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EXECUTIVE SUMMARY

Strategic Environmental Research and Development Program (SERDP) Project Number
ER-1493 (Reactive Capping Mat Development and Evaluation for Sequestering Contaminants in
Sediment) was implemented by a collaborative team from the NAVFAC Engineering Service
Center (NAVFAC ESC), Science Applications International Corporation (SAIC) and the
University of New Hampshire (UNH). The project consisted of developing a reactive geotextile
mat system to serve as a chemically effective, mechanically stable, and cost efficient technology
for reducing ecological risks by sequestering contaminants in sediment. Use of reactive mat
systems could provide an alternative to costly dredging and offsite disposal, and a more stable
solution for standard capping approaches. The mat system, if deemed successful, would be
deployed in a wide variety of environmental settings to prevent both metals and organic
contaminants from entering overlying surface waters while simultaneously allowing both
groundwater flux and surficial biological colonization.

Laboratory Studies. Various mixtures of reactive amendments to potentially adsorb sediment
contamination were evaluated in a laboratory setting to determine the optimal combination of
reactive core materials (activated carbon, apatite, and organoclay) to be placed within prototype
mats with woven geotextile tops and non-woven geotextile backs to be positioned on top of
sediments of concern. Laboratory data from amendment isotherm experiments and Kinetics
studies identified CETCO Sediment Remediation Technologies organoclay containing bentonite
as the base clay and coconut shell activated carbon as the optimal amendments for achieving
maximum contaminant sequestration (as compared to other types of organoclay and activated
carbon). Preloading studies with humic acid on activated carbon generally indicated negligible
effects, but similar tests on organoclay showed that preloading with humic acid did change the
relative adsorption capacity of individual PAHs and that the long term exposure of organoclay to
natural organic matter might also affect mat performance by causing increased desorption of
target compounds.

Gradient ratio testing and finite element modeling were conducted in a laboratory setting using
both clean geotextiles and field weathered small-scale (6 ft x 6 ft) test mats to identify the
non-woven geotextile most resistant to biofouling (8 oz/yd® polypropylene with 80 apparent
opening size) for construction of the prototype mat system. These results along with numerical
modeling showed that the coarser geotextiles (AOS 70 and 80) did not clog and did not lose
amendment under controlled laboratory conditions while also experiencing relatively little
sediment transport into the cap. Gas permeability testing also showed that these coarser
geotextiles would allow the maximum methane levels produced in a freshwater environment to
pass through the reactive mat without creating uplift as long as additional weight was supplied
by an overlying sand cap. Based on these cumulative laboratory results, a reactive mat featuring
a 0.28 Ib/ft* activated carbon, 0.23 Ib/ft® apatite, 0.28 Ib/ft> organoclay amendment mixture and
an AOS 80 geotextile was recommended for the treatment of metals and organics in aquatic
environments of low to moderate dissolved organic matter levels.

Site Selection. Following an extensive desktop site selection process, Cottonwood Bay in Grand
Prairie, Texas was selected as the most suitable project test site based on a variety of chemical,
physical, biological and logistical factors. A comprehensive geophysical investigation, including



bathymetry, side-scan sonar, sediment profile imaging and groundwater seep surveys was
conducted to characterize the site and identify a specific target area with a substantial
groundwater plume for mat system placement. These surveys confirmed that the site was free of
obstacles that would impede mat performance and provided baseline topography information for
comparison to the sediment landscape following mat deployment. Groundwater seepage results
identified an area of relatively high groundwater flow potential in the center of the bay as defined
by average subsurface porewater temperatures 1.61°C cooler and average subsurface porewater
conductivity 0.71 mS/cm greater than corresponding surface water; known groundwater plumes
were integral to the site selection process.

Prototype Testing. A prototype mat system was deployed in Cottonwood Bay in April 2008,
featuring four 25 ft x 25 ft test arrangements (bare single layer geotextile, single layer geotextile
with sand cap, bare double layer geotextile, sand cap only) and an undisturbed control. In fall
2008, following five months of soak time, the effectiveness of the various test arrangements for
contaminant sequestration was monitored with passive samplers (peepers, semi-permeable
membrane devices). The passive samplers were strategically placed at specific interfaces of
interest in the various mat system treatments and allowed to soak for 50 days. Concurrent with
the passive sampler recovery in December 2008, a post-construction geophysical investigation of
the full scale mat system was conducted to evaluate the geophysical properties (e.g., acoustic
signature, sand cap placement, microorganism activity) of the various treatments. In summer
2009, approximately one year after deployment of the full scale mat system (six months after
deployment of the passive samplers), Ultraseep and Trident Probe porewater measurements were
collected to quantify water flux from sediments through the various treatments and identify any
change in contaminant concentration with respect to potential overlying sources
(e.g., groundwater fluxing out of the mat versus overlying water penetrating the mat). Passive
contaminant sampling at the prototype mat system was repeated in fall 2009 to provide
comparative second year contaminant sequestration results. Sediment cores were also collected
from each treatment area at that time to characterize the sediment from which previous porewater
samples had been extracted and to establish the vertical chemical gradient in the natural
sediments for confirmation of previous porewater sampler results.

Overall prototype field data indicated that below treatment porewater chemistry correlated to
surface sediment trends across treatments, thus providing a reliable indicator of localized
contaminant partitioning below the mat interfaces. Porewater flux (i.e., Ultraseep) results
showed that metals concentrations passing through the mats were comparable to above treatment
peeper results, thus indicating that the mats are sequestering deep metal porewater concentrations
observed in the Trident Probe dataset. In general the geophysical data revealed changes within
the range of modeled expectations and exhibited sufficient sensitivity to be a useful tool for
monitoring mat conditions. Mat uplift due to gas buildup beneath the geotextile was observed in
the summer months for the mat only treatments, but these conditions were not found in the mat
treatment with an additional sand cap providing sufficient weight, thus confirming the predicted
results of the gas permeability testing.

Finally, the passive sampler (i.e., peeper, SPMD) data showed generally consistent and

statistically significant (at 90-95% confidence) two- to four-fold below/above reductions in
primarily two treatments (mat/sand and double mat) between years for certain metals (nickel,

Vi



zinc, barium, silver, vanadium) and several polycyclic aromatic hydrocarbons
(benzo[b]fluoranthene, indeno[1,2,3-c,d]pyrene, benzo[g,h,i]perylene, anthracene,
benzo[a]anthracene), thus demonstrating that contaminant sequestration had occurred.
Performance for other metals (e.g., copper) was less robust and limited by overall low
environmental concentrations relative to detection limits.

Conclusions and Recommendations. The selected implementation method including mat with
sand cover is recommended as an effective technology to sequester contaminants in sediments
while preventing uplift due to gas accumulation. Unlike the low level concentrations observed in
surface sediments of the present study, the future candidate site sediments should contain
contamination in the ecological effects range and be confirmed by an advance site chemical
characterization study of the specific placement area (not performed in the present study).
Laboratory verification via chemical testing and geotechnical modeling using methods developed
in the present study should also be performed to predict mat performance metrics. These data
will ensure that field passive sampler measurements (with an appropriate degree of sample
replication) can reliably confirm/refute whether a broad suite of chemical gradients (as opposed
to the limited metals and PAHs of the present study) are being better controlled by the mat
treatment as opposed to a traditional capping approach (i.e., sand/mix only covers). Based on the
results of the present study, the project goal of further evaluating the reactive capping mat
technology via a large-scale (~10,000 ft) implementation at a selected remediation site is
recommended.
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1.0 INTRODUCTION

Strategic Environmental Research and Development Program (SERDP) Project Number
ER-1493 (Reactive Capping Mat Development and Evaluation for Sequestering Contaminants in
Sediment) was implemented by a collaborative team from the NAVFAC Engineering Service
Center (NAVFAC ESC), Science Applications International Corporation (SAIC) and the
University of New Hampshire (UNH). The project consisted of developing a reactive geotextile
mat system to serve as a chemically effective, mechanically stable, and cost efficient technology
for reducing ecological risks by sequestering contaminants in sediment. Use of reactive mat
systems could provide an alternative to costly dredging and offsite disposal, and a more stable
solution for standard capping approaches. The mat system, if deemed successful, would be
deployed in a wide variety of environmental settings to prevent both metals and organic
contaminants from entering overlying surface waters while simultaneously allowing both
groundwater flux and surficial biological colonization.

2.0 OBJECTIVE

The objective of SERDP Project Number ER-1493 is to develop and test a mixture of chemically
reactive materials suitable for incorporation within an engineered geotextile mat to create a
composite active capping system capable of deployment in a wide variety of environmental
settings in order to effectively sequester both metal and organic contaminants in sediments.

3.0 BACKGROUND

In situ capping has frequently been used to physically separate contaminated sediments from the
aquatic environment above the cap and, in some cases, to act as an impermeable barrier to
groundwater flux. Sequestration based on physical separation alone, however, is not always
desirable because it does not ensure that dissolved phase contaminant flux is eliminated as a
transport pathway either through or around the cap. More recently, in situ capping with
chemically reactive materials has been explored as an option to provide a physical barrier to
remobilization of sediment-bound contaminants while at the same time sequestering dissolved
contaminants as they flow through the cap via groundwater flux (Knox etal. 2008,
McDonough et al. 2007, Zhao et al. 2007, Reible et al. 2006). To date, studies of these reactive
capping methods have largely focused on applying one type of reactive material to treat one
particular class of contaminant and have typically involved deploying relatively thick layers of
unconsolidated material (6 to 12 inches) over the bottom to accomplish this goal. Such an
approach may not be effective at many sites with physically challenging conditions, multiple
classes of contaminants or concerns with cap stability due to erosive forces. Loosely applied
amendment caps may also be prohibitively expensive due to the increased costs associated with
broadcasting larger amounts of coarsely applied reactive materials to achieve the desired cap
thickness.

In contrast to thick layers of reactive material, in situ capping with a reactive geotextile mat may
be a more practical means of sequestering sediment contaminants at many sites by preventing
physical contact between biota and sediment and retarding leaching of chemicals into overlying
waters while simultaneously allowing natural groundwater flow. The mixed reactive capping



materials developed in this project will satisfy these conditions when incorporated into a
functional mat system. Overall, the reactive mats would be non-intrusive, would simultaneously
address multiple contaminant classes, would be easily deployed and would offer greater
permeability to natural groundwater flow than a thick layer of unconsolidated reactive material.
These benefits also expand the utility of the reactive mat system to intertidal and sloped
environments where the stability and effectiveness of either a traditional sand cap or
unconstrained reactive materials would be diminished due to dynamic conditions. Finally,
reactive mats can be fabricated on land to control mat thickness (0.5 inch) and amendment
proportions, thus minimizing the amount and cost of composite material as compared to the
current practice of placing large amounts of unconsolidated substrate cap material through the
water column which can result in uncertain and variable layers.

Year One activities for SERDP Project Number ER-1493 were described in the First Year
Annual Progress Report prepared in December 2006 (NAVFAC 2006). The first year actions
involved separating the project into four separate tasks, performing composite material testing,
identifying a primary pilot site, and fabricating small-scale test mats. Year Two activities were
described in the Second Year Annual Progress Report prepared in December 2007
(NAVFAC 2007), including continued composite material testing, final pilot site selection,
geophysical surveys for target area establishment and small-scale test mat deployment. This
final report summarizes these results, describes additional year three and year four monitoring
activities and provides final conclusions regarding the overall mat system effectiveness in
achieving project goals. A final summary is also provided to outline the potential transition of
this technology to future full-scale ESTCP remediation efforts. The Year One and Year Two
Progress Reports are provided as Appendix A and Appendix B, respectively.

4.0 MATERIALS AND METHODS

This section provides a comprehensive description of how scientific questions were approached
and addressed for each of four tasks established in the technical proposal. Based on the overall
goal of developing a chemically effective, mechanically stable and cost efficient technology that
could be deployed in a wide variety of environmental settings, the laboratory and field studies
were designed to increase understanding of the practical effectiveness and limitations of this
technology. The following sections summarize the experimental design of each investigation as
well as associated desktop audits, field work, and laboratory analyses; detailed descriptions are
referenced in appropriate Appendices. The considerable and important steps discussed in these
sections include the following.

e Composite Material Testing. Laboratory tests were designed and performed to identify
the mixture of amendment materials to be incorporated into the reactive mats that most
effectively sequesters contaminants of interest. The results of these experiments were
used to design various small-scale test mats used for preliminary evaluation as well as to
construct the prototype mats used for long-term monitoring and evaluation.

e Pilot Site Establishment. Desktop audits were performed to identify a project location
(water body) that could be used as a pilot site for in-situ testing of various reactive mat
and amendment arrangements. A subsequent geophysical investigation was then
performed at this pilot site to select a particular area within the water body to serve as the



target location for long-term field testing of the prototype mat system constructed to the
specifications of the composite material testing results. All field efforts for this project
were performed at the selected pilot site.

e Geotextile Testing. Small-scale test mats featuring different types of geotextile materials
were tested under controlled laboratory conditions as well as deployed at the selected
pilot site and recovered after two predetermined soak times to assess the potential effects
of biofouling, biofilm formation and weathering on final mat design and efficacy. The
geotextile type found to be most resistant to biofouling while still maintaining proper
integrity and porosity as determined from these tests was ultimately used to construct the
prototype mat system used for long-term monitoring and evaluation.

e Prototype Mat Testing. Variations on a prototype mat system were constructed at the
selected pilot site to include various treatments (e.g., single mat, double mat, mat with
sand cap) of a reactive mat featuring the most resistant geotextile as recommended by the
results of the geotextile testing as well as the optimum amendment mixture as determined
by the results of the composite material testing. This mat system was monitored and
evaluated over a period of two years to determine the effectiveness of the proposed
technology in achieving project goals.

4.1 Task 1: Composite Material Testing

The purpose of composite material testing for this project was to determine the optimal mixture
of reactive sequestering materials to be incorporated in the final geotextile mat design. To
accomplish this goal, many laboratory studies were required to empirically assess the adsorption
behavior of various amendments primarily on different classes of organic compounds.

The first year effort for Task 1 primarily involved testing coconut shell-based activated carbon
and three different formulations of brand name organoclays as potential sorbents for organic
compounds; additional studies with apatite were conducted as the default sorbent for metals.
The sorbent materials were exposed to several common contaminants of interest including five
coplanar and non-coplanar polychlorinated biphenyls (PCBs), three polycyclic aromatic
hydrocarbons (PAHS) of different ring structures and water solubilities and two heavy metals.
Batch studies were performed as both single contaminant systems and multi-contaminant
competitive systems. The methods for these initial experiments are discussed in detail in the
First Year Annual Progress Report for this project (NAVFAC 2006).

Year two composite material testing investigated the interference caused by humic acid on the
adsorption of coplanar and non-coplanar PCBs and PAHs onto activated carbons and
organoclays, the two types of sorbents considered for incorporation into the final reactive mat
design. To accomplish this goal, several additional kinetic and isotherm studies were conducted
using various formulations of activated carbon and organoclay. The methods for these follow-up
experiments are discussed in detail in the Second Year Annual Progress Report for this project
(NAVFAC 2007).

Early in the third year of the project, laboratory studies were completed to determine the optimal
mixture of reactive sequestering materials to be incorporated in the final geotextile mat design.



The results of previous investigations had already identified CETCO Sediment Remediation
Technologies organoclay containing bentonite as the base clay and coconut shell activated
carbon as the optimal amendments for achieving maximum contaminant sequestration (as
compared to other types of organoclay and activated carbon).

Complete methods for the composite material testing activities are provided in the dissertation
“Evaluation of Reactive Cap Sorbents for In-Situ Remediation of Contaminated Sediments”
submitted to the University of New Hampshire by doctoral candidate Bhawana Sharma in 2008
(Sharma 2008, attached). Summaries of these methods as they pertain to SERDP Project
Number ER-1493 are presented in the following sections.

411 Amendment Adsorption Capacity

Isotherm Experiments. Isotherm experiments for the characterization of the adsorption
capacities of CETCO organoclay and coconut shell activated carbon were conducted in separate
125 mL batches with select concentrations of naphthalene, phenanthrene and pyrene,
respectively, in contact with the sorbent phase. All the batch experiments were conducted using
methanol and deionized water and were carried out at different loading rates of the select
contaminants with both bare amendment and amendment preloaded with humic acid to obtain
adsorption isotherms. The studies were conducted with an adsorption equilibration time of 48
hours for organoclay and 72 hours for activated carbon; previous experiments conducted as part
of this project had shown these durations represented reasonable equilibration periods for
adsorption of the select contaminants onto these types of amendments.

Batch adsorption experiments were also conducted with the field-conditioned sorbent mixture
(0.28 Ib/ft* activated carbon, 0.23 Ib/ft> apatite, 0.28 Ib/ft> organoclay) obtained from the
small-scale test mat recovered from Cottonwood Bay (the selected mat system pilot site) after six
months of soak time. These experiments were conducted for a duration of one week at five
loadings of a contaminant mixture containing both 2,2°,5,5’-tetrachlorobiphenyl and
phenanthrene.

As the most favorable mixture of amendment materials was still uncertain after year two,
additional batch isotherm experiments were conducted to evaluate the performance of CETCO
organoclay and coconut shell activated carbon regarding the adsorption capacity of select PCBs
(2-chlorobiphenyl, 2,2°,5,5’-tetrachlorobiphenyl, 2,2°,4,4’,5,5’-hexachlorobiphenyl) and PAHSs
(naphthalene, phenanthrene, and pyrene) in the presence and absence of humic acid. Kinetics
experiments were also conducted to determine the adsorption equilibration time for pyrene and
phenanthrene on CETCO organoclay and coconut shell activated carbon. Finally, based on the
adsorption equilibration time obtained for pyrene, additional isotherm studies were conducted to
determine the desorption properties of naphthalene, phenanthrene and pyrene on CETCO
organoclay and activated carbon when these amendments are treated as bare sorbents and
preloaded with humic acid.

In addition to these adsorption studies, structural analyses for activated carbon and organoclay
were conducted using scanning electron microscopy and x-ray diffractometry, atomic force
microscopy and scanning electron microscopy, respectively. The purpose of the structural



analyses was to observe physical differences caused by humic acid on the surfaces of the sorbent
material molecules. The Brunauer, Emmett and Teller (BET) surface area analysis was also
conducted to determine the surface area of activated carbon and organoclay particles. These
structural analyses were conducted as part of standard laboratory QA/QC practices defined for
the study and the resulting characterization could serve to explain unexpected behavior in the
amendment test experiments. As unexpected amendment behavior was not observed during the
laboratory tests, the structural results were not pivotal to the conclusions of this report.
Thermogravimetric analyses of organoclays were also performed to determine the percent
organic content that increases the hydrophobicity, and thus adsorption capacity, of this type of
material.

Humic Acid Preloading. The preloading of both organoclay and activated carbon for the batch
isotherm experiments was done with 1 g/L of humic acid solution prepared in deionized water.
A sodium azide solution was added to the humic acid solution and the sorbent samples were
equilibrated for 48 hours at 150 rpm on a rotary shaker to ensure thorough mixing. In the
preloaded amendment samples, humic acid was present in two forms: (i) humic acid adsorbed
due to preloading and (ii) humic acid in dissolved form in a deionized water matrix.

Sample Extraction. When the equilibrium time was reached for each batch experiment, the
supernatant was extracted into hexane by the vial liquid-liquid extraction method with
tetrachlorometaxylene (TCMX) as a surrogate standard. Twenty mL of sample and 10 mL of
hexane were transferred into a 40 mL vial. The vials were sealed with Teflon®-lined screw caps
and shaken vigorously for 30 seconds on three separate occasions. The vials were then stored for
24 hours at £C, at which point the extracts were passed through sodium sulfate to remove any
chemically bound water prior to analysis with gas chromatograph columns.

Gas Chromatographic Analysis.  All sample extracts were analyzed for naphthalene,
phenanthrene, pyrene and 2,2°,5,5’-tetrachlorobiphenyl adsorption using a Varian CP3800 Gas
Chromatograph (GC)/Saturn 2200 lon Trap Mass Spectrometer (MS) with a CP8400 Auto
Sampler. The GC column used was a DB-5 type capillary column (Varian Factor Four VF-5ms),
30 m long, 0.25 mm internal diameter and 0.5 pum thick. The ion-trap was operated in selected
scan mode (MS/MS) for each PCB congener. The column oven temperature was programmed to
hold at 40°C for two minutes followed by a temperature ramp up to 184°C at the rate of 12°C per
minute and then up to 280 at the rate of 4°C per minute with the final hold time of two
minutes.

Desorption Studies. When the kinetic (adsorption) experiments were completed for the CETCO
organoclay and coconut shell activated carbon amendments, additional isotherm studies were
conducted to determine the desorption properties of the same organic contaminants of concern
(naphthalene, phenanthrene and pyrene). For these studies, humic acid was spiked into
previously equilibrated samples of amendment-contaminant mixtures to determine whether
continued exposure to high concentrations of organic acids would result in contaminant
desorption into porewater.



4.1.2 Amendment Adsorption Kinetics

Kinetic Studies. In addition to the amendment adsorption studies (Section 4.1.1), batch kinetic
experiments were conducted to evaluate the adsorption equilibrium times of pyrene and
phenanthrene onto CETCO organoclay and coconut shell activated carbon. The experiment was
conducted for 15 day durations in both the presence and absence of humic acid. Samples were
spiked with the selected PAHSs after preloading with humic acid (including a non-loaded control
sample) and continuously mixed on a rotary shaker at 150 rpm for the duration of the
experiment. The concentrations of the experimental PAH solutions were 0.16 mg/L for pyrene
and 1.6 mg/L for phenanthrene. Humic acid preloading, sample extraction and GC analysis were
accomplished in the same manner as described above for the batch isotherm experiments.

4.1.3 Combined Effects of Humic Acid, Fulvic Acid and Natural Organic Matter

Batch Experiments. Supplemental experiments were conducted to determine the effects on
chemical adsorption of fulvic acid (FA) and natural organic matter (NOM) isolated from
sediment pore water. These results supported the understanding of the influence that different
fractions of dissolved organic carbon (DOC) would be expected to have on the sorbent properties
of potential reactive mat amendments under real site conditions. Batch experiments were
conducted to evaluate the adsorption of phenanthrene and 2,2’,5,5’-tetrachlorobiphenyl on
CETCO organoclay and coconut shell activated carbon in the presence and absence of two humic
acids (Aldrich humic acid, Suwannee River (Georgia) humic acid), a fulvic acid (Suwannee
River) and natural organic matter (Suwannee River) in a solution at neutral pH in order to assess
the combined effects of these substances on overall amendment performance. All organic acid
sources were purchased from appropriate vendors. Experiments were conducted in 40 ml vials
with varying loading rates of 2,2°,5,5’-tetrachlorobiphenyl and phenanthrene, and remaining
free-phase concentrations were measured at 72 hours (determined in previous experiments to be
sufficient to approximate equilibrium) in order to obtain the data for determination of adsorption
isotherms. All batch experiments were conducted using methanol and deionized water as the
stock solution for organoclay and acetone and deionized water as the stock solution for activated
carbon.

Preloading Process. The preloading of organoclay and activated carbon was achieved by
soaking these materials within varying solutions (1, 100 and 1000 mg/L) containing two natural
organic matter (NOM) types (humic acid and fulvic acid). A 10% sodium azide was then added
to the organic acid solutions to prevent bacterial degradation of the material. Finally, the sorbent
samples were mixed for 48 hours at 150 rpm on a rotary shaker to ensure homogeneity.

4.1.4 Column Testing

Column Testing. During year three, project personnel designed and fabricated a stainless steel
column specific to mat technology in order to better understand the treatment capabilities of
reactive mats deployed in the field (Figure 4.1-1). In these studies, a solution containing select
PAHs  (naphthalene  and  phenanthrene) and PCBs  (2-chlorobiphenyl  and
2,2’,5,5’-tetrachlorobiphenyl) was pumped upward through a reactive mat specimen at a flow
rate similar to potential hydraulic flux expected under field conditions. Selected concentrations



were scaled to the solubility of each test contaminant (naphthalene: 31 mg/L, phenanthrene:
1.26 mg/L, 2-chlorobiphenyl: 3.35 mg/L, 2,2’,5,5’-tetrachlorobiphenyl: 0.06 mg/L), and all
contaminants were present as a mixture. Upflow velocity through the columns was 7.9 cm/day,
which was higher than measured at the pilot site. The experiment duration was 7 days, and
samples were taken once per day. Samples were extracted and analyzed for dissolved phase
PCB and PAH as described in Section 4.1.1.

Figure 4.1-1. Experimental column for reactive mat flow-through testing.

4.2 Task 2: Pilot Site Selection

The purpose of selecting a pilot site for this project was to identify a location for the field testing
of small-scale geotextile mats The site selection process consisted of screening a number of
possible sites based on chemical, biological, and logistical factors, followed by focused
geophysical surveys at the selected site to determine a specific area within the site that would
serve as the location for prototype mat system deployment.

4.2.1 Strategy Overview

Pilot site selection was initiated in year one by conducting a review of data on potential sites to
assess compatibility with expected mat performance characteristics. The pilot site selection
process was two-phased, with the first objective being the identification of the most
advantageous location from a “long list” of prospective Navy sites. Two sites, Cottonwood Bay
in Grand Prairie, Texas and Pearl Harbor in Honolulu, Hawaii, were identified as potential pilot
sites based on the criteria described in the First Year Annual Progress Report (NAVFAC 2006).
Based on a comprehensive review of chemical, biological and logistical factors, Cottonwood Bay
was ultimately chosen as the primary pilot site.

The second objective of the site selection process was to further characterize the geophysical
properties of the primary pilot site (Cottonwood Bay) with the goal of defining a specific target



area for deployment of the prototype test mat system. The geophysical investigation included
bathymetry, sub-bottom, side-scan sonar, sediment profile imaging (SPI) and groundwater
seepage surveys completed during Year Two as described in the Second Year Annual Progress
Report (NAVFAC 2007).

4.2.2 Primary Site Selection Criteria

During the Year One effort, a series of criteria were generated in order to screen many
prospective sites for characteristics that would allow for the most comprehensive understanding
of the field dynamics of the reactive mats. The criteria for phase one site selection included an
evaluation of chemical, physical, and biological data as well as site management and logistical
considerations. The desirable characteristics for each of these parameters were provided in a
series of tables in the First Year Annual Progress Report (NAVFAC 2006).

While these criteria were not quantitatively weighted, priority was given to the presence of both
metals and organics in sediment, and groundwater flux and biological colonization conditions
suitable for comparing pre- and post-mat deployment conditions. Other practical criteria for
initial screening included the chronology and direction of risk assessment remedial management
plans. The ideal location would be a near-term candidate for remedial dredging or traditional
capping for which it would be possible to evaluate a reactive mat as a more effective, stable and
economically advantageous alternative. Additional logistic considerations included accessibility
of the site, availability of information to characterize existing conditions and cooperation of
site/program management staff with at least some minimal availability to support project
planning and execution.

When the two most suitable pilot sites were established (Cottonwood Bay and Pearl Harbor), a
comprehensive review of the literature for each location was performed to determine if
remediation was planned and if contaminants of potential concern (CoPCs) had been established
for metals and organics. Other site factors that were sought in the literature included the absence
of major obstructions such as rocks and/or debris that would make deployment of the mats in
direct contact with the sediments difficult. Also, it was deemed desirable to have a site with
active groundwater seepage and associated contaminant transport to surface waters, wherein the
mats would provide active contaminant sequestration while allowing the natural advective flow
conditions to occur unimpeded. Additionally, a site with an energetic hydrodynamic
environment, such as an intertidal zone or a shoal environment, would be an advantageous site
because of the challenges of designing a traditional stable sand cap in such a setting. Other
salient characteristics of the prospective pilot site included factors that would affect the
bioavailability of contaminants and/or the reactive capacity of the apatite, organic carbon and
organoclay to bind the contaminants. Findings from the Task 1 laboratory studies were
considered in the evaluation of pilot site suitability because elevated organic carbon and humic
acid in sediments could reduce contaminant bioavailability. Therefore, suitable pilot sites would
not have high concentrations of these constituents for an optimal demonstration of reactive mat
effectiveness. Finally, the availability of transportation facilities and shoreside infrastructure
were also evaluated for each site in order to assess the ability to accommodate mat deployment
and monitoring.



The results of this comprehensive review indicated that Cottonwood Bay would be the primary
pilot site for future activities. A detailed description of Cottonwood Bay is provided in
Section 5.2.2. This water body is situated between Routes 1-30 and 1-20 in Dallas County and is
adjacent to the Vought Aircraft Industries plant (formerly the Naval Weapons Industrial Reserve
Plant) and Naval Air Station Dallas (NAS). It is connected to the larger Mountain Creek Lake
by a man-made diversion channel that transects NAS property, running underneath the entrance
bridge and alongside the former base airstrip. Cottonwood Bay is divided into two main portions
(East and West) by a causeway running from Vought property to NAS property. These two
portions are hereafter referred to as “Cottonwood Bay East” and “Cottonwood Bay West”
(Figure 4.2-1). Recent data for this site were provided by the USGS and included a computer
model analysis of groundwater flow and the simulated effects of contaminant remediation
(Barker and Braun 2000). In summary, concentrations of chromium and PCBs were generally
higher adjacent to the current Vought shoreline while concentrations of PAHSs (e.g., fluoranthene)
increased with proximity to the NAS. Concentrations of metals and organics were found to be
generally lower by a factor of five in Cottonwood Bay West compared to stations in Cottonwood
Bay East on the opposite side of the causeway. A series of wells and trenches were installed on the
NWIRP (now Vought) property with the goal of removing groundwater from the local aquifer
before it reaches Cottonwood Bay. Remedial action planning for Cottonwood Bay by NAVFAC
Southeast on behalf of the Texas Natural Resource Conservation Commission (TNRCC) is
ongoing.

4.2.3 Geophysical Surveys

An extensive geophysical investigation was conducted in Year Two to characterize Cottonwood
Bay site conditions including water depth, habitat characteristics and lake sediment properties
with the goal of selecting a specific location for future prototype mat system deployment. The
evaluation consisted of bathymetry, sub-bottom profiling, side-scan sonar and sediment profile
imaging (SPI) surveys conducted by SAIC. Coastal Monitoring Associates, Inc. (CMA)
conducted a follow-up groundwater seepage survey to define the extent of sub-surface
groundwater plumes that may be radiating from adjacent Vought property and serving as
contaminant transport pathways into the bay.

All aspects of the Cottonwood Bay geophysical investigation were completed from
July-September 2007 following the detailed methodology described in the Second Year Annual
Progress Report (NAVFAC 2007). All pilot site selection activities for this project were
completed by Year Two and no additional methodologies for this task are included in this final
report.
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4.3 Task 3: Geotextile Testing

The purpose of the geotextile testing task for this project was to field test different types of
geotextile material at the selected pilot site in order to assess: (i) whether sediment clogging,
biofouling and biofilm formation will adversely affect the ability of the fabric to allow water to
pass through the final mat design, (ii) whether environmental weathering compromises the
ability of the mat to retain the amendment material and (iii) whether environmental weathering
compromises the reactivity of the sequestration agents. The geotextile found to be most resistant
to biofouling after a specified soak period as determined from this small-scale field test was
ultimately used for construction of the prototype mat system.

The geotextile testing task included the construction and deployment of small-scale test mats of
different compositions (July 2007), six-month retrieval (December 2007), initial laboratory study
(January-March 2008), one-year retrieval (October 2008), two-year retrieval (June 2009) and
final laboratory study. While the test mats were soaking, laboratory gradient ratio testing and
finite element analyses were conducted for clean, non-fouled mats to develop initial results
regarding stability, clogging potential and prospective sediment deformation leading to excess
pore water pressure as described in the Second Year Annual Progress Report (NAVFAC 2007).
These laboratory testing and modeling procedures were continued in year three to incorporate
field data from the recovered test mats. Results from the composite material testing and gradient
ratio testing performed on these weathered mats were used to determine and confirm both the
amendment mixture and the geotextile type most unaffected by biofouling to be used for
prototype mat system testing.

4.3.1 Field Evaluation

Fabrication. During Year One of this project, the project team worked with the CETCO
company of Arlington Heights, Illinois, to fabricate a total of 14 small-scale test mats of
properties, each measuring 6 ft x 6 ft (Figure 4.3-1). These mats were designed and constructed
by CETCO such that the amendment material was bound within a high loft core “sandwich”
between a woven backing geotextile (silt curtain) and a non-woven top geotextile (fabric). This
arrangement was chosen to allow the principal investigators the ability to assess how material
type and apparent opening size affect biofouling and sediment clogging. Twelve of the mats
contained a mixed core composite consisting of apatite (0.23 Ib/ft?), activated carbon (0.28 Ib/ft?)
and organoclay (0.28 Ib/ft). The maximum achievable loading rate for this mixture was
~0.8 Ib/ft* due to the light density of activated carbon and associated volume limitations. The
remaining two mats contained an Ottawa sand core to serve as a replicated control.

Table 4.3-1 below summarizes the properties of the small-scale test mats. Design variables for
these mats included non-woven geotextile material (polyester or polypropylene), amendment
core density (expressed as mass per unit area; oz/yd?) and geotextile apparent opening size
(AOS). The AOS for a particular geotextile (expressed as a US Sieve Number) reflects the
approximate largest opening dimension available for soil/sediment to pass through as determined
by dry sieving uniform sized glass beads of a known standard sieve size through the geotextile
until the weight of beads passing through the geotextile is 5% or less. Because sieve numbers are
inversely proportional to opening size, a geotextile with a larger AOS value will theoretically be
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more susceptible to long-term clogging or blinding. The AOS values of 70, 80 and 170 used for
construction of the small-scale test mats represent specified sieve opening sizes of 210, 177 and
88 microns, respectively.

Geotextile material was included as a test variable because different fabric types were expected
to show different breakdown and clogging properties when exposed to field conditions. Core
density was a test variable in order to evaluate the precise amount of amendment material needed
per unit area of a reactive mat to achieve the most efficient chemical sequestration while
minimizing clogging. Finally, AOS was a test variable in order to determine the relationship
between mat porosity and performance and to evaluate the potential effects of clogging.

6 ft
AN
4 2

6 ft

Non-Woven Geotextile
(Fabric)

High Loft Core
(Amendment Material)

Woven Backing Geotextile (Silt Curtain)

Figure 4.3-1. Construction diagram of small-scale geotextile test mats.

Table 4.3-1. Material design summary of small-scale geotextile test mats.
Total of 14 Test Mats Constructed
Material Core / Mass Per Area | AOS Quantity
Polyester Mixed - 5 0z/yd* 170 4
Polypropylene Mixed - 6 0z/yd* 70 4
Polypropylene Mixed - 8 oz/yd* 80 4
Polypropylene | Ottawa Sand - 6 oz/yd® | 70 2
Deployment. In June 2007, the 14 small-scale mats were placed in Cottonwood Bay East in two

rows of seven near the northern shore of the bay adjacent to the Vought property. Each of these
rows consisted of two polyester test mats with a 170 apparent opening size and mixed core, two
polypropylene test mats with a 70 apparent opening size and mixed core, two polypropylene test
mats with an 80 apparent opening size and mixed core and one polypropylene control mat with a
70 apparent opening size and sand core.
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All of the test mats contained the same amendment core mixture featuring a combination of
apatite, activated carbon and organoclay. For the similar mats in each row, one replicate was
deployed with the woven backing geotextile (silt curtain) face down and the other replicate was
deployed with the woven backing geotextile face up. This arrangement was selected to
investigate how the different geotextiles behave under direct contact with the sediment surface.
The control mats were deployed with the woven backing geotextile face down in both rows.

All mats were weighted to the sediment surface with ceramic bricks tethered to each corner with
plastic zip ties and the location of the southwest corner of each mat was marked with an
aluminum stake. Each mat was also tagged with a colored zip tie to aid in differentiating each
replicate during the evaluation process. Approximately five feet of space was left between each
mat to reduce possible interference associated with edge effects (e.g., suppression of
groundwater flux by nearby mats). Field photographs of the small-scale test mat deployment
process are shown in Figure 4.3-2.

Figure 4.3-2. Small-scale geotextile test mat deployment.

Monitoring. A preliminary field evaluation of the small-scale mat deployments was conducted
in July 2007 (approximately one month after initial placement) by wading near the mats and
observing whether any had substantially shifted position or become subject to any unexpected
deterioration. It was noted at this time that Mat 1 in Row 1 (the westernmost mat in the row
closer to shore) had accumulated gas underneath that was causing the mat to float off the lake
floor. Similar conditions were also noted in Mat 2 and Mat 3 in Row 2 (the second and third
westernmost mats in the row further from shore). The source of the gas was most likely a build-
up of methane moving up through the sediments beneath the mat or gas being produced by
biological activity taking place beneath the mat. Because the westernmost mats in each row
featured the smallest apparent opening size (either 5 oz/yd? or 6 oz/yd?), it was postulated that
these gaseous accumulations were not able to pass through the small AOS. Whether the mat was
deployed with the woven backing geotextile up or down did not appear to affect gas
accumulation. Prior to concluding the field evaluation, field personnel released the bubbles from
the mats in question by lightly stepping on them to force all gas accumulation out the side until
they were again laying flat against the sediment.
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Retrieval. The small-scale test mats were recovered after predetermined soak times to assess
potential hydraulic conductivity changes due to biofouling and potential reactivity changes due
to biofilm growth. Field personnel returned to Cottonwood Bay in December 2007 to conduct
the six-month retrieval of the first set of the small-scale (6 ft x 6 ft) geotextile test mats that had
been soaking in the eastern portion of the bay since June 2007. At this time, the first row of
seven mats (six test mats and one control mat) were lifted from the lake floor and hoisted as flat
as possible onto the deck of a dual Jon-boat shallow draft vessel. In contrast to the previous
monitoring event, all seven mats were found to be laying flat on the lake floor with no noticeable
gas buildup.

The mats were transported to shore and placed flat on a sheet of clear plastic and photographed.
Colored zip ties were attached to the mats to identify the different test treatments in terms of
geotextile material, apparent opening size and whether the mat was placed with the non-woven
geotextile facing up or down. All mats were then covered on both sides with clear plastic, rolled
around a 5ft long 2in x 3in piece of wood, sealed in commercial grade garbage bags and
encased in 12 in diameter cardboard sonotubes for shipping. This packing process was intended
to preserve, to the greatest extent possible, any biofilm and sediment accumulation that had
accumulated on each side of the mat during the six month soak time. All seven mats were then
shipped at room temperature to UNH for controlled laboratory testing. Preliminary observations
of the small-scale test mats following recovery indicated a moderate level of biofouling and the
presence of several small red worms that appeared to have burrowed into the non-woven
geotextile.

A similar retrieval event for the second set of small-scale test mats was conducted in
October 2008 concurrently with deployment of passive contaminant samplers at the prototype
mat system (see Section 4.4.4). At this time, two of the original four replicates of the 170 AQOS,
5 0z/yd? non-woven geotextile test mats, (one each placed with woven geotextile up and down)
were retrieved from Row 2 (further from shore) for repeat laboratory testing. These replicates
were recovered after only one year of soak time because previous laboratory testing on similar
test mats recovered after six-months of soak time had already indicated that this type of
non-woven geotextile exhibited increased clogging and was unlikely to be used for full-scale
implementation (see Section 5.3.2). The five remaining small-scale mats were left in place for
an additional year in accordance with the project work plan. Small-scale test mats were
packaged and shipped during all subsequent recovery efforts in the same manner as described
above for the initial recovery effort. At the time of the second recovery effort, all remaining
small-scale test mats were observed for gas buildup and none were found to be affected as
evidenced by their laying flat on the lake floor with minimal floating.

The retrieval event for the five remaining small-scale test mats was conducted in June 2009
concurrent with the Ultraseep and Trident Probe surveys of the prototype mat system (see
Section 4.4.5). At the time of this final recovery effort, a moderate level of gas buildup, lifting
approximately 25% of each mat off the substrate, was observed immediately prior to test mat
retrieval. Although the presence of this gas buildup was unlikely to effect the properties of the
small-scale test mats, it did serve as an indicator of a proportional amount of buildup that could
be expected below the larger prototype test mats at that time of year, which could in turn effect
contaminant sequestration performance by reducing direct contact between the mat and the
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sediment-water interface unless a corrective action was taken. This issue was addressed further
during the placement and monitoring of full scale mats, discussed in Section 4.4.2.

Performance Evaluation. Following the initial test mat retrieval event, laboratory performance
evaluations were conducted to investigate whether biofouling and/or surficial material
accumulation which had occurred in the field resulted in changes in mat permeability and
hydraulic conductivity. Parallel laboratory testing was also conducted to assess the effects of
biofouling on amendment reactivity to determine if the presence of natural organic matter affects
adsorption properties (see Section 5.1.3). The ultimate goal of these performance evaluations
was to select the geotextile that offered the best balance between fouling resistance and
amendment material effectiveness for design of the prototype mat system.

For geotechnical performance testing, a test column system was utilized following American
Society of Testing and Materials (ASTM) method 5101 (Figure 4.3-4). Method 5101 is typically
used to directly measure the clogging potential of a soil/geotextile system (i.e., a layer of soil in
contact with a geotextile such as in a landfill cap situation) and was adopted here to assess the
impacts of sediment settlement/biofouling found to cover the reactive mats in the field.
Accordingly, adoption of ASTM 5101 for this purpose was assumed to provide a realistic
estimate of the actual cap performance with regard to clogging and sediment infiltration.

Figure 4.3-4. Geotextile sediment gradient ratio column experimental setup.

When the small-scale test mats were received at the UNH laboratory, initial observations were
made regarding relative percent fouling of the geotextile material. Gradient ratio tests were then
performed by placing a section of mat sample into the column and measuring the time required
for static head pressure of an underlying water column to flux through the mat surface. The
elapsed time was compared to the flux time of a clean, non-fouled mat.

Another concern for the mat performance evaluation was the growth of biofilms on the surface
of the reactive materials themselves, regardless of specific type of amendment used in the mat.
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These colonies may not be sufficient to cause biofouling by clogging geotextile pore spaces, but
could influence the chemistry at the surface of the amendments and thus impact contaminant
uptake. To investigate the potential for such interference, samples of biofilm coated materials
were collected from the recovered mat segments and tested with the same column testing
techniques described in Section 4.1.5 to quantify how biofilms may enhance or diminish
amendment effectiveness (Mariah Arias-Thode, SERDP ER-1551); little influence of biofilms
was observed.

4.3.2 Gradient Ratio Testing

General Procedure. The purpose of gradient ratio testing is to evaluate the stability and
clogging potential of a sediment-geotextile filter system. Different flow rates are tested to
determine whether the geotextile is likely to become impermeable to flow under a range of
natural field conditions. Using the geotextile permeability column shown in Figure 4.3-4, water
was pumped downward through the sediment perpendicular to the plane of the geotextile. The
test scenario was inverted from field conditions (i.e., tested using downward flow) because initial
experiments showed that pumping water up through the sediment into the cap led to sediment
instability and collapse before any meaningful data could be collected. When evaluating the cap
samples, the system was allowed to equilibrate under no flow conditions for 24 hours. Then an
initial gradient (hydraulic head over the height of the sample) of 1 was applied. After 24 hours,
the gradient was increased to 4, and then to 8 after another 24 hours. The onset of clogging can
be determined by comparing the ratio of the hydraulic gradient in the geotextile-sediment system
to the gradient in the sediment alone. In addition, the gradient ratio test was done in a closed,
transparent system, so sediment transported through the geotextile could be observed and also
collected when the test was completed. A detailed picture of the gradient ratio column showing
geotextile-sediment contact and reactive mat-sediment contact is provided in Figure 4.3-5.
Comparative images of a geotextile sample before and after a gradient ratio test are shown in
Figure 4.3-6 and accumulated sediment that has passed through the geotextile during a test is
shown in Figure 4.3-7.

The gradient ratio value is defined as the ratio of hydraulic gradient in the sediment-geotextile
section of the test column to the hydraulic gradient in the sediment-only section of the test
column as shown in the following equation:

Isediment—geotextile >_1 C I Ogg I ng

i <1 Piping

GR =

sediment

Values lower than unity (<1) indicate piping conditions along the walls of the chamber, or
possibly at the geotextile-sediment interface, while values larger than unity (>1) indicate
increased hydraulic pressure across the geotextile. A value greater than or equal to three is
defined as a clogged geotextile. Values slightly less than one are generally preferred for a
reactive mat system since they show a stable system allowing low flow without clogging. When
evaluating the effectiveness of a geotextile, the stability of the gradient ratio value might be as
important as the value itself because it denotes a stable filter system without further particle
transport.
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Figure 4.3-5. Detailed photograph of geotextile gradient ratio test column showing (a)
permeameter for gradient ratio tests, (b) geotextile-sediment contact and (c)
mat-sediment contact.

Figure 4.3-6. Comparative images of a geotextile sample before (left) and after (right) a
gradient ratio test.
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Figure 4.3-7. Sediment that has passed through the geotextile during a gradient ratio test.

Stock Geotextile Evaluation. Preliminary gradient ratio testing conducted on various stock
geotextiles during Year One showed that bubbles trapped in the sediment matrix and under the
geotextile sample are an impediment to groundwater flux through the system in a fine grained
matrix such as the sediment expected to be encountered in Cottonwood Bay. Experiments were
conducted to determine if sample preparation in a nitrogen atmosphere would help eliminate
bubbles being trapped in the test column, but results indicated that such a process had negligible
effects. The bubble trapping problem was ultimately corrected by refining sample preparation
techniques to remove bubbles from the sediment prior to sealing the test column.

In Year Two, gradient ratio testing was continued on stock geotextiles as well as on clean,
non-fouled mats in order to establish baseline stability and clogging conditions to which results
from similar tests on field weathered geotextile mats would ultimately be compared. As
mentioned earlier, vertical upward flow through the sediment-mat interface was planned for the
testing process to provide consistency between the experimental conditions and the natural field
conditions, but hydraulic consolidation occurred due to the effective stress variation with time
and a separation between the sediment and the geotextile eventually developed. Thus downward
water flow was used instead for all subsequent tests. Due to the low permeability of the
sediment in the test column, it was not possible to measure the flow rate of the entire system
according to the ASTM-D 5101 standard. Instead, clogging potential was evaluated using the
gradient ratio value only. This procedure was repeated in year three using segments of the field-
weathered small-scale test mats to determine whether biofouling increases the likelihood of
clogging compared to a clean mat under similar hydraulic conditions.

The stock geotextiles used in the Year Two gradient ratio tests were the same three CETCO
geotextiles (in terms of material, mass per area and AOS) used to construct the small-scale test
mats (Table 4.3-1). These CETCO geotextiles were selected to cover a wide range of AOS and
mass per area for practical applications as well as to mimic the arrangements being tested in the
field, which was necessary to collect baseline data on the unweathered condition.
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In addition to geotextiles, complete bare reactive mats were also subjected to gradient ratio
testing for baseline clogging potential evaluation. The characteristics of the clean, non-fouled
reactive mats used in these experiments are presented in Table 4.3-2. These representative mats
contained various mixtures of the amendment materials that were considered for the final
reactive mat design. As expected, preliminary results indicated that the reactive mats let less
material pass through than the single sheet geotextiles.

Table 4.3-2. Characteristics of clean representative mats used in gradient ratio
experiments.

Sample ID Mass Per Area [kg/m?] | Thickness [cm] Reactive Material
RCM-1 4.0 ~0.10 Organoclay
RCM-3 4.6 ~0.10 Organoclay/Apatite
RCM-5 0.4 ~0.10 Activated Carbon

Test Mat Performance Evaluation. Upon receipt at the UNH laboratory, the weathered
small-scale test mats were cut into manageable pieces to be used for flow-through column
gradient ratio testing following the same procedures described above. The goal of these
laboratory tests was to assess whether biofouling and biofilm formation on weathered mats
would adversely affect the ability of the fabric to allow water to pass through the final mat
design and whether environmental weathering compromises the ability of the mat to retain the
amendment material. Baseline data for these parameters to which the field data would ultimately
be compared were previously established by gradient ratio tests performed on unweathered
single sheet geotextiles and bare reactive mats similar to the small-scale test mats that were
deployed in the field.

4.3.3 Finite Element Analysis

General Procedure. The main goal of finite element analysis (FEA) was to understand the
potential sediment deformation (consolidation) that would be caused by the weight of the
reactive mat as well as the resulting pressure increase that would force porewater out of the
underlying sediment, potentially altering natural seepage and contamination patterns.
Consolidation of the sediment would also change the ground water flow through the affected
sediment. The use of FEA allows for a modeling evaluation of two-dimensional transport with
regard to flow through the consolidated sediment and around the mat edges. A groundwater
component was added to see how this edge flow affects advective transport.

Preliminary finite element models were constructed in Year One with Plaxis (v. 8.0) software
using a simulated symmetrical half-sand cap 5 m in length placed over sediment that was treated
as an elastic-plastic material with no creep. This elastic-plastic (or Mohr-Coulomb) model was a
simple representation of soil/sediment behavior under loading in which the stress-strain behavior
IS treated as reversible (elastic) until the stress from loading reaches the failure point, at which
time the soil/sediment cannot support any further load and the deformation is permanent (plastic
behavior). The “no creep” condition requires that the soil/sediment does not undergo any time-
dependent deformation in this model. After initial data were collected under this basic sand cap
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model, a more complex sediment model was generated that considered both consolidation and
secondary creep.

The simulated sand cap (protective layer) for the elastic-plastic model had a thickness of 30 cm
(~1 ft). Because PLAXIS (v. 8.0) does not allow for changes in the permeability of geotextile
elements, water was assumed to flow freely through the geotextile. To adjust for this deficiency
and allow for the goal of evaluating varying permeability, the model was manipulated by adding
a thin layer of low weight sand over the geotextile. The permeability of this thin sand layer was
then adjusted to effectively change the permeability of the geotextile.

In Year Two, various geotextile mat components were added to the finite element model runs to
assess increasingly sophisticated scenarios. These geotextile-inclusive models started with a
hypothetical clean mat with the goal of investigating if and how flow patterns would be
substantially affected by the level of clogging anticipated to occur under field conditions.

In year three, biofouling data obtained from the recovered small-scale test mats and sediment
properties observed at the Cottonwood Bay pilot site were used to modify the finite element
models with actual permeability values. Sediment samples were sent to a standardized
laboratory for Atterberg limits and organic content testing. Results for Cottonwood Bay
sediment indicated a liquid limit (LL) of 155-164 and a plasticity index (PI) of 121-125. These
values were relatively high in comparison to an estuarine site (Piscataqua River, NH) where
similar analyses indicated a LL of 33-34 and PI of 6-10. This difference may be related to the
higher organic matter content observed for Cottonwood Bay sediments (4.3-5.8%) vs. Piscataqua
sediment (4.1-4.2%). These data were ultimately applied to the FEA process to generate
comparative finite element models for each site and therefore help define the operational range
of the mat technology in both freshwater and estuarine conditions.

Geometry and Boundary Conditions. Geometry and boundary conditions were defined to
constrain general field conditions and to promote applicability to different circumstances for the
reactive mat finite element model. Field information obtained on a similar cap test project on the
Anacostia River in Washington D.C. was used to develop the typical geometry for the initial
model as shown in Figure 4.3-8.

This model was symmetrical with respect to the vertical left axis. The sediment region was 45 m
long by 10 m deep and the reactive mat was defined as an overlying layer of sandy material 15 m
long by 0.3 m thick. The mat permeability was used to simulate its clogged state, while the unit
weight was used to simulate the weight of the mat’s protective layer. The depth of water was set
at 4.21 m, which was equivalent to the average depth observed at Cottonwood Bay.

The boundary conditions for the model included the displacement (flux rate) conditions as shown
in Figure 4.3-9. The displacement boundary conditions fix any displacement at the base and the
horizontal displacement on both sides of the model. The flux boundary conditions control the
pressure head at the top of the sediment-mat regions based on the water level (static or tide
variation). Flux was prohibited on both vertical sides of the model. The average flux rate
(3.3 cm/day) observed on one of the evaluation mats of the Anacostia River was used to produce
the groundwater flow for this seepage analysis. Because all the boundary conditions can only
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coexist in a fully coupled analysis, they are not all required on each step of the uncoupled
solutions.
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Figure 4.3-8. Geometry of a typical reactive mat application for finite element modeling.
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Figure 4.3-9. Summary of the boundary conditions for finite element modeling.

Geotechnical Parameters.  For the initial finite element model, reliable estimates of soft
sediment geotechnical properties were initially used for qualitative analyses in the absence of
field data from the Cottonwood Bay pilot site. Table 4.3-3 shows a summary of the geotechnical
property estimates.

The Young’s modulus had a constant value from the sediment surface to a depth of 1 m to avoid
numerical complications due to small or zero stiffness values. The high Young’s modulus of
sand was used to avoid numerical complications at the sloped end of the mat. A linear elastic
model was used for a first approximation to the final configuration.

Consolidation and triaxial tests were simulated using various constitutive soil models which
allowed for the calibration of geotechnical parameters and the definition of the best modeling
procedure to simulate a reactive core mat deployment over soft sediment. Additional models



were also developed to calibrate contaminant transport during both soft sediment consolidation
and potential geotextile permeability reduction.

Table 4.3-3. Summary of average geotechnical property estimates for finite element

modeling.

Property Sediment | Reactive Mat
Permeability, k [cm/s] 1.5x107 1.0x107
Initial void ratio, e 1.6 0.7
Unsaturated unit weight, ,.... [kN/m’] 11 15
Saturated unit weight, y_, [kN/m°] 14 17
Poisson’s ratio, v 0.3 0.25
Young’s modulus at 1 m, E[KN/m‘] 163.41 10000
Increment of Eper meter depth [KN/m?] 163.41 0

Numerical solutions for the individual analyses of consolidation, seepage, and contaminant
transport cases were available in the technical literature. Some finite element software includes
these individual solutions but the fully coupled analysis is not available in the literature and is
part of ongoing research. Consequently, the uncoupled solutions were employed in the initial
model since they have been proven to be useful in understanding the individual contributions to
the overall final configuration. They can also produce computationally more efficient results
similar to those obtained using the coupled solution. The following sub-sections present
uncoupled and coupled solutions to the consolidation-seepage problem.

Uncoupled Consolidation Model. The uncoupled consolidation model shows potential sediment
deformation following mat placement independent of groundwater flow. This model was solved
in two stages with the first stage computing the in-situ stress state of the sediment including the
pore pressure distribution. The model assumed no steady state or transient groundwater flow and
only the hydrostatic pressure was included. The geometry and boundary conditions of the model
were the same as those shown in Figure 4.3-8 and Figure 4.3-9 above, but the flux rate at the
base was g = 0 m*/s to avoid groundwater flow through the sediment.

Consolidation time is the time required to dissipate the excess pore pressure induced by the
weight of the mat. For practical purposes, 90-95% of the dissipation was defined as the end
point of consolidation. A point was selected at mid-depth of the sediment layer to verify the
excess pore pressure dissipation.

Uncoupled Seepage Model. The uncoupled seepage model shows potential changes in pore
water properties and groundwater flow following mat placement independent of sediment
consolidation. Two models were generated to assess post-mat groundwater seepage. The first
model assumed the same permeability for the mat and the sediment. This scenario represented
the case of an unclogged mat since the water drains freely from the sediment into the mat and out
to the bay. The second model assumed a mat permeability one order of magnitude less than the
sediment in order to simulate a clogged mat through which groundwater would not move freely.
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Coupled Model. The coupled solution of the consolidation-seepage case is defined in three
stages:

e Stage 1. Initial in-situ stress state without groundwater flow.

e Stage 2. Groundwater flow is applied by defining a flux rate at the base of the model and
the total head at the sediment surface. A new initial stress state is achieved.

e Stage 3. Mat deployment and consolidation under groundwater flow conditions.
Coupled solution.

The stages of the coupled modeling process were solved in sequence to simulate the real field
conditions expected following mat deployment. No information was available from the
consolidation tests to simulate the change of the sediment permeability during consolidation.
Therefore, the time required to dissipate the excess pore pressure due to the mat deployment may
be higher than the value estimated here. If a longer time is truly required to consolidate the
sediment, that means that the lower permeability layer (filter cake) expected to develop beneath
the mat will also take longer to develop. Again, a linear stress-strain relationship was used to
simulate soil behavior. Field displacements were thus generally overestimated.

Oedometer Consolidation Testing. The geotechnical properties of soft sediment typical of that
needed to calibrate the finite element model as appropriate for the Cottonwood Bay pilot site
were determined by oedometer and seepage consolidation tests. During year three, two
preliminary oedometer consolidation tests were carried out on sediment samples of similar
properties collected from the Piscataqua River in New Hampshire. Loading, unloading, and
reloading stages were fully completed and the results provide information about the primary
consolidation and change of permeability of the sediment, as well as the secondary compression
coefficient required for the numerical simulations. Given the soft nature of the sediment, and
that information about the secondary compression is required for the reactive mat project, each
consolidation test lasted 13 to 14 days. These results were used to guide oedometer testing on a
sediment sample collected from Cottonwood Bay.

Seepage Consolidation Testing. Continued low stress sediment consolidation tests were
performed during year three on unweathered geotextiles in order to provide compression curves
(e vs. ¢') that indicate a reduction of the void ratio as effective stress increases. The seepage
consolidation test provided information about the behavior of sediment from Cottonwood Bay at
0.64, 1.1 and 2.1 kPa of effective stress which is not possible to obtain on oedometer
consolidation tests. The results of the seepage consolidation were used to help calibrate the finite
element models depicting a coupled solution featuring consolidation and advective flow
contaminant transport.

Sediment Seepage Comparison. Test samples were extracted from the small-scale test mats
recovered from Cottonwood Bay after approximately one year of soak time to investigate the
amount of material that was able to seep into the mat under field conditions. This material was
characterized and the results compared to the seepage properties of stock geotextiles as
determined by the previous gradient ratio tests.
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Consolidation Modeling. A detailed two-dimensional model was developed to simulate
sediment consolidation beneath a reactive mat using the geotechnical properties of fine grained
sediment as identified from the Cottonwood Bay sediment sample. The model assumed a
sediment bed 8 m thick and 25 m wide where only 5 m of the sediment surface were capped
using a 0.3 m layer of sand. The Modified Cam-Clay constitutive model was used to simulate
soil behavior.

Groundwater Flow Modeling. A detailed two-dimensional model was developed to simulate
groundwater flow through fine grained sediment. Similar to the sediment consolidation model,
the groundwater flow model assumed a sediment bed 8 m thick and 25 m wide where only 5 m
of the sediment surface was capped using a 0.3 m layer of sand. The reactive mat was simulated
as a 1 cm thick layer of material with variable permeability to simulate clogging of the
geotextile.

4.3.4 Gas Permeability Testing

As described during the test mat monitoring and retrieval phases, the buildup of methane gas
beneath the reactive mats was observed during the field evaluation. The potential impacts of this
gas buildup on reactive mat performance thus became an important parameter in further mat
testing. Following prototype mat system observations in Cottonwood Bay that indicated
potential gas buildup beneath the mats during the summer months that could be detrimental to
mat performance, the SERDP review board requested additional laboratory testing to investigate
the possible effects of gas accumulation under a reactive cap.

That bacterial activity in sediment can lead to the generation of significant volumes of gas,
generally a mixture of methane and carbon dioxide with some other gases such as hydrogen
sulfide in smaller amounts, has been well documented. The accumulation of gas underneath
geotextile caps has the potential to cause cap instability if the buoyant force of the gas exceeds
the submerged weight of the cap. These conditions have occurred in some caps where the
geotextile layer was not covered with sand or armored with sufficient weight to offset the
buoyancy of the gas. Gas production depends on the temperature of the site, water type and
characteristics of the organic matter in the sediment. An upper estimate of biogenic methane gas
production in marine sediments has been reported as 4.25 x 10-15 mol/day per gram (8.963 x 10-
5 cm®/day per square meter) of sediment (Colwell et al. 2008). However, a literature review
showed reported gas production rates from wetland sediments, paddy soil, and other freshwater
sediments in the range of 0.3 to 2640 cm®/day per square meter of sediment surface, which is
more than five orders of magnitude greater than production in marine sediments. Gas production
rates in freshwater sediment also vary significantly with temperature from 0.3, to 341 to 917
cm®/day, at 4, 22 and 35°C respectively (Qingzhong et al. 2007).

Gas does not exit the sediment in a uniform, steady flow, but rather typically builds up in the
sediment and then escapes in large bubbles through a preferential path. Thus gas loading
underneath a cap is in the form of sudden bubbles trapped at the geotextile layer. An important
question for mat performance then becomes whether these gas bubbles have time to pass through
the geotextile or do they continue to build until the cap becomes unstable. In order to address
this question, an apparatus and test technique was designed to simulate a gas bubble trapped
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under the geotextile and investigate how easily this bubble would migrate through the geotextile
under a given hydraulic gradient simulating the rate of gas generation in natural sediment.

The gas permeability test was constructed using the same permeameter/geotextile setup as the
gradient ratio test, but without the sediment sample. Water pressure and temperature alone
influenced the gas dissolution in water. The purified deionized water used for the experiments
remained at room temperature (20-22°C) to minimize variations of its influence on the results. In
order to minimize the influence of water pressure on the gas dissipation rate, the water pressure
on the gas bubble was held constant at 1” and no water flow was induced through the geotextile.

The geotextile samples were prepared by submerging the geotextile for a period of 24 hr in
purified deionized water prior to assembling the permeameter. The fully saturated geotextile was
then placed in the permeameter and the system was filled with purified deionized water from the
bottom up to prevent trapping of gas bubbles in the system. The permeameter used to carry out
the gas permeability test is shown in Figure 4.3-10, including the port used to inject the gas
bubble and the location of the geotextile.

Geotextile

Port used to inject

Figure 4.3-10. Permeameter setup for gas permeability testing.

After complete assembly of the permeameter, a 1 cm® gas bubble was injected beneath the
geotextile and left to pass through the geotextile without any water flow in the permeameter. The
gas bubble was monitored daily until it passed through and/or was dissolved in the water.
Biogas collected from the Turnkey landfill in Rochester, NH was used for these tests since its
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composition is typical of the gas produced by bacterial activity in freshwater sediment (methane,
carbon dioxide, nitrogen, oxygen, hydrogen sulfide, and hydrogen). The gas permeability test
was carried out using a fine geotextile of greater weight (AOS 170, 8 oz/yd?) because if the gas
flow/dissipation rate for this material was found sufficient to prevent significant gas
accumulation beneath the geotextile, then no additional tests would be required on coarser and
lighter geotextiles which would be assumed to have greater permeability. The geotextile used in
these permeability tests corresponded to samples of the GT-4 geotextile used in the gradient ratio
tests.

4.4 Task 4: Prototype Mat System Testing

The purpose of this task was to field test a prototype mat system constructed of different
arrangements of the most effective amendment (identified in Task 1) and the geotextile most
resistant to fouling (identified in Task 3) in order to assess in-situ chemical sequestration
effectiveness and flux properties. To accomplish this task, larger prototype mats were
constructed per proposed specifications and deployed at the target area in Cottonwood Bay. The
Task 4 effort occurred entirely during years three and four of the project. Construction and
deployment of the prototype mat system was completed in April 2008 and, the mat arrangements
were monitored for contaminant adsorption and flux properties by various techniques through
December 20009.

441 Prototype Mat System Design

Laboratory data from the ongoing composite material testing and gradient ratio testing were used
to identify the most adsorbent amendment and the geotextile most unaffected by biofouling for
construction of a prototype mat system to be deployed at the selected pilot site and used for
long-term monitoring and evaluation of this technology. These design element results are
discussed in detail in subsequent sections of this report as outlined in the following table.

Table 4.4-1. Report outline for design element experimental results used to guide
construction of the final prototype mat system.

Design Element Report Section
. 5.1.1. Amendment Adsorption Capacity;

Amendment Core Mixture 5.1.2. Amendment Adsorption Kinetics
Geotextile Material 5.3.2. Gradient Ratio Testing
Geotextile Apparent Opening Size | 5.3.2. Gradient Ratio Testing
Geotextile Mass Per Area 5.3.2. Gradient Ratio Testing
Hydraulic Conductivity 5.3.2. Gradient Ratio Testing
Biofouling/Clogging Resistance 5.3.2. Gradient Ration Testing
Sediment Deformation 5.3.3. Consolidation Testing

The final mats created by CETCO for prototype testing were comprised of an 80 AOS and
8 oz/yd®> polypropylene non-woven geotextile, a woven backing geotextile and a mixed
amendment core made up of 0.23 Ib/ft” crushed apatite, 0.28 Ib/ft*> coconut shell activated carbon
and 0.28 Ib/ft? CETCO organoclay. Each individual mat was made up of two 25 ft x 15 ft panels
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to be placed with a five foot overlap for an overall footprint of 25 ft x 25 ft (Figure 4.4-1). The
entire mat system was designed to consist of four test treatments including a single layer mat
(T1), a single layer mat with sand cover (T2), a double layer mat (T3) and an area of sand cover
only (T4), as well as a similar sized area of undisturbed lake floor (T5, not shown) to serve as a
control for the test data (Figure 4.4-2). Where applicable, the sand cover component consisted of
an approximately three-inch layer of clean material of moderate grain size to provide a substrate
for recolonization of the benthos while at the same time protecting the mat from bioturbation.

25 ft
N 25 ft
N
eotextile Most Resistant 4 A ~N
to Fouling
Section A
15 ft
) Most Adsorbent Overla 25 ft
0.51n Amendment P >
Section B
Woven Backing Geotextile (Silt Curtain) Y,

Figure 4.4-1. Construction and layout diagrams of prototype geotextile test mats.
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Figure 4.4-2. Various arrangements for prototype mat system testing.
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4.4.2 Mat System Deployment

Mobilization. Deployment of the prototype mat system occurred during April 2008, with
assistance from personnel from SAIC, UNH, and subcontractors American Underwater Services,
Inc. (AUS) and Specialty Devices, Inc. (SDI). Equipment used for deployment included a dive
platform, portable work platform, roll-off box, Bobcat loader, dredge pumps and a 12’ dual
Jon-boat vessel. The dive platform and work platform were delivered on trailers and lowered
into the water from the shoreline staging area with a Sky-Trac telescoping forklift capable of
extending 30 ft. The roll-off box was delivered and positioned using a dedicated flatbed truck
and the dredge pumps were delivered on “gooseneck” trailers towed by heavy-duty pickup
trucks. The Sky-Trac forklift and a smaller Bobcat loader were delivered to the site by a local
rental company. The dual Jon-boat vessel was delivered on a dedicated trailer and assembled
and launched by hand from the staging area shoreline.

Target Area Layout. Prior to mat deployment, personnel used the dual Jon-boat vessel and
Hypack software interfaced with a laptop computer and DGPS antenna to mark off the precise
target mat deployment area as well as a separate control area for baseline monitoring. The
perimeter of the circular target area was marked with temporary open-cell orange foam floats
attached to bricks by approximately 12 ft of line. The corners of the control area were marked to
the east of the target area using higher grade permanent closed-cell orange foam floats also
attached to bricks by approximately 12 ft of line. The temporary floats were intended to be
removed when the different mat treatments had been deployed and the permanent floats were
intended to remain throughout the course of the long-term monitoring process.

Mat Deployment. The entire prototype mat system was made up of four test areas and an
undisturbed control area as discussed above and depicted in Figure 4.4-2. Approximately 25 ft
of undisturbed sediment (i.e., the length of one mat) was left between each test area to minimize
interference and potential edge effects. The single layer mats were both placed with the
non-woven geotextile side facing up (in contact with the water column). The double layer area,
however, featured the non-woven geotextile side facing down (in contact with the sediment) on
the bottom layer and the non-woven geotextile side facing up (in contact with the water column)
on the top layer.

During mat deployment, AUS personnel towed the dive platform into the target area and
anchored it in place with several Danforth-style anchors. High winds (20-40 kt) throughout the
duration of the project necessitated the use of multiple anchors and spud poles to keep all vessels
and barges in place while working. Reactive mat panels were transported to the target area on
the portable work platform, which was then tied up alongside the dive platform. Two AUS
divers attached to a surface supply airline system entered the water to place the mats while two
AUS dive monitors remained on the dive barge to observe the compressor and communicate to
the divers via the relay system in their helmets. Project personnel provided support and
instruction from the dual Jon-boat vessel anchored nearby in the target area.

While the large mats were rolled up on the portable work platform, small lengths of

polypropylene line were attached to the four corners of the individual 25 ft x 15 ft reactive mat
panels to attach to the mats to the anchoring mechanism. One diver then screwed 36-inch screw
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anchors into the sediment within the target area and the first mat panel was dropped in the water
and floated into place. Based on previous work with small-scale test mats, the original
anticipation was that the individual mat rolls would sink and they could be unrolled by divers
while on the lake floor. However, air trapped in the roll prevented the mats from sinking until
they were fully unfurled on the surface. Thus the polypropylene lines on one end of the mat
were lashed by one diver to the screw anchors already in place while the other diver pushed the
fabric on the surface, receiving assistance from personnel on the dual Jon-boat. The mats were
unrolled, allowed to sink, and the divers smoothed the mats and secured the corners to the screw
anchors.

Once the first 25 ft x 15 ft mat panel was secured in each test area, the process was repeated for
the second 25 ft x 15 ft mat panel with polypropylene lines being positioned approximately four
feet from the edge to account for the planned overlap and then lashed to the same screw anchors
already under the water. Polypropylene lines attached to the far corners and the overlapping
corners of the second panel were then fed through four additional screw anchors in order to pull
the overlapping panel tight. For the test area featuring the double layer mat, the four individual
panels were placed with an alternating overlap (i.e., like a deck of cards). The upper layer was
secured to the same screw anchors as the lower layer to limit both the dive time and the amount
of anchors left at the site. When pulled tight to the screw anchors, the mat panels were brought
into alignment with 100% overlap and no gaps in mat coverage present along the middle seam of
the mat area.

The two single layer mat areas (T1, T2) and the double layer mat area (T3) were marked with a
closed-cell orange foam float attached by a diver to the northwest screw anchor. In addition, the
divers placed a screw anchor with a fourth float in the center of the sand only test area. These
floats were color-coded to differentiate the test areas in the field log and were intended to remain
in the water for the duration of long-term monitoring. All PVVC pipes and other packing material
used to transport the mat rolls were removed from the project site and discarded.

Sand Placement. Following the placement of the mats, AUS personnel assembled a sand slurry
system to move capping material from the staging area on the NAS shoreline to two of the test
areas in Cottonwood Bay. This slurry system consisted of a steel roll-off box serving as a hopper
for the sand/water mix, one 6-inch hydraulic pump to move water from the lake into the roll-off
box, a second 6-inch hydraulic pump to move slurry discharge from the roll-off box to the target
area and a smaller submersible pump placed in the lake to provide a second water intake with a
more concentrated stream for stirring the slurry. The hydraulic pumps used were both Holland
Model H6TMS-D8 with a Perkins 1104.44 standard diesel engine power unit capable of moving
up to 730 gal/min with a 50-ft head. The pumps used vegetable oil rather than typical hydraulic
fluid to turn the impellers in order to minimize environmental impact and cleanup requirements
should there be a breach in the line. The submersible pump used to stir the slurry was a 4-inch
Honda gas-powered trash pump with a 16 hp engine capable of moving up to 705 gal/min. The
approximately 600 ft discharge line consisted of 20-ft lengths of 6-inch diameter rigid pipe
connected with buckle clamps and floated at the surface using 30 air-filled plastic barrels. The
discharge impeller weighed several hundred pounds and was moved around the roll-off box
using the Sky-Trac forklift to capture all available slurry material.
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Fourteen cubic yards of “Cushion #1” screened fine sand was purchased from a local dealer to
provide approximately three inches of cover on two 25 ft x 25 ft test areas (single layer mat, sand
cover only). This material was delivered to the project site in a dump truck and unloaded on top
of plastic sheeting to minimize impact on the local environment. During active slurry operations,
the sand was transferred from the pile into the roll-off box using the Bobcat loader. The mixture
was then stirred with the concentrated stream intake hose to ensure an adequate amount of
material was discharged through the hose. The initial sand placement attempt was unsuccessful
due to a prevalence of fine-grained material that was dispersed rather than deposited in the target
area due to wind wave action. The decision was made to cease slurry operations with the
“Cushion #1” sand and purchase a coarser grained material that would have a faster settling rate
and be easier to control under the water.

To correct this problem, an additional ten cubic yards of coarser grained masonry sand was
obtained from a second local dealer. This material would be left in the roll-off box and mixed
with the remainder of the “Cushion #1” sand to achieve the planned three inches of cover on the
two test areas. Rather than have a diver attempt to maneuver the discharge hose under the water,
the decision was also made to shorten the pipeline by 20 ft, add a 45° angle spigot on the end
facing down and hold the end in place using lines tied to the dive platform and the dual Jon-boats
anchored nearby. By pulling on the lines, personnel on the dive platform and the Jon-boats could
sweep the discharge pipe back and forth to ensure coverage of the entire test area.

The second sand placement attempt involved water being pumped into the roll-off box at 600 psi
hydraulic pressure and slurry being discharged at 900 psi hydraulic pressure (corresponding to
flow rates of approximately 400 gal/min and 600 gal/min, respectively, at 20-ft head according to
Holland manufacturer specifications) over the T2 test area to feature a single layer mat with sand
cap. These values were determined by trial and error to be the optimal pump settings for moving
masonry sand slurry through 600 ft of pipeline without particles settling out in the hose or water
overflowing the roll-off box while still being able to predict and control the discharge plume.
Once discharged, the masonry sand settled much more quickly than the “Cushion #1” sand and
produced only a small plume at the surface. Divers monitored the pumping effort periodically to
ensure sand was being contained over the test area, but extremely poor visibility precluded the
use of underwater video to document the sand placement and final site conditions. After
78 minutes of continuous pumping, diver measurements confirmed the presence of a uniform
layer of sand approximately 2-3 inches thick over approximately 80% of the single layer mat.
The remaining areas of the mat, encompassing the southernmost six feet (approximately 15% of
the total) and the extreme southeastern corner (6 ft x 6 ft; approximately 5% of the total), were
covered by %inch sand and a thin layer of rubble, respectively. There was also an
approximately two foot overcast area covered by 2-3 inches of sand beyond the northern edge of
the mat and a one foot undercast area covered by % inch of the finest sand particles. This
deviation from the planned three inch overall coverage with no overcast resulted both from an
inability to gauge how far sand would settle from the end of the pipeline at the chosen discharge
rate. The general bottom topography on which the mat was resting also contributed to variable
sand thickness as some particles tended to accumulate in natural sinks.

With the single layer mat area (T2) covered, the discharge spigot was positioned over the T4 area
(marked by a screw anchor and single float in the center) to receive sand cover only (no mat).
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Again, water was pumped into the roll-off box at 600 psi (400 gal/min) and slurry was
discharged at 900 psi (600 gal/min) and divers monitored the effort periodically. After 88
minutes of continuous pumping, divers confirmed that a 3-4 inch layer of sand extended
approximately 10 ft to the east and west of the screw anchor and approximately 20 ft to the north
and south. This layer tapered off to approximately once inch at the northernmost boundary of
the test area. Samples of capping material were obtained from both test areas by the divers after
placement as well as from the sand pile on shore for grain size analysis.

Demobilization. Following completion of the sand placement process, GPS locations of the
permanent floats used to mark the four test areas were recorded, and all temporary floats were
removed. Following project completion, the only visible materials left at the project site were
four color-coded floats attached to screw anchors marking the four test areas and four additional
floats attached to brick anchors marking the corners of the control area.

4.4.3 Geophysical Investigation

Geophysical Investigation. In December 2008, following approximately eight months of soak
time, a small-scale geophysical investigation including bathymetry, sub-bottom, side-scan sonar
and SPI surveys was conducted over the prototype mat system test area to record properties such
as surface roughness and benthic colonization that could not otherwise be observed from above
the water. The bathymetry and sub-bottom surveys were conducted with a single-beam
echo-sounder interfaced with a BSS+3 survey computer featuring HYPACK v.4.3 software. The
side-scan survey was conducted with an IMAGINEX dual frequency digital side-scan sonar
transducer (“fish”) also interfaced with a BSS+3 survey computer featuring HYPACK v.4.3
software. Both transducers were deployed from a small dual Jon-boat survey craft and several
passes were made over the prototype mat system to ensure complete coverage of the study area.
The highest resolution side-scan results were achieved with a start gain of 30 dB and a pulse link
of 150 us. Raw bathymetry, sub-bottom and side-scan data were processed to identify the
post-impoundment and pre-impoundment surfaces and provide a pictorial view of the prototype
mat system area. The final side-scan mosaic produced a clear image of the prototype mat layout
and the distribution of sand capping material, which previously had been confirmed only by
diver observations.

Sediment profile imaging technology utilizes an underwater still camera-mirror system to take
cross-sectional pictures of the sediment-water interface and the upper six inches of sediment (or
3” in cases of sand over mats) in order to assess biological conditions at the sediment water
interface. Several replicate SPI photographs were taken over the five test areas (including
control) to analyze benthic habitat conditions that had developed after approximately six months
of soak time. Cursory analyses of these images were performed to provide an evaluation of
sediment buildup on the mats, confirmation of sand capping thickness in appropriate areas and a
description of control area conditions.

4.4.4 Passive Contaminant Sampling

Monitoring Device Deployment — Year 1. In October 2008, after approximately six months of
soak time, divers installed three types of in-situ passive diffusion samplers at the prototype mat
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system to measure the sequestration of contaminants by each test treatment. The passive
contaminant sampling devices included dialysis samplers (“peepers”), semi-permeable
membrane devices (SPMDs) and solid phase micro-extraction (SPME) fibers. Peepers are
expression samplers constructed of polyethylene plastic casing fitted with a nucleopore
membrane used to evaluate metals in pore water. In contrast, SPMDs are permeable tube-like
bags containing a high molecular weight lipid (triolein) attached to an aluminum deployment
device that are used to simulate accumulation of organic contaminants in fish organs. The SPME
fibers are coated with a liquid polymer that allows organic contaminants to establish equilibria
between the fiber and the sample matrix. Because the utility of SPME devices in aquatic
environments is still in the research and developmental phase, the data from these samplers were
intended to provide a side-by-side comparison with similar data obtained from the SPMDs
through more established techniques.

To install the peepers, SPMDs and SPMEs, divers peeled back a section of mat and placed the
devices at least three feet from the edge in predetermined sampling locations. All samplers were
attached to aluminum deployment rods that were custom fabricated to meet the specific needs of
this project. These rods were then tethered to the screw-anchors that were already holding the
mats in place. Precise sampler locations (i.e., which specific corners of the treatment) were
carefully selected to maximize interaction with the desired interface (i.e., presence of sand cap)
and avoid any anomalous features such as the sand cap overcast and undercast areas adjacent to
the single layer mat area covered with sand, T2 (see Section 4.4.2).
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Figure 4.4-3. Vertical passive sampler layout in Cottonwood Bay.
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A total of 21 horizontal peeper/SPME combination devices, 30 SPMDs, four vertical peepers and
four vertical SPMEs were deployed at unique mat-water, sediment-mat, mat-sand, mat-mat,
sand-water, sediment-sand and sediment-water interfaces across the five test areas (including
control). The T4 area (sand cap only) and the T5 area (no treatment) received vertical peepers
and SPMEs to evaluate conditions over multiple horizons in the absence of a mat. A graphical
representation of the final vertical passive sampler layout as deployed in Cottonwood Bay is
presented in Figure 4.4-3.

Monitoring Device Deployment — Year 2. In October 2009, after approximately 18 months of
soak time, divers again installed three types of in-situ passive diffusion samplers at the prototype
mat system to provide a comparative second year contaminant sequestration dataset. The same
general sampling design, methods and sampler configuration were followed as in the previous
investigation. One exception was that SPMEs were excluded from the second year sampling
(based on ubiquitous non-detect results from the first round of sampling); these were replaced
with horizontal and vertical polyethylene devices (PEDs) as an alternate experimental form of
sampling for organics. The PEDs consist of a strip of low density polyethylene that measures the
activity of hydrophobic organic compounds (e.g., PAHs, PCBs, DDT) in the environment based
on the partitioning of these compounds between polyethylene and water. The PED is deployed
in the same manner as the SPMD such that freely dissolved hydrophobic organic compounds can
passively adsorb onto the membrane. As with the SPMEs and SPMDs, equilibrium is reached on
the order of days to weeks.

In a new approach, vertical peeper arrays were installed through small slits made into the mats in
areas T1 and T2 to provide data over multiple horizons in these treatment areas that were not
obtainable during the first round of sampling. A separate peeper and PED were also suspended
in the water column using an independent anchor-float system to provide background
information on contaminants present in the Cottonwood Bay.

The custom deployment rods holding the peepers, SPMDs and PEDs were modified following
the first round of sampling to include a second cross-member designed to keep the SPMD taught
on the sediment surface and eliminate some of the folding and tearing that was previously
experienced. A total of 21 horizontal peepers, 30 SPMD/horizontal PED combinations, 8
vertical peepers (2 through mats) and 6 vertical PEDs were installed throughout the overall mat
system in Year Two.

While installing the samplers, divers also inspected the mats for the presence of sand in the
capping areas as well as any slumping affects due to wave and current action or potential air
pockets caused by gas buildup below the mats. An air pocket measuring approximately 1-1.5 ft
high and 3 ft in diameter was observed below the mat in area T1 (mat only); divers were able to
remove the air by applying pressure to the mat until it escaped out the edge. In contrast, only
minor air pockets were observed for T2 (mat with sand cap) and T3 (double mat) and if present,
were also removed by the divers. Multiple ridges were also observed in area T3 likely caused by
the weight of the double mat distorting the underlying soft sediment. The presence of 2-3 inches
of coarse sand was observed in both capping areas (T2 and T3), which was consistent with the
findings of the sediment cores (see Section 4.4.6).
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Monitoring Device Retrieval — Year 1. In December 2008, divers retrieved the peepers, SPMDs
and SPMEs from Cottonwood Bay after exactly 50 days of soak/sampling time by extracting the
aluminum bars via the polypropylene lines and carefully bringing each array of samplers to the
surface. Working from the dive platform/small survey vessel, project personnel extracted
porewater from the individual peeper chambers using small syringes and placed the test material
in vials for shipment to the analytical laboratory. All vertical peepers were recovered by the
divers and processed on the dive platform/small survey vessel in the same manner as the
horizontal peepers, with a separate sterile syringe used for extracting porewater from each
discrete vertical chamber. The SPME deployment devices were encased in aluminum foil for
processing and extraction at a later time.

Recovered SPMDs were carefully sealed in pre-labeled tin cans for shipment to the processing
laboratory and the conditions of each sample were recorded on designated SPMD logs. One
SPMD was not recovered (i.e., lost) and several other SPMDs contained visible tears and creases
upon first inspection. The extent of this damage and the potential effects on sample data quality
were later quantified during the extraction process (see below).

During the sampler recovery effort, water quality measurements were also collected from the
surface water at the mat system area using a handheld YSI 556 Multi-Probe water analyzer.

The probe was then lowered into Cottonwood Bay approximately one foot below the surface at
the mat system area. Readings for temperature, conductivity, dissolved oxygen concentration,
pH and oxidation-reduction potential stabilized, were recorded in the field logbook. The process
was repeated with the probe lowered into Cottonwood Bay approximately one foot above the
mats. Water temperature values were to be used to complete SPMD concentration calculations.

Monitoring Device Retrieval — Year 2. In December 2009, divers returned to retrieve the
peepers, SPMDs and PEDs from Cottonwood Bay after 47 days of soak/sampling time following
the same procedures used during the Year One recovery (discussed in the previous section). As
for the vertical peepers, the vertical PEDs embedded in the sediment were recovered by the
divers and processed in the same manner as the horizontal PEDs. Finally, the peeper and PED
membranes suspended in the water column to analyze ambient surface water conditions were
recovered directly from the survey vessel and processed in the same manner as the horizontal
samplers.

All 30 test SPMDs were recovered (i.e., none were lost) and all were found to be taught on the
aluminum bars and appeared in good condition upon first inspection. The additional
cross-member added to the deployment bars for the second year sampling appeared to have
eliminated the tearing and folding that was experienced in Year One (discussed in previous
section). While onsite, water temperature measurements were made using a submersible
thermometer. At the time of sampler recovery in December, the water temperature in
Cottonwood Bay was 7°C (45°F), as compared to 19°C (66°F) at the time of sampler deployment
in October.

Finally, divers again inspected the mats for the presence of air pockets below the surface. In

contrast to the observations made during passive sampler deployment, when multiple small air
pockets (< 3 ft diameter) were observed in areas T1, T2 and T3, no air pockets were found under
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any of the mats at this time. These findings were consistent with previous observations of the
small-scale test mats that indicated potential gas buildup beneath the mats in the summer,
minimal to no buildup in the fall, and no buildup in the winter.

Peeper Extraction and Analysis. Horizontal peepers were deployed in replicates of three at
specific target interfaces (sediment-mat, mat-water, mat-sand, mat-mat) in areas T1 (mat only),
T2 (mat with sand cap) and T3 (double mat). In contrast, vertical peepers were deployed in
replicates of four (Year One) or three (Year Two) spanning specific target interfaces
(sediment-sand, sand-water, sediment-water) in areas T4 (sand cap only) and T5 (no
treatment/control). In Year Two, a peeper was also suspended in the water column in the middle
of the treatments to provide background data on the ambient water column.

Each replicate peeper featured several membrane-bound chambers at each depth containing
distilled water into which site porewater contaminants were allowed to equilibrate at that specific
horizon. During the sampler recovery process, the peepers were removed from the water and a
sterile syringe was used to puncture the membrane for each chamber and extract the contaminant
enriched water. The extracted water was then placed directly into a chamber-specific vial for
transport and analysis as a typical water sample. All vials containing water extracted from the
peepers were sent with wet ice (4°C) to UNH and analyzed for metals by inductively coupled
plasma-mass spectrometry (ICP-MS).

SPMD Extraction and Analysis. Semi-permeable membrane devices (SPMDs) consist of a
dialysis bag filled with oil (triolein) which essentially mimics the tissue/lipid matrix of aquatic
organisms. By measurement of the organic contaminants that accumulate in the oil, the
environmental concentration and bioavailability of the contaminant can be determined.
Additionally, because the oil will accumulate contaminants at very low concentrations, the
method is much more sensitive than traditional surface water or direct porewater analyses.

Extraction of the triolein test material from the recovered SPMD tubes was performed at the
processing laboratory (EST Labs, St. Joseph, Missouri). The SPMD extraction process generally
involves (1) removal of exterior surficial periphyton and debris; (2) organic solvent dialysis; (3)
size-exclusion chromatography (SEC); and (4) chemical class specific fractionation using
Florisil, silica gel and/or alumina sorption chromatography (Petty et al. 2000). Cleaned SPMDs
were dialyzed in hexane (125 mL of hexane per standard SPMD) for 18 hours at 18°C, followed
by a second dialytic period (with 125 mL of fresh hexane) of 6 hours also at 18°C. The two
dialysates were then combined and reduced in volume to about 1 ml for SEC cleanup (or an
equivalent process) and GC/MS analysis (Petty et al. 2000).

During the extraction process, laboratory personnel observed the conditions of each SPMD tube
in terms of the number of holes/tears, site water infiltration, apparent triolein loss and apparent
distension. Both triolein loss and site water infiltration would increase uncertainty in SPMD
analytical results as true representations of site porewater concentrations by diluting or altering
the composition of the internal solvent prior to analysis. All SPMDs holes were sealed prior to
extraction to limit the effects of any holes present. During the first round of SPMD sampling,
12 of 30 samplers exhibited at least one hole, with 7 of these samplers also experiencing
measurable oil loss or water infiltration. During the second round of SPMD sampling, only 2 of
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30 samplers exhibited holes and neither of these samplers experienced measurable oil loss or
water infiltration. The data usability for these compromised SPMDs is discussed in the study
results (Section 5.4.2).

Following the extraction process, the ampoules containing the resulting hexane dialysates were
sent to the analytical laboratory (EnviroSystems, Inc., Hampton, New Hampshire) and analyzed
for PAHs by EPA method PAH680. The subsequent analytical results were then entered into an
“Estimated Water Concentration Calculator” provided by the SPMD processing laboratory,
which converts the concentration of a measured PAH analyte in the SPMD extract (in units of
ng/mL hexane) to an estimated porewater concentration at the deployment site (in units of pg/L).
The calculation is based on mathematical models developed by the USGS Columbia
Environmental Research Center (Version 4.1) as a function of days deployed (~50 days), water
temperature (~10°C), mass of SPMD (4.5 g), volume of lipid (0.001 L), volume of membrane
(0.0037 L) and volume of SPMD (0.0047 L).

SPME Extraction and Analysis. The SPME process for monitoring PAHs in Cottonwood Bay
porewater was consistent with previously established protocol presented in Reible 2008. This
sampling technique employed between 10 and 20 cm of 300/200 um polydimethylsiloxan
(PMDS) fiber (Fiberguide) per replicate sample. Fibers were deployed at 10 cm lengths in a
protective stainless steel sheath which was slotted on three sides to allow adequate
porewater/SPME interaction. Upon recovery, all SPME fibers were kept in their sheaths,
immediately cooled below 0°C using dry ice and shipped overnight to the UNH analytical
laboratory.

Within 48 hours of field recovery, the SPME fibers were removed from their protective casing,
rinsed free of sediment with deionized water and cut to 1 cm increments which were placed in
300 pL of methylene chloride and allowed to desorb PAH analytes into the solvent for seven
days. Following desorption, the contaminant-enriched solvent was stored below 0°C until
analysis via GC/MS using a Varian 3800GC in line with a Saturn 2200 MS.

During chemical analysis, an external calibration for the 12 PAH compounds of interest for
Cottonwood Bay indicated that all concentrations in the SPME solvents were below the reporting
limit of the analytical instrument. Using the equation presented below, all porewater
concentrations for the various interfaces in the prototype mat system were thus determined to be
<5ng/mL.

Cpw = _(QSoIvent)*(VSOIvent)_*Kf
(VspmE)

Where: Cpw = Porewater Concentration
Csowvent = Solvent Concentration (determined by GC/MS)
V sovent = Volume of Solvent analyzed in GC/MS method
Vspme = Volume of PDMS on SPME fiber analyzed
K¢ = Partition Coefficient between Porewater and SPME fiber
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445 Chemical Flux Survey

After one year of soak time, groundwater seepage measurements through the prototype mat
system were made using Ultraseep groundwater seepage meters in order to quantify water flux
through the mats from underlying sediments as well as to identify any changes in contaminant
concentration with respect to the source (e.g., groundwater flux out of the mat versus overlying
water penetration into the mat). The Ultraseep is a modular, state-of-the-art seepage meter
designed for direct measurement of groundwater plumes at the sediment-water interface. This
unit was invented out of the need to accurately quantify contaminant flux into surface waters in a
time-transient manner, as previous methods were not able to locate and quantify these
measurements in a reliable way (Chadwick et al. 2003). Not only does the Ultraseep record flow
parameters, but it also collects passive samples of groundwater passing through the selected
interface to be used for chemical analysis.

Mobilization. Personnel from subcontractor Coastal Monitoring Associates (CMA) arrived at
the mat test site on the weekend of 12-14 June to mobilize a portable on demand storage (PODS)
unit containing all survey equipment and assemble an approximately 20 ft pontoon barge
powered by a small electric trolling motor. Personnel from Specialty Devices, Inc. (SDI) then
arrived on the morning of 15 June to launch the pontoon barge and assemble and launch a second
12’ dual Jon-boat vessel powered by a small gasoline engine as well as a third single Jon-boat
powered by another small electric trolling motor. The survey effort required three Ultraseep
units and one Trident Probe unit modified for use in the reactive mat setting.

Ultraseep Groundwater Flow Modeling. Ultraseep meters were deployed at the different
treatments within the prototype mat system (T1-single mat only, T2-single mat with sand cap,
T3-double mat, T4- sand cap only, T5-no treatment/control) from 15-19 June 2009. During the
deployment process, the units were lowered from the pontoon barge using a davit and
hand-powered winch. Scuba divers provided underwater support for guiding the Ultraseep to the
bottom and ensuring it was resting in place with a tight seal at the desired interface
(e.g., mat-water, sand-water, etc.). The Ultraseep meters were allowed to soak for approximately
24 hours to record groundwater flux data as well as collect a passive groundwater plume sample.
Following this soak time, the Ultraseep meters were recovered from each treatment area with the
aid of scuba divers and brought aboard the pontoon barge using the hand-powered winch. While
being raised from the surface but still in the water, divers cleaned the units to remove any
sediment or detritus. The units were then brought to shore and fully decontaminated following
standard operating procedures. The internal bag containing the groundwater plume sample was
removed from the unit and weighed. A small portion of the sample was then extracted and used
to test water quality parameters (e.g., temperature, conductivity, pH) using a handheld water
quality meter. The remainder of the sample was then transferred to a pre-labeled jar containing
70% HCI as a preservative to be shipped to the UNH analytical laboratory for chemical analysis.

Over the course of the week, Ultraseep meters were deployed twice at each mat-system area (T1,
T2, T3, T4) and once at the control area (T5). Sequencing, soak times and sample volume for
each Ultraseep replicate are provided in Table 4.4-1. During each sampling event, a single
Ultraseep unit was deployed at the treatment area and recovered the following day, with all three
units typically being recovered, decontaminated and re-deployed during a full working day.
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During the initial deployment attempt at the control area (T5), the native sediment proved too
soft to support the Ultraseep unit without it sinking too far into the mud or tipping over. Thus
the unit had to be retro-fitted with a thin plywood skirt to provide additional surface area for
deployment on the following day. Electronic groundwater flow data were recorded successfully
during all nine deployments. However, the second Ultraseep deployment at area T1 failed to
produce a groundwater plume sample, which may have resulted from the mat folding over onto
the unit, the unit being placed in an area where an air bubble had developed under the mat and
prevented contact with the sediment below or the unit being placed in an area where groundwater
flow was not percolating upwards into the overlying sediment.

Table 4.4-2. Ultraseep sampling summary for the Cottonwood Bay prototype mat system.

Discharge Surface
Soak |Sample| Water in | Discharge | Water

Deployment Recovery Time [Volume| Sample | Fraction | Fraction
Treatment Area (Date; Time) (Date; Time) | (~hours) (mL) (mL) (%) (%) Sample Type
T1 - Deployment 1 | 06/15/09; 1445 |06/16/09; 1425 24 671 113.06 17 83 Composite
T1 - Deployment 2 | 06/18/09; 1030 |06/19/09; 0859 22 2 - - - No Sample
T2 - Deployment 1 | 06/15/09; 1400 |06/16/09; 1412 24 215 13.39 6 94 Composite
T2 - Deployment 2 | 06/17/09; 1052 |06/18/09; 0855 22 10 - - - No Sample
T3 - Deployment 1 | 06/16/09; 1349 |06/17/09; 1124 22 72 - - - No Data Provided
T3 - Deployment 2 [ 06/17/09; 1435 |06/18/09; 1125 21 103 18.04 18 82 Composite
T4 - Deployment 1 | 06/17/09; 0938 |06/18/09; 0840 23 868 172.65 20 80 Composite
T4 - Deployment 2 [ 06/18/09; 0950 |06/19/09; 0920 24 722 111.85 15 85 Composite
T5 - Deployment 1 | 06/18/09; 1418 |06/19/09; 1306 23 344 34.09 10 90 Composite

Trident Probe Porewater Collection. Concurrent with the Ultraseep deployments, active surface
and porewater samples were collected from various depths in each mat-system area using the
Trident Probe. The Trident Probe unit is a flexible, multi-sensor water sampling probe used for
screening and mapping groundwater plumes discharging from surfaces sediments into the
overlying water column. The probe records real-time measurements of porewater temperature
and conductivity, which can then be compared to the overlying surface water to find areas of
probable groundwater flow (as evidenced by lower temperature and higher conductivity). The
probe also features three screened and sand-packed arms through which porewater can be drawn
into flexible hoses using a low-flow peristaltic pump. For the present study, the tips of these
arms were set at 3.51in, 11in and 24 in, respectively, below the base plate to sample various
depths within the test areas. A fourth hose (without a screen) was also set 2 inches above the
base plate to sample surface water at the treatment-water interface. These sampling horizons
were selected to mirror the same interfaces targeted previously by the passive contaminant
samplers (i.e., peepers, SPMDs) in order to analyze synoptic vertical chemical gradients.

During each Trident Probe event, the sampler was lowered from the dual Jon-boat vessel by hand
and pushed upright into the underlying sediment. In test areas containing a mat, modified cutting
tips were attached to each arm of the probe which were able to penetrate the geotextile layers
with minimal use of force. Prior to initiating sampling, scuba divers provided visual
confirmation that the probe was indeed in a desirable area (i.e., penetrating the mat or sand cap
where appropriate, particularly in areas where methane gas bubbles under the mats were
problematic) and that the base plate of the probe was flat against the selected interface. A GPS
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fix of the exact probe location was obtained and temperature and conductivity data from each
arm, as well as a reference sensor in the surface water, were collected.

Active sampling was then initiated by attaching each hose from the various probe arms to a
low-flow peristaltic pump and drawing water out of the target matrix (i.e., surface water, sand
cap, sediment). Approximately 250 mL of water were immediately purged from the sampling
lines in order to eliminate potential contamination. A small sample was then extracted from each
line and used to test water quality parameters (e.g., temperature, conductivity, pH) using a
handheld water quality meter. An additional 250 mL was then purged and a second water
quality measurement was taken. Finally, the analytical sample was collected directly from the
line into a pre-labeled jar containing 70% HCI as a preservative to be shipped to the analytical
laboratory for chemical analysis. Following each Trident Probe sampling event, the unit was
returned to shore and decontaminated following appropriate procedures (i.e., Alconox scrub,
nitric acid rinse, and distilled water rinse) prior to occupying a new sampling area.

Sampling from the surface line and the shallow arm (3.5 inches) took less than 10 minutes to fill
the 125 mL sample jar. In contrast, sampling from the deeper arms (11” and 24", respectively)
took over one hour due to fine sediment at depth and a very slow recharge rate. In the interest of
time, sampling from these depths was stopped following collection of approximately 30 mL of
porewater, which was the minimum volume identified by the analytical laboratory to
successfully conduct the desired metals analyses. Due to extremely long sampling times, the
deepest samples (24”) were only collected from areas T3, T4 and T5. When attempting to
sample the control area (T5), the probe base plate sunk into the very soft native sediment and the
surface water sampling line became clogged in the absence of a screen. Here, scuba diver
assistance was required to collect a surface water sample directly into a jar at the sediment-water
interface. During each Trident Probe sampling event at the double mat area (T3) an additional
water sample was taken from between the individual mat layers. In order to accomplish this
task, a scuba diver placed a separate probe between the mats that was not attached to the main
Trident Probe unit. This additional probe contained its own hose and was sampled in the same
manner as the other lines.

Over the course of the week, Trident Probe measurements and samples were collected twice at
each mat-system area (T1, T2, T3, T4) and once at the control area (T5). Sequencing and depths
for each Trident Probe replicate are provided in the table below.

Chemical Analysis. In total, 8 analytical Ultraseep samples from the treatment-water interface
and 32 analytical Trident Probe samples from various depths were collected from the
Cottonwood Bay prototype mat system. Single equipment blank samples were also collected
from the Ultraseep and Trident Probe units, respectively. These samples were shipped to the
UNH analytical laboratory and analyzed for metals by inductively coupled plasma-mass
spectrometry (ICP-MS).

Flow Data Processing. Specific discharge, temperature and conductivity data were downloaded
from the Ultraseep instrumentation for each individual deployment and plotted