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Abstract

The use of in situ technologies for the treatment of groundwater containing
various compounds of concern are widely accepted. These technologies in-
clude chemical reduction, chemical oxidation, anaerobic and aerobic biore-
mediation, and adsorption, among others. One requirement for the successful
application of these technologies is the delivery of the remedial reagent(s) to
the compounds of concern. A rapidly evolving in situ technology is the injec-
tion of adsorptive media such as activated carbon and ion-exchange resin in-
cluding powdered or colloidal activated carbon. Activated carbon has a
long-demonstrated history of effectiveness for the removal of various organic
and inorganic compounds in above ground water treatment systems. Howev-
er, due to constraints related to the particle size and physical properties of the
activated carbon, the in situ application of activated carbon has been limited.
Recent developments in the manufacturing of activated carbon have created a
smaller particle size allowing activated carbon to be applied in situ. To eva-
luate if powdered and colloidal activated carbon can be effectively distributed
in aquifers, the two types of carbon were injected using direct push technolo-
gy adjacent to each other at four sites with varying geology. Evaluation of dis-
tribution was completed by sampling the aquifer prior to and post-injection
for total organic carbon. The results of the studies indicated that both forms
of activated carbon were effectively delivered to the targeted injection zones
with both carbon types being detected at least seven meters away from the
point of injection. The colloidal form of the activated carbon showed good
distribution throughout the four targeted zones of injection with 93 percent
of the samples collected having colloidal activated carbon present within
them whereas the powdered activated carbon cells were more susceptible to
aquifer heterogeneity with only 67 percent of the samples collected having ac-
tivated carbon present. Preferential accumulation of activated carbon was

DOI: 10.4236/jwarp.2020.1212060 Dec. 10, 2020

1001 Journal of Water Resource and Protection


https://www.scirp.org/journal/jwarp
https://doi.org/10.4236/jwarp.2020.1212060
https://www.scirp.org/
https://doi.org/10.4236/jwarp.2020.1212060
http://creativecommons.org/licenses/by/4.0/

R. McGregor

observed in high horizontal hydraulic conductivity seams, especially within
the powdered activated carbon cells. These results suggested that the pow-
dered form of activated carbon was more suspectable at the four sites to he-
terogeneity within the aquifer than the colloidal form of activated carbon.
Sampling of monitoring well screens installed prior to the injection of the two
forms of activated carbon showed preferential accumulation of powdered ac-
tivated carbon within the sand pack, which could result in sampling bias.
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1. Introduction

The use of in situ approaches to restore aquifers to their original or near-original
conditions has increased within the past three decades, with the United States
Environmental Protection Agency [1] reporting that up to 23 percent of deci-
sions at Superfund sites used in situ remediation to remediate the compounds of
concern at the sites. Various in situ approaches can be used to address the com-
pounds of concern within the groundwater and soil, including in sifu chemical
oxidation (ISCO); in situ chemical reduction (ISCR); enhanced in situ biore-
mediation (EISB); thermal and adsorption. There are numerous reasons why in
situ methods are chosen for application, including reduced remedial time frames
and reduced costs. However, like most remedial technologies, sub-optimal per-
formance can result when the technologies are applied at sites due to various
reasons. Less than desired performance can happen, from unrealistic objectives;
poor conceptual site models (CSMs); underestimation of contaminant mass; and
most commonly inadequate distribution of the reagents being injected [2] [3].
For most in situ technologies to work, the remedial reagents being introduced
into the subsurface need to contact the compounds of concern. A variety of
methods have been developed and implemented over the past decades to aid in
the improvement of delivery and distribution of remedial reagents including
direct push technology (DPT); specialized injection well designs both vertically
and horizontally; hydro and pneumatic fracturing; and various specialized in-
jection tools. The monitoring of the distribution of the remedial reagents after
injection is usually completed using indirect methods such as monitoring of
pressures; flow rates, monitoring well observations for the presence of rea-
gents; and monitoring of general chemical parameters such as pH, oxida-
tion-reduction potential (ORP). These monitoring parameters can be useful
but rarely provide direct data on the distribution of the reagents within the
targeted impacted zone themselves.

During the past decade, the injection of activated carbon has become more
common. Activated carbon has a well-proven treatment record for various or-

ganic and inorganic compounds, including volatile organic compounds and pe-
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troleum hydrocarbons in above-ground treatment systems. Activated carbon re-
lies on adsorption and absorption to remove the compounds of concern from
the dissolved phase and therefore has a limited lifespan, which is dependent on
the number of sites where the compounds of concern can be adsorbed. The rate
of removal from solution depends on numerous factors including the chemical
properties and concentrations of the compounds being removed. Other factors
affecting removal efficiency include contact time between the compounds being
removed and activated carbon as well as the type of activated carbon being em-
ployed. Secondary factors include the presence of competing compounds, the
pH of the system and the ionic strength of the water. Typically activated carbon
is used to treat water (surface or ground) in above-ground vessels where condi-
tions such as flow rate, pressure, contact time, and water quality can be con-
trolled. The use of activated carbon in in situ applications was limited due to its
particle size (>1000 microns (pm)) which made injection difficult. Additionally,
concerns over its lifespan were also raised as injected reagents ideally have lifes-
pans that last years to decades. Developments related to the manufacturing of
activated carbon resulted in smaller particle sizes for the activated carbon with
powdered (~40 to 100 um) and colloidal (<5 um) forms being commercialized.
With reduced particle sizes, the surface areas of the activated carbon particles
increased, thus resulting in greater removal capacities as well as the ability to ef-
fectively inject the smaller grained activated carbon into the subsurface. Labora-
tory and numerical studies for per- and polyfluoroalkyl substances (PFAS) have
shown that particle size of the activated carbon can significantly affect the treat-
ment effectiveness and lifespan of activated carbon [4] [5].

Determinations of the presence and distribution of the remedial reagents be-
ing injected within the impacted geologic media are rarely completed and re-
ported even though it is recognized that distribution of remedial reagents is one
of the key factors for the success of in situ remedial programs. Studies of the dis-
tribution of injected reagents are limited and are usually associated with injec-
tion programs involving zero-valent iron [6] [7] [8]. These studies have con-
cluded the distribution of the iron is significantly influenced by the heterogenei-
ty of the subsurface. McGregor [9] as part of an injection study for the in situ
treatment of PFAS looked at the distribution of injected colloidal activated car-
bon (CAC) at a silty sand site in Central Canada and concluded that the CAC
was effectively distributed within the targeted injection zone using DPT and a
dense injection network. A pilot-scale study by McGregor [10] at a sandy aquifer
site involving the injection of six different reagents, including CAC, powdered
activated carbon (PAC), ion-exchange resin, biochar and the oxidants hydrogen
peroxide and sodium persulfate, determined that the particle size of the reagents
strongly influenced the distribution of the reagents within the subsurface, which
affected the treatment effectiveness of the reagents for the compounds of con-
cern (i.e. PFAS).

This study looks at the distribution of CAC and PAC at four sites with varying
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geology to aid the evaluation of the effects geology and injection methods have
on the distribution of the remedial reagents in this study, specifically CAC and
PAC.

2. Site Description

Four sites were tested using both powdered activated carbon (PAC) and col-
loidal activated carbon (CAC). Each site was impacted by various compounds
of concern with Sites 3 and 4 impacted by petroleum hydrocarbons including
benzene, toluene, ethylbenzene and xylenes (BTEX). Site 1 was impacted by
PFAS and Site 2 was impacted by chlorinated ethenes including trichloroe-
thene (TCE), cisl,2-dichloroethene (cis1,2-DCE) and vinyl chloride. The ge-
ology of the four impacted aquifers ranged from a clean fine sand (Site 1), a
glacial till (Site 2), a glacial fluvial deposit (Site 3) and a fine sand with some
silt (Site 4). All the sites showed some heterogeneity within the impacted aqui-
fer with thin seams of more conductive material being present within the im-
pacted zone of each aquifer.

The hydrogeology of the sites varied with all aquifers being unconfined. The
geometric mean of the horizontal hydraulic conductivity (Ky) of each site ranged
from 7.2 x 107> m/day (Site 2) to 5.7 m/day (Site 1). The Kj; at Site 1 ranged from
3.6 m/day to 37 m/day, whereas the K of the impacted aquifer at Site 2 ranged
from 6.8 x 10~ m/day to 4.1 m/day (Figure 1). Site 3 had a K;; geometric mean
of 1.1 m/day ranging from 0.16 m/day to 48.5 m/day, whereas Site 4 had a Ky
geometric mean of 4.6 m/day ranging from 1.0 m/day to 79.4 m/day (Figure 1).
The highest K,; values measured within each aquifer corresponded to thin
coarse-grain layers. When compared again the Ky of the surrounding aquifer,
the Ky of the coarse-grain layer was approximately 1 to 2 orders of magnitude
greater than the surrounding aquifer material. Horizontal groundwater velocities
at each site ranged from 0.1 to 100 m/year with Sites 1 and 3 having estimated
groundwater velocities of 6 m/year whereas Sites 2 and 4 had estimated velocities

of approximately 3 and 12 m/year, respectively.

3. Methodology

At each of the four sites, PAC and CAC were injected in test cells measuring ap-
proximately 10 meters (m) by 10 m. The cells were situated in areas of the plume
with similar geology, hydrogeology, and contaminant mass loading. The objec-
tive of the tests was to compare the behavior and distribution of the PAC and
CAC within similar geologic environments. The PAC and CAC were injected by
DPT on a 3-metre grid, using either a Geoprobe 6820 or 7822 equipped with
0.038-m diameter hollow rods and a 0.3-m long screened injection tool. The
PAC and CAC were injected at a 10-weight percent solution with the exception
at Site 3 where the PAC and CAC were injected at a 20-weight percent solution
due to higher contaminant mass loading rates. The injection pressures ranged

from 10 to 250 pounds per square inch (psi), with an average injection pressure
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Figure 1. Horizontal hydraulic conductivity (K;;) profiles for the 4 test cells. The black
circles (@) represent the K measured in the CAC test cells whereas the white squares
(0) represent the K;; values measured in the PAC test cells. The hatched area represents
the interpreted high K, seam.

of 36 psi being used to inject the CAC at the four sites compared to an average
pressure of 235 psi being required to inject the PAC at the four sites. The PAC
and CAC were injected using a bottom-up technique based on 0.3-m vertical in-
tervals.

The CAC used in this study was purchased from Regenesis, sold under the
brand name PlumeStop™, and had a mean diameter of less than 2 um and a spe-
cific gravity of up to 1.2 g/cm’. The PAC injected was Calgon Carbon WPC™
which had a reported mean grain size of approximately 100 pm.

Horizontal hydraulic conductivity (Ky) estimates were completed using a
flexible wall permeameter [11] by collecting continuous cores of the aquifer and
subdividing the cores in 0.1 to 0.2 m-long samples. Cores were collected prior to
the injection of PAC and CAC to evaluate the heterogeneity of the aquifers. The
tests were completed under constant-head conditions using site groundwater.

Prior to testing for K;;, samples of each core were collected for analysis of the
total organic carbon (TOC) to determine the organic carbon matter content of
the aquifer, prior to the injection of the CAC and PAC. Additional cores of the

aquifer were collected 24 hours post injection from each site to determine the
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distribution of the PAC and CAC. Finally, continuous cores of monitoring well-
sand packs were collected post-injection to evaluate relative TOC enrichment, if
any, of the sand packs surrounding monitoring wells post injection. All aquifer
solid samples were collected using continuous coring methods. The aquifer sol-
ids were submitted to a commercial laboratory for analysis of TOC using stan-
dard laboratory methods [12] [13].

4. Results and Discussion
4.1. Background TOC

Prior to the injection of the PAC and CAC, measurements were completed to
determine the TOC content of the aquifers along with the distribution of organic
carbon within the aquifer. The mean background TOC content within the four
aquifers ranged from 0.12 weight percent (Site 4, n = 20, standard deviation =
0.04 weight percent) to 0.16 weight percent (Site 2, n = 34, standard deviation =
0.08 weight percent), with Sites 1 and 3 having mean TOC values of 0.13 weight
percent (n = 16, standard deviation = 0.05 weight percent) and 0.15 weight per-
cent (n = 20, standard deviation = 0.07 weight percent), respectively (Figure 2).
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Figure 2. Total organic carbon (TOC) profiles for the 4 test cells prior to the injection of
the PAC and CAC. The black circles (@) represent the TOC measured in the CAC test
cells whereas the white squares ([]) represent the TOC measured in the PAC test cells.
The hatched area represents the interpreted high K;; seam.
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Comparison of the background TOC between the PAC and CAC test cells
within each of the four aquifers determined that the pre-injection TOC showed
lateral and vertical variability within the aquifer. The degree of heterogeneity
within each aquifer, as measured by TOC, varied with the mean background
TOC concentration between the PAC and CAC test cells, varying by up to 29
percent at Site 4. On average, the background TOC concentration between
PAC and CAC test cells within each aquifer varied by 17.5 percent with the
pre-injection TOC concentrations varying 22 percent in the Site 1 aquifer, 4

percent in the Site 2 aquifer and 15 percent in the Site 3 aquifer.

4.2. Radius of Detection

One of the major design criteria for in situ programs is radius of influence (ROI)
which is the basis of the injection grid used to deliver the reagent(s) to the zone
of impacts. The ROI generally assumes a uniform radius around an injection
point and is developed using a variety of methods ranging from rules of thumb
estimates to grids based on pilot testing. Due to subsurface heterogeneities, both
laterally and vertically, the ROI used at sites is rarely correct for the whole site.
For example, zones of higher K;; or vertical hydraulic conductivity (K) within
an impacted aquifer can act as preferential pathways when reagents are injected
with most of the reagent(s) flowing through these pathways. This preferential
flow can lead to poor distribution of the reagent(s) resulting in incomplete
treatment of the target compounds of concern. When evaluating the ROI for a
site using long-screened monitoring wells observations of reagents within those
monitoring wells may provide misleading data on the ROI if a horizon-
tal/semi-horizontal preferential pathway is present within the vertical column of
the monitoring well screen. If this situation exists then it is possible that only the
higher Ky portion of the impacted aquifer has been treated with the reagent
while the majority of aquifer with a lower Ky has been left untreated, thus pro-
viding an overestimate of the ROI. Based on these challenges, the term radius of
detection (ROD) is used in the remainder of this paper as it better reflects the
actual lateral distribution of the PAC and CAC within the targeted aquifer.

To estimate if the physical properties of a reagent effected the estimated ROD
at each of the four sites, cores of the aquifer were collected at specific distances
from a point of injection. The cores were collected down gradient of the point of
injection with points located on the furthest down gradient grid being used to
minimize possible effects from injections at other up and side gradient injection
locations.

Overall, the ROD for the PAC and CAC were at least 7 m with PAC or CAC
being detected in at least one sample collected from cores at this distance
(Figure 3). However, at all four sites the peak concentration of TOC within the
aquifer samples collected was greater for the PAC samples than the CAC sam-
ples (Figure 3). Within the targeted injection zone, the mean TOC concentra-

tion for the PAC samples collected at 7 m from the injection point ranged from
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Figure 3. Total organic carbon (TOC) concentrations with distance from injection point
for the 4 test cells.

0.17 weight percent at Site 4 to 1.33 weight percent at Site 2. Sites 1 and 3 had
mean TOC concentrations of 0.67 weight percent and 0.18 weight percent, re-
spectively. Within the CAC test cells, the mean TOC concentration for aquifer
samples collected within the targeted injection zones ranged from 0.13 weight
percent at Sites 1 and 4 to 0.37 weight percent at Site 2. Site 3 had a mean TOC
concentration of 0.17 weight percent within the targeted injection zone.

When the results of the TOC analysis from each of the four paired PAC-CAC
test cells are compared, the mean PAC concentration at a distance of 7 meters
from the point of injection ranges from 9.6 percent greater at Site 3 to 415 per-
cent greater at Site 1, and on average 177 percent greater than the TOC concen-

tration at the same distance within the CAC test cells.

4.3. PAC and CAC Distribution

A key factor in achieving effective in situ treatment is the distribution of the
reagents within the target injection zone. Ideally, the reagents should be distri-
buted evenly throughout the target impacted zone while minimizing the place-

ment of reagents outside of the target impacted zone. In hydrogeologic envi-
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ronments that have low to moderate groundwater velocities, such as the four
study sites, reagents are primarily distributed during the injection of the solution
and not by subsequent advection/dispersion processes. Advection and dispersion
can aid in the distribution of some of the more persistent and fine-grained rea-
gents such as CAC. However, these processes are usually limited and are gener-
ally not relied on to distribute reagents at most field sites including the four sites
in this study.

To evaluate the distribution of the reagents, continuous soil cores were col-
lected at each site over the depth of the targeted injection zone and analyzed for
TOC. Within the eight test cells (four PAC and four CAC), a total of 520 sam-
ples were collected with 288 samples being collected within the targeted injection
zones and 232 samples were collected above and below the target injection
zones. Overall, samples collected within the targeted injection zones of the PAC
and CAC test cells had a TOC detection rate of 42.4 percent (standard deviation
= 0.78 eight percent, n = 144) and 94.4 percent (standard deviation = 0.44 weight
percent, n = 144), respectively. Samples collected immediately outside of the
targeted injection zones within the PAC and CAC test cells had TOC detection
rates of 2.6 percent (standard deviation = 0.02 weight percent, n = 116) and 6.9
percent (standard deviation = 0.03 weight percent, n = 116), respectively. These
results suggest that the majority of PAC and CAC injected during the tests were
delivered to the targeted injection zones. However, the distribution of CAC was
more uniform than the distribution of PAC within the targeted injection zones

as discussed below

4.3.1. PAC Test Cells

Examination of the TOC detection rates within each test cell indicated that the
TOC detection rate within the PAC cells ranged from 28.6 percent at Site 2 to
66.7 percent at Site 1. Sites 3 and 4 had TOC detection rates of 46.7 percent and
41.9 percent, respectively. The majority of samples with TOC concentrations
greater than the method detection limit of 0.10 weight percent (50.8 percent),
were collected within the thin layers of aquifer material that had a higher Ky
value compared to the surrounding aquifer material. When the mean of the
TOC concentration of the samples collected within the higher K, layers are
compared against the surrounding TOC concentration of the aquifer materials
within the targeted injection zones of the four PAC test cells, the TOC concen-
tration is on average 994 percent greater, ranging from 209 percent at Site 4 to
2880 percent at Site 3.

TOC concentrations within the PAC targeted injection zone at Site 1 averaged
0.78 weight percent (standard deviation = 0.79 weight percent, n = 27) compared
to a mean TOC concentration of 0.12 weight percent outside of the targeted in-
jection zone. The TOC concentration varied with depth from below the analyti-
cal detection limit of 0.10 weight percent to 2.5 weight percent (Figure 4).
Within the PAC targeted injection zone 66.7 percent of the samples analyzed (n
= 27) had concentrations of TOC greater than the method detection limit of 0.10
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Figure 4. Total organic carbon (TOC) profiles for the 4 test cells following the injection
of the PAC and CAC. The red circles (@) represent the TOC results from Core 1, the
white squares ([]) represent the TOC results from Core 2 and the blue rhombus (#) are
the results from Core 3. The hatched area represents the interpreted high Ky seam and
the shaded area represents the targeted zone of injection.

weight percent with the seven greatest TOC concentrations being measured
within the high K, layer located at 6.2 meters below ground surface (mbgs).
Outside of the PAC targeted injection zone, 12.5 percent of the samples analyzed
had detectable concentrations of TOC (n = 12). The pre-injection TOC concen-
tration within the targeted injection zone was 0.11 weight percent (standard
deviation = 0.002 weight percent, n = 10), whereas post injection the mean TOC
concentration within the samples collected from the targeted injection zone was
0.78 weight percent (standard deviation = 0.79, n = 27), representing a TOC
concentration increase of 610 percent.

At Site 2, the post-injection aquifer solid TOC concentrations within the PAC
targeted injection zone averaged 0.21 weight percent (standard deviation = 0.22
weight percent, n = 56) compared to an average pre-injection TOC concentra-
tion of 0.16 weight percent (standard deviation = 0.09 weight percent, n = 17).
This represents a 30 percent increase on average for TOC concentrations within

the PAC targeted injection zone. As with Site 1, the TOC concentration varied
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with depth at Site 2 with TOC concentrations ranging from the analytical detec-
tion limit of 0.10 weight percent to 0.80 weight percent (Figure 4). Within the
PAC targeted injection zone 28.6 percent of the samples analyzed (n = 56) had
concentrations of TOC greater than the method detection limit of 0.10 weight
percent. The highest TOC concentrations were measured within the high Ky
layer located at a depth of approximately 5.0 mbgs (Figure 4). Outside of the
targeted injection zone, TOC was not detected at concentrations greater than the
analytical method detection limit of 0.10 weight percent (Figure 4).

Total organic carbon concentrations within the aquifer solids collected from
the PAC test cell at Site 3 determined that 46.7 percent of the samples had TOC
concentrations greater than the method detection limit of 0.10 weight percent,
with concentrations ranging from 0.10 weight percent to 4.9 weight percent
within the high K, seam located at approximately 1.85 mbgs (Figure 4). The
mean TOC concentration within the aquifer solids collected within the targeted
injection zone increased by 736 percent, with the mean post injection TOC con-
centration determined to be 1.17 weight percent (standard deviation = 1.8
weight percent, n = 30) compared to a pre-injection TOC mean concentration of
0.14 weight percent (standard deviation = 0.06 weight percent, n = 10). Like Site
2, the TOC concentrations at Site 3 outside of the targeted injection zone post
injection were below the analytical method detection limit of 0.10 weight percent
(Figure 4).

Additional soil sampling of the aquifer was completed at Site 3 to determine
the distribution of the PAC in a three-dimensional view (Figure 5). The results
of the sampling further enhanced the conclusion derived from the above sam-
pling, clearly illustrating that the high K;; seam that is present at 1.85 mbgs is the
dominant pathway for the delivery of the PAC at this site. Aquifer samples col-
lected within the targeted injection zone at 1.70 mbgs and 2.10 mbgs had a TOC
detection rate of 25 percent, indicating that the PAC was preferentially delivered
to the high K;; seam within the targeted injection zone (Figure 5).

The TOC concentrations collected within the targeted injection zone post in-
jection at Site 4 averaged 0.18 weight percent (standard deviation = 0.12 weight
percent, n = 31) compared to an average pre-injection TOC concentration of
0.14 weight percent (standard deviation = 0.05 weight percent, n = 10). This
represents a 33 percent increase on average for the TOC within the targeted in-
jection zone at Site 4. The TOC concentration varied with depth, from below the
analytical detection limit of 0.10 weight percent to 0.40 weight percent (Figure
4). Within the targeted injection zone 41.9 percent of the samples analyzed (n =
31) had concentrations of TOC greater than the method detection limit of 0.1
weight percent. As with the other three PAC test cells, the greatest TOC concen-
trations were measured within the high Ky layer located within the test cell
(Figure 4). Outside of the targeted injection zone, none of the TOC concentra-
tions were detected at concentrations greater than the analytical method detec-

tion limit of 0.10 weight percent (Figure 4).
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Figure 5. Total organic carbon (TOC) plots for the PAC and CAC test cells at Site 3 fol-
lowing the injection of the CAC and PAC at various depths (1.70, 1.85 and 2.10 mbgs).
The grid is in meters and concentration scale is in weight percent. The high Kj; zone is
located at 1.85 mbgs.

4.3.2. CAC Test Cells

Total organic carbon detection rates within the targeted injection zones for the
four CAC test cells were all greater than 90 percent, ranging from 90.3 percent at
Site 4 to 96.7 percent at Site 3. Sites 1 and 2 had TOC detection rates of 92.6
percent and 96.7 percent, respectively. Unlike the distribution of TOC within the
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PAC test cells, the TOC within the CAC test cells was more uniformly distri-
buted including when comparing the TOC within the high Ky zones and the
surrounding material within the targeted injection zone. The mean TOC con-
centrations within the high K zone ranged from less than 8.0 percent (Site 1) to
greater than 32.1 percent (Site 2) greater than the surrounding mean compared
to the mean TOC concentrations of the surrounding aquifer materials within the
targeted injection zones. These TOC values, when compared to the PAC test
cells, suggest that the CAC was more uniformly distributed than the PAC and
not as susceptible to the preferential pathway created by the high K;; seam.

Evaluation of the individual CAC test cells indicate that the TOC concentra-
tions within the targeted injection zone at Site 1 averaged 0.75 weight percent
(standard deviation = 0.16 weight percent, n = 27), compared to an average TOC
concentration of 0.11 weight percent (standard deviation = 0.03 weight percent,
n = 24) outside of the targeted injection zone. The TOC concentration varied,
with depth from below the analytical detection limit of 0.10 weight percent to 2.5
weight percent (Figure 4), with the lowest TOC values being measured at seven
meters from the injection point. All the samples collected within five meters of
the injection point had detectable TOC concentrations. Within the targeted in-
jection zone, 92.6 percent of the samples analyzed (n = 27) had concentrations of
TOC greater than the method detection limit of 0.10 weight percent. The seven
samples collected within the high Ky layer located at 6.2 mbgs having a mean
TOC concentration of 0.66 weight percent compared to a TOC mean of 0.71
weight percent for samples collected within the surrounding targeted injection
zone. Outside of the targeted injection zone, 12.5 percent of the samples ana-
lyzed had detectable concentrations of TOC (n = 24). The pre-injection TOC
concentration within the targeted injection zone was 0.11 weight percent (stan-
dard deviation = 0.02 weight percent, n = 8) representing a TOC concentration
increase of 582 percent.

Aquifer samples analyzed for TOC collected within the targeted injection zone
at Site 2 averaged 0.37 weight percent (standard deviation = 0.17 weight percent,
n = 56) compared to an average pre-injection TOC concentration of 0.15 weight
percent (standard deviation = 0.07 weight percent, n = 17). This represents a 147
percent increase on average for the TOC within the targeted injection zone. The
TOC concentration varied with depth, with TOC concentrations ranging from
the analytical detection limit to 0.80 weight percent (Figure 4). Within the tar-
geted injection zone, 96.4 percent of the samples analyzed (n = 56) had concen-
trations of TOC greater than the method detection limit. The TOC concentra-
tions measured within the high Ky layer located at a depth of approximately 5.0
mbgs averaged 0.46 weight percent compared to the mean TOC concentration of
0.35 weight percent for the samples collected within the targeted injection zone
excluding the high Ky layer samples (Figure 4). Outside of the targeted injection
zone, the mean TOC concentration was 0.11 weight percent (standard deviation
= 0.03 weight percent, n = 32) with 6.3 percent of the samples having TOC con-
centrations greater than the analytical method detection limit (Figure 4).
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Total organic carbon concentrations measured in the aquifer solids collected
from CAC test cell at Site 3 determined that 96.7 percent of the samples had
TOC concentrations greater than the method detection limit, with concentra-
tions ranging from 0.10 weight percent to 4.8 weight percent (Figure 4). Com-
parison of the TOC concentrations from samples collected from the high Ky
seam and those surrounding the high K seam within the targeted injection zone
indicated that the high Ky seam had a mean TOC concentration of 3.1 weight
percent, compared to a mean TOC concentration of 3.2 weight percent for the
surrounding samples.

The mean TOC concentration of the aquifer solids collected within the tar-
geted injection zone increased by 1965 percent with the mean post injection
TOC being determined to be 3.2 weight percent (standard deviation = 1.3 weight
percent, n = 30) compared to a pre-injection TOC mean concentration of 0.16
weight percent (standard deviation = 0.09 weight percent, n = 10). The TOC
concentrations outside of the targeted injection zone post injection ranged from
below the analytical method detection limit of 0.10 weight percent to 0.2 weight
percent, averaging 0.11 weight percent (standard deviation = 0.02 weight per-
cent, n = 20) (Figure 4).

As with the PAC test cell, additional soil sampling of the aquifer was com-
pleted at Site 3 to determine the distribution of the CAC in a three-dimensional
view (Figure 5). The results of the sampling suggest that the CAC was relatively
well distributed within five meters of the injection point, with TOC being de-
tected within the aquifers solids at a rate of 100 percent (n = 90). The mean TOC
concentration of the samples collected within the high Ky seam that is present at
1.85 mbgs was 3.1 weight percent (standard deviation = 1.1 weight percent, n =
30) compared to 2.8 weight percent (standard deviation = 1.3 weight percent, n
= 60) for the remaining samples analyzed above and below the seam (Figure 5).

At Site 4, the TOC concentrations within the targeted injection zone averaged
0.25 weight percent (standard deviation = 0.08 weight percent, n = 31) compared
to an average pre-injection TOC concentration of 0.11 weight percent (standard
deviation = 0.02 weight percent, n = 10). This represents a 127 percent increase
on average for the TOC within the targeted injection zone. The TOC concentra-
tion varied, with depth from below the analytical detection limit of 0.10 weight
percent for some samples collected at least 5 m away from the point of injection
to 0.40 weight percent (Figure 4). Within the targeted injection zone, 90.3 per-
cent of the samples analyzed (n = 31) had concentrations of TOC greater than
the method detection limit of 0.10 weight percent. The TOC concentrations for
samples collected with the high Ky layer averaged 0.28 weight percent compared
to 0.24 weight percent for samples collected elsewhere within the targeted injec-
tion zone (Figure 4). The TOC concentrations outside of the targeted injection
zone post injection ranged from below the analytical method detection limit of
0.10 weight percent to 0.15 weight percent, averaging 0.10 weight percent (stan-
dard deviation = 0.02 weight percent, n = 40) (Figure 4).
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4.4. PAC and CAC Distribution within Wellsand Packs

Previous studies by others [10] [14] indicated that there could be preferential
accumulation of PAC within pre-existing monitoring wellsand packs following
the injection of the PAC. This preferential accumulation of PAC in monitoring
wellsand packs could result in non-representative groundwater samples being
collected and used for the evaluation of remedial activities.

To evaluate if this preferential accumulation was occurring within the eight
test cells, continuous cores of the monitoring wellsand packs were collected and
analyzed for TOC. The results of the analysis suggest that preferential accumula-
tion occurred within the PAC monitoring wellsand packs during the injection of
the coarser-grained reagent, with an average TOC concentration of 1.65 weight
percent being determined in the four PAC cell monitoring wellsand packs. Of
the 16 samples collected from the PAC monitoring wellsand packs within the
PAC test cells, 94 percent had TOC concentrations greater than the analytical
detection limit of 0.10 weight percent (Figure 6). The TOC concentrations for
the PAC monitoring wellsand packs were 224 percent greater than the mean
TOC concentration within surrounding targeted injection zone. The analyses of
the TOC content within the sand packs for the PAC test cells also showed TOC
enrichment of the sand pack above and below the targeted injection zone sug-
gesting that the sand pack was acting as a vertical conduit for the migration of
the PAC during injection activities (Figure 6).

Like the PAC monitoring wellsand packs, TOC was detected within 81 per-
cent of samples collected from the four CAC pre-existing monitoring wellsand
packs (n = 16), with a mean TOC concentration of 0.65 weight percent. This is
35 percent less than the mean TOC concentration for the samples collected
within the surrounding targeted injection zone. These results suggest that while

TOC was present within the sand packs of the monitoring wells installed prior to
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Figure 6. Total organic carbon (TOC) profiles for the monitoring wellsand packs sam-
pled in the 4 test cells following the injection of the PAC and CAC. The red circles (@)
represent the TOC results for the PAC test cells and the white squares ([]) represent the
TOC results from the CAC test cells. The hatched area represents the well screen and the
shaded area represents the targeted zone of injection.
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the injection of the CAC, the CAC did not preferentially accumulate within the
sand pack; unlike the PAC which showed an enrichment relative to the sur-

rounding aquifer material.

5. Conclusions

Four pilot tests were conducted in four geological different unconfined aquifers
to evaluate the effect of heterogeneity on the distribution of PAC and CAC
within impacted aquifers. Overall, the injection of PAC and CAC increased the
mean TOC concentration within the targeted injection zones for the aquifers by
244 percent and 590 percent, respectively. This overall increase in the TOC of
the aquifer will lead to increased retardation rates for a wide variety of organic
and potentially some inorganic compounds of concern through adsorption and
absorption reactions.

Determinations of the K;; indicated that all four sites had significant hetero-
geneities within the targeted injection zones with the Ky, varying by at least one
order of magnitude and up to two orders of magnitude over less than 0.1 m ver-
tical spacing. This heterogeneity had a significant impact on the distribution of
the coarser-grained PAC at all four test sites. Comparison of the mean TOC
concentrations within the high K;; seams versus the mean TOC concentration in
the surrounding aquifer material targeted by the injection at the four PAC test
cells indicated that on average the TOC concentration within the high K;; seams
was 994 percent greater than the surrounding aquifer materials within the tar-
geted injection zones. Similar comparisons for the four CAC test cells suggest
that the TOC concentration of the aquifer materials sampled from the high K,
seams within the targeted injection zones ranged from —8.0 percent to 32.1 per-
cent greater than the surrounding mean TOC concentrations within the re-
mainder of the targeted injection zones. These values, when compared to the
PAC test cells, suggest that the CAC was more uniformly distributed than the
PAC and not as susceptible to the preferential pathway created by the high Ky
seam as was the PAC.

The presence of the high Ky seams within the PAC test cells also influenced
the overall distribution of the PAC with TOC being detected within 28.6 percent
to 66.7 percent of the samples collected from the targeted injection zones, com-
pared to all of the CAC test cells having at least 90.3 percent of the samples being
collected from the targeted injection zones having detectable TOC concentra-
tions. Measurements of the TOC content within the four aquifers with distance
from the point of injection determined that both the PAC and CAC were de-
tected at distances of at least seven m from the point of injection, with PAC
concentrations being on average higher than the CAC with distance. The distri-
bution of the PAC with distance was heavily influenced by the presence of high
K, seams, with the majority of TOC detections being made within the high Ky
seams whereas for the CAC test cells, the TOC was more uniformly distributed

over the targeted injection zones.
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Prior to the injection of the PAC and CAC, measurements of the TOC were
completed to determine the TOC content of the aquifers along with the distribu-
tion of organic carbon within the aquifer. The mean background TOC content
within the four aquifers ranged from 0.12 weight percent (Site 4, n = 20, stan-
dard deviation = 0.04 weight percent) to 0.16 weight percent (Site 2, n = 34,
standard deviation = 0.08weight percent), with Sites 1 and 3 having mean TOC
values of 0.13 weight percent (n = 16, standard deviation = 0.05 weight percent)
and 0.15 weight percent (n = 20, standard deviation = 0.07 weight percent), re-
spectively.

Sampling of monitoring wellsand packs post-injection suggested that both the
PAC and CAC could accumulate within the sand packs of monitoring wells in-
stalled prior to the injection of the PAC and CAC. Analysis of the sand pack
material indicated that the monitoring wells installed within the PAC test cells
were highly susceptible to the accumulation of PAC, with a 224 percent increase
in the mean concentration of TOC compared to the surrounding target injection
zone. The sand packs within the CAC test cells had a mean TOC concentration
of 0.65 weight percent which was a 35 percent decrease in TOC concentration
compared to the surrounding TOC concentration measured within the four
CAC targeted injection zones. These results suggest that consideration be given
to installing new monitoring wells post-injection at both CAC and PAC injected
sites to ensure representative groundwater samples are used in the evaluation of
CAC and PAC treated sites. This recommendation is especially applicable to

PAC-injected sites with similar geologies as tested in this study.
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