. A more precise
field hydrometer was used to record specific gravity during Phase 2 and Phase 3 sparging. The effect of
CO; sparging on SG is shown graphically in Figure 4-30 where the change in specific gravity (ASG) from
pre-Phase 1 to post-Phase 3 is plotted against the change in pH (ApH) over the same time period. Negative
ASG values indicate a decrease in specific gravity over the course of CO,; sparging. The ASG value was
negative for 6 out of 7 monitoring wells which showed a decrease in pH of more than 2 units. This supports

the conclusion that CO, sparging decreased the measured SG.

Measuring accurate SG in the field afier CO; sparging is difficult because of the presence of CO,
in the water. CO, exsolvates creating a flow of gas which partially fluidizes the field hydrometer. The gas
flow pushes the hydrometer upward creating a slight positive bias (i.e. larger SG) and can prevent the
hydrometer from reaching a stable level in the water. In addition, dissolved CO; nucleates as small gas
bubbles on the outer wall of the hydrometer glass proving an artificial buoyancy which can create a positive

bias.

To address this potential bias and to expand the number of wells used to evaluate changes in
groundwater SG, measured TDS values were used to estimate SG for all deep Satilla monitoring points
within the sparging footprint. Figure 4-31 shows a linear relationship between the TDS and SG (plotted as
SG — 1) for deep Satilla groundwater using data collected in 1995-1996 as part of the RI (blue circles) and
data collected during Phase 3 (green circles). Both the RI and Phase 3 data fall on a straight line, but there
is larger variation in the Phase 3 data, likely due to the complications of measuring SG in the presence of
COs,. The dashed blue line on Figure 4-31 represents a linear regression using the 1995-1996 RI data only,
to avoid influence from CO, sparging on measured SG. The slope of this relationship (7.54 <107") matches
very closely a published relationship from Kohfahl et al. (2015) for NaCl-dominated natural waters (6.4
x1077). Therefore, the site-specific pre-sparge slope (7.54 x1077) was used to calculate SG from TDS for

all deep Satilla monitoring points within the sparging footprint.
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4.4 Effect of Sparging on Mercury
4.4.1 Pre-Sparge Mercury
Deep Satilla Monitoring and Extraction Wells

Groundwater monitoring results for total Hg in the deep Satilla from 2011-2012 (Figure 4-33) serve
as an appropriate pre-sparge baseline for the CBP because sparging began in late 2013 as part of the Proof
of Concept Test. During this period, deep Satilla groundwater within the Phase 1 sparging footprint
exhibited total Hg concentrations between 36 (MW-516B) and 2,530 pg/L. (EW-6) with a mean of 270 pg/L
(Table 4-6). In general, groundwater in the northern part of the Phase 1 footprint had the highest Hg
concentrations, typically greater than 200 pg/L. Concentrations in the southern part of the Phase 1 footprint
typically had concentrations approximately between 100 and 200 pg/L..

Pre-Phase 3 results for total Hg in deep Satilla monitoring locations are shown in Figure 4-34. Deep
Satilla total Hg concentrations within the entire sparging footprint ranged from 0.68 pg/L (J-qualified, EW-
11) to 500 pg/I. (MW-352B). Many monitoring locations (21 out of 30) had mercury concentrations below

20 pg/L reflective of reductions in Hg concentrations as a result of Phase 1 and 2 sparging.
Sparge Wells

Pre-Phase 3 dissolved Hg measurements for Phase 2 and Phase 3 sparge wells are shown on Figure
4-35 and summarized in Table 4-7. Dissolved Hg in Phase 2 sparge wells are generally low as a result of
prior treatment, ranging from < 0.2 pg/L (SW-141) to 71 pg/L (SW-118). Dissolved Hg in Phase 3 sparge
wells ranged from 2.0 pg/L (SW-165) to 830 pg/L (SW-198) with many locations along the eastern edge
of the northern area (e.g. SW-198, SW-203, SW-205, SW-207 and SW-209) at concentrations greater than
400 pg/L. These wells had not been sparged in prior phases. The dissolved Hg concentrations are consistent
with those measured in nearby deep Satilla monitoring points (e.g. MW-352B and EW-6) prior to the start
of Phase 1.

4-15









4.4.2 Post-Sparge Mercury

As discussed in Section 3.1, total Hg was measured in all deep monitoring and extraction wells,
and select mid Satilla monitoring wells within the sparging footprint at the end of Phase 3. In addition,
dissolved Hg was measured in select sparge wells and in groundwater samples collected from the deep

Satilla aquifer via Geoprobe in the southern area of the Site.
Deep Satilla Monitoring and Extraction Wells

Post-sparge (Phase 3) total Hg concentrations for deep Satilla monitoring wells and extraction wells
are shown in Figure 4-37. The majority (23 out of 30)¢ of monitoring points within the Phase 1 footprint
showed Hg concentrations less than 20 pg/l.. About one-third of all points (11 out of 30) had Hg
concentrations less than 2.0 ng/l.. Deep Satilla monitoring and extraction well Hg results are summarized
in Table 4-6. Overall, nearly all monitoring points (28 out of 30) in the deep Satilla has lower total Hg
when compared to 2011-2012 levels as a result of CO, sparging. The mean Hg concentration in all
monitoring points was lowered from 270 to 36 ng/l., a percent decrease of 87%. The median Hg

concentration in all monitoring points was lowered from 128 to 4.0 pg/L, a percent decrease of 97%.

The decrease in Hg in deep Satilla monitoring points is shown graphically in Figure 4-38 in the
form of box plot using the data from Table 4-6. The boundary of the box closest to zero indicates the 25th
percentile, a line within the box marks the median, and the boundary of the box farthest from zero indicates
the 75" percentile. The error bars above and below the box indicate the 95th and 5th percentiles values,
respectively. The box plot illustrates the decreasing trend of median Hg concentrations from pre-Phase 1

through post-Phase 3.
Sparge Wells

Post-Phase 3 dissolved Hg concentrations in Phase 2 and Phase 3 sparge wells are shown on Figure
4-39 and are summarized in Table 4-7. The mean dissolved Hg in Phase 2 sparge wells has decreased from
150 pg/L (Pre-Phase 2) to 13 pg/L (Post-Phase 3). There are many examples of continued and sustained
decreases in dissolved Hg with time (e.g. SW-71, SW-115, SW-136, SW-134, SW-137). Many Phase 2
sparge wells (11 out of 16) were less than or equal to 20 png/lL at the end of Phase 3 sparging. Dissolved
Hg concentrations decreased in all ten Phase 3 sparge wells that were sampled (Table 4-7). The mean Hg

6 As discussed in Section 3.1.1, groundwater collected from EW-10 at the end of Phase 3 had a lower specific
conductance than historical values for the CBP and was considered non-representative of deep Satilla groundwater.
Hence, the number of deep Satilla monitoring points considered within the sparging footprint decreased from 31 to
30.
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concentration in Phase 3 sparge wells was lowered from 333 to 9 pg/L, a percent decrease of 97%. Percent
decreases of greater than 90% were observed in 7 out of 10 Phase 3 sparge wells. The mean dissolved Hg
concentration in the Phase 2 and 3 sparge wells (taken collectively) after Phase 3 was 11 pg/l.. A summary
of post-Phase 3 Hg in all deep Satilla monitoring wells, extraction wells and sparge wells is shown below

and in Figure 4-40.
Groundwater Sampled via Geoprobe

Post-phase 3 dissolved Hg results for discrete groundwater samples collected via Geoprobe in the
southern arca of the Site are shown on Figure 4-41 and summarized on Table 4-8 and Table 4-9.
Concentrations ranged from 0.43 pg/L (GP-43) to 120 pg/L (GP-51 and GP-50a). The mean and median
dissolved Hg concentrations were 46 and 42 ng/L, respectively. Pre-Phase 2 Geoprobe results serve as an
appropriate baseline for comparison since sparging in the southern area began during Phase 2. The average
dissolved Hg concentrations in groundwater collected via Geoprobe decreased from 99 pg/L to 45 pg/L as

a result of sparging in the southern area, a decrease of 55%.

Dissolved Hg results from pre-Phase 2 and post-Phase 2 are also shown on Figure 4-41 (grey
symbols) to examine the effect of CO, sparging on Hg concentrations at co-located Geoprobe pairs. This
information is also summarized in Table 4-8 for clarity. In general, specific locations that showed
improvement in pH to near-neutral (e.g. GP-06/GP-25, GP-12/GP-42) levels also showed a substantial

decrease in dissolved Hg.
Relationship Between pH and Hg in Deep Satilla Groundwater

As discussed earlier, Hg concentrations generally decreased as the pH was lowered to near-neutral
as a result of CO, sparging. The Proof of Concept Test showed that Hg concentrations decreased sharply
when the pH was lowered below pH 8.0 (Mutch Associates and Parsons, 2013b). A similar dependence
was present in the Phase 1 data except that there was inherently more variability because the entire CBP
was represented (top panel of Figure 4-42). The post-sparge Phase 3 relationship between Hg and pH for
deep Satilla monitoring locations is shown in the bottom panel of Figure 4-42. The Hg versus pH
relationship is not as evident in the Phase 3 data as it was in the Phase 1 data. This is because most of the
Phase 3 groundwater samples were between pH 6.0 and 7.5 as a result of sparging whereas the Phase 1 pre-
and post-sparging data covered a much wider pH range (6 to 12). Overall, Hg concentrations are expected
to continue to decrease at recently-sparged locations because of the kinetic effect of Hg immobilization

after sparging has ended (Mutch Associates and Parsons, 2013c¢).
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concentrations (both were > 300 pg/L), showed large decreases after Phase 1 to 11 pg/L. and 47 pg/L,
respectively. After Phase 2, these two wells had concentrations of 3.3 pg/IL and 3.2 pg/L, respectively. At
the end of Phase 3, Hg at these locations are even lower at 2.2 ng/IL and 2.3 pg/L, respectively. Since, water
collected from MW-513A during low-flow sampling had a turbidity greater than 50 NTU, a filtered and
unfiltered sample were collected for Hg in accordance with the work plan (Mutch Associates and Parsons,
2013a). The filtered sample showed a dissolved Hg of 29 pg/L, consistent with the low pH of 6.18 measured
at this location. The unfiltered sample had a total Hg of 550 pg/L, indicating that a large fraction of the

total Hg has been immobilized on the soil solids.

4.4.3 Historical pH and Mercury Concentrations Versus Time

The historical pH Hg concentrations values for wells MW-519B and MW-115C, and EW-6 and
EW-11 are shown in Figures 4-44 and 4-45, respectively. As discussed above, a significant reduction in Hg
concentration is expected when groundwater reaches a neutral pH. The plots show that Hg concentrations
continue to decline or remain stable over time as groundwater maintains a neutral pH. For example, MW-
519B (Figure 4-44) shows a steady linear decrease in Hg concentration from the Proof of Concept Test
through to the end of Phase 2. Hg concentrations in MW-519B have now stabilized at approximately 3
ng/L. The historical plot of MW-115C (Figure 4-44) shows that the reduction in Hg concentration due to
lowering the pH is not immediately reversible when a slight rise in pH occurs. The Proof of Concept Test,
Phase 1 and Phase 2 sparging influenced the pH of groundwater near MW-115C. As expected, Hg
concentrations decreased. However, when the pH increased slightly after Phase 2, the Hg concentrations
remained at lower levels and did not rebound. This suggests that Hg reductions are not quickly reversible.
Similarly, EW-6 (84 pg/L)) and EW-11 (0.72 pg/L) (Figure 4-45) show sustained reductions in Hg
concentrations since reaching a neutral pH. EW-6 is noteworthy because concentrations were at or above

1,000 pg/L for a long time and as high as 2,530 pg/L in September 2011.
4.5 Effect of Sparging on Piezometric Surfaces

Similar to the Proof of Concept Test and the previous two phases of sparging, the piezometric
surface in the deep Satilla Aquifer and the groundwater table in the Satilla Aquifer were influenced during
sparging. The mounding of the groundwater table in the Satilla, as observed in the hydrograph of PZ-63, 1s
shown in Figure 4-46. The water elevation in PZ-63 represents the piezometric surface 5 to 7 ft below the
water table, not the water table itself. As expected, the water elevation in PZ-63 fluctuated as a function of
flow rate and radial distance to nearby operating sparge wells. After a sparge event was initiated, the water
level in the piezometer increased quickly, reaching a peak of 1 to 3 ft above the original water elevation

approximately 4 hours after the start of sparging. Once sparging concludes, it takes approximately 8 hours
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for the water level to return to the pre-sparge water elevation. A detailed description of this process

accompanied with figures is available in the Phase 1 Report (Mutch Associates and Parsons, 2014).

The water levels in the 35 shallow piezometers on site were checked periodically while sparging
into the accompanying sparge wells. The northern portion of the Site adjacent to the access road has been
particularly sensitive to daylighting of shallow groundwater because the elevation of the road was low
relative to the ground, and the high density of the sparge network in the northern area. The sparging
procedures were adjusted throughout Phase 3 to shorten sparging durations in the northern portion of the
Site in an effort to minimize or preclude additional instances of the groundwater table surfacing on the road.
The long-term effect of sparging on the groundwater table was an increase in water level elevation during

sparging, followed by a gradual return to pre-sparge levels (e.g. PZ-63).

As was the case during the previous phases, the piezometric surface in the deep Satilla monitoring
wells within the sparge footprint was strongly influenced by sparging. The piezometric surface changed as
a function of sparge well flow rates and radial distance from the sparge well. During Phase 3, five
monitoring wells within the Phase 1 footprint were outfitted with transducers (MW-352B, MW-501B, MW-
513B, MW-515B, and MW-519B) and five monitoring wells (MW-353B, MW-503B, MW-507B, MW-
508B, MW-112C) outside the sparging footprint recorded the piezometric surface throughout the sparging
program. Hydrographs for MW-515B and MW-112C are provided in Figure 4-47, and all hydrographs for
these monitoring wells are provided in Appendix G. The general behavior of the piezometric surface in a
deep Satilla monitoring well under the influence of sparging is as follows: the piezometric surface increased
in a matter of minutes after sparging began and steadily increased with the sparge flow rate throughout the
sparging event. Near the end of the sparge period, the piezometric surface reached a maximum value. The
piezometric surface declined immediately after sparging ended, often to a lower elevation then pre-sparge.
The water level then retured to pre-sparge conditions approximately 8 hours after sparging ended. A
detailed description of this process accompanied with figures is available in the Phase 1 Report (Mutch
Associates and Parsons, 2014).
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was fit to water levels obtained from monitoring well transducer data and the difference between the trend
lines was taken at three points during the sparging period and then averaged. For each monitoring pair, the
average head difference during sparging was not significantly different from the historical average as shown
in Table 4-10. Therefore, CO; sparging had an insignificant impact on deep Satilla groundwater migration

as the average westerly hydraulic gradient did not appreciably change during the sparging activities.
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5 CONCLUSIONS AND RECOMMENDATIONS

51

Conclusions

In summary, for the Phase 3 sparging:

Nearly all (28 out of 30; 93%) of the deep Satilla monitoring and extraction wells had a pH of
less than 10.5. Most of these monitoring points had pH less than 7.5 (23 out of 30; 77%). In
the southern area, the majority of post-Phase 3 discrete groundwater samples collected by
Geoprobe from the base of the Satilla aquifer were less than 10.5; and

The majority (23 out of 30; 77%) of the deep Satilla monitoring and extraction wells had total
Hg concentrations less than 20 pg/L. About one-third of these monitoring points (11 out of 30,
37%) had total Hg concentrations less than 2.0 pg/L.

A summary of the overall effect of Phase 1 - 3 sparging on the CBP is presented below:

CO, sparging has been extremely effective at lowering the pH in the deep Satilla aquifer. The
mean pH in the deep Satilla monitoring points has decreased from 11.32 (2011-2012) to 7.11
as a result of CO, sparging (Table 4-1). The median pH decreased from 11.49 to 6.57 (Table
4-1).

The SG (and therefore the density) of groundwater within the deep Satilla has decreased as a
result of CO, sparging. Computed SG decreased in 20 out of 30 deep Satilla monitoring
locations. The median computed SG decrease from 1.009 to 1.007 from pre-Phase 1 to post-
Phase 3 was statistically significant at the 95% confidence level.

CO, sparging has also been extremely effective at lowering concentrations of Hg in the deep
Satilla. Almost every deep Satilla monitoring point (28 out of 30) has lower total Hg when
compared to 2011-2012 levels as a result of CO, sparging. The mean Hg concentration in all
monitoring points was lowered from 270 to 36 png/L, a percent decrease of 87%. The median
Hg concentration in all monitoring points was lowered from 128 to 4 ng/L, a percent decrease

of 97%.

5.2 Recommendations

The AOC for the caustic brine plume requires that the pH be reduced to 10 to 10.5 and that density
be reduced. The three Phase CO, sparging effort has clearly met both of these RAOs. To date, rebound of

pH to values greater than 10.5 has been minimal during the rest period in-between phases. Therefore,

extensive rebound is not expected within the treated arca, with the exception of the eastern edge of the

northern area, which will be addressed as part of a separate regulatory process for the soils beneath the
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former cell building. No additional sparging at the Site is recommended as the CO; treatment has achieved
the RAO:s.
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Appendix A:

Boring Logs/Well Construction Diagrams






Phase 1 Sparge Well Boring Logs



































































































































































































































































































































































































































































































































































































































































































































































































Phase 2 Sparge Well Boring Logs





















































































































































































































































