Naval Information
Warfare Center

v
PACIFIC

TECHNICAL REPORT 3319
SEPTEMBER 2023

Long Term Monitoring of Activated Carbon Amendment to
Reduce Bioavailability of Polychlorinated Biphenyls (PCBs) in
Sediments at an Active Shipyard

Gunther Rosen
Molly Colvin
Nicholas Hayman
Joel Guerrero

NIWC Pacific

Jason Conder

Jennifer Arblaster

Meg Jalalizadeh

Alice Wang

Geosyntec Consultants, Inc.

Bart Chadwick
Coastal Monitoring Associates, Inc.

Jay Word
Ecoanalysts, Inc.

DISTRIBUTION STATEMENT A: Approved for public release.
Distribution is unlimited.

Naval Information Warfare Center (NIWC) Pacific
San Diego, CA 92152-5001



This page is intentionally blank.



TECHNICAL REPORT 3319
SEPTEMBER 2023

Long Term Monitoring of Activated Carbon Amendment to
Reduce Bioavailability of Polychlorinated Biphenyls (PCBSs) in
Sediments at an Active Shipyard

Gunther Rosen
Molly Colvin
Nicholas Hayman
Joel Guerrero
NIWC Pacific

Jason Conder

Jennifer Arblaster

Meg Jalalizadeh

Alice Wang

Geosyntec Consultants, Inc.

Bart Chadwick
Coastal Monitoring Associates, Inc.

Jay Word
Ecoanalysts, Inc.

DISTRIBUTION STATEMENT A: Approved for public release.
Distribution is unlimited.

Administrative Notes:

This report was approved through the Release of Scientific and Technical
Information (RSTI) process in August 2023 and formally published in the
Defense Technical Information Center (DTIC) in September 2023.

Naval Information
Warfare Center

v

PACIFIC

NIWC Pacific
San Diego, CA 92152-5001



NIWC Pacific
San Diego, California 92152-5001

P.M. McKenna, CAPT, USN M.J. McMillan
Commanding Officer Executive Director

ADMINISTRATIVE INFORMATION

The work described in this report was performed by the Energy and Environmental
Sustainability Branch of the Advanced Systems and Applied Sciences Division, Naval
Information Warfare Center Pacific (NIWC Pacific), San Diego, CA. The Department of
Defense’s Environmental Security Technology Certification Program (ESTCP), provided
funding for this technology demonstration under Project #ER18-5079..

Released by Under authority of

John deGrassie, Division Head Carly A. Jackson, Department Head

Advanced Systems and Applied Sciences Science and Technology
ACKNOWLEDGMENTS

This project was supported by the Department of Defense’s Environmental Security
Technology Certification Program (ESTCP), under project #£ER18-5079. We gratefully
acknowledge logistical and technical support from multiple organizations and individuals
including, but not limited to, Dr. John Frew (NIWC) Pacific, Phil Nenninger and Joy Gryzenia
(NAVFAC Northwest), Dr. Robert K. Johnston (Retired Navy; Applied Ecological Solutions),
Dr. Anthony Bednar and Jenifer Netchaev (U.S. Army Corps Engineer Research and
Development Center, Vicksburg, MS), John Collins and Dr. Moses Ajemigbitse (AquaBlok,
Ltd.), Daniel Gray (Koppers, Inc.), Trevor Richardson (PSNS Code 106.3) and the Puget
Sound Naval Shipyard Dive Team at PSNS&IMF, Anne Christopher (EPA Region X), and
Leonard Machut (Washington Dept. of Ecology).

This is a work of the United States Government and therefore is not copyrighted. This
work may be copied and disseminated without restriction. The citation of trade names and
names of manufacturers is not to be construed as official government endorsement or
approval of commercial products or services referenced in this report.

Editor: MRM



EXECUTIVE SUMMARY

ES-1 Introduction

Activated carbon (AC)-based amendments have been demonstrated widely in recent years as an
effective, and relatively non-disruptive means of sequestering sediment associated with hydrophobic
organic contaminants (HOC), such as polychlorinated biphenyls (PCBs). In 2012, under an earlier
project (ESTCP #ER-201131), an AC amendment (AquaGate+PAC™) was placed at a half-acre plot
adjacent to and underneath Pier 7 at the Puget Sound Naval Shipyard & Intermediated Maintenance
Facility (PSNS & IMF) to reduce PCB availability. This study site was unique to other AC
amendment demonstrations by being at a high-energy hydrodynamic environment at an active
military harbor. Post-placement monitoring conducted over a 3-year period showed a persistent 80-
90% reduction in available PCBs when compared with those made prior to placement. Benthic
invertebrate census and sediment profile imagery (SPI) did not indicate significant differences in
benthic community ecological metrics among the pre-amendment and 3 post-amendment monitoring
events, supporting existing scientific literature that the approximate activated carbon dosage level
(4%, by weight addition of AC (particle diameter <74 mm) in the uppermost 10 cm of surface
sediment) does not significantly impair native benthic invertebrate communities. The results reported
herein are from a follow-on monitoring effort, conducted in 2019 (~7 years post placement), to help
answer ongoing questions about the longevity of AC remedies. This report should be considered an
addendum to the larger project ER-201131 report (Kirtay et al. 2017), where more detail can be
found on various components including amendment placement, earlier monitoring results, and costs
and implementation of the technology.

ES-2 Objectives of the Demonstration

The primary objective of this project was to evaluate the long-term stability and effectiveness of
the AC-based amendment as in situ treatment for persistent HOC impacted sediments. The
demonstration focused specifically on PCBs, but should be applicable to other HOC sediment sites.
The demonstration also evaluated the secondary consideration of ensuring the amendment would not
adversely affect benthic ecological resources. While many studies have addressed the short-term
performance of AC amendments, there is a general data gap with respect to long-term performance.
This data gap leaves uncertainty based on the multitude of potential long-term outcomes associated
with AC performance at DoD contaminated sediment sites.

To meet the overall goals of the project, the specific task objectives included long-term evaluation
of:

Task 1: Effectiveness of AC amendment to reduce bioavailable concentrations of PCBs in biota
and available concentrations of PCBs in porewater;

Task 2: Stability of the AC amendment with observations of the lateral and vertical extent,
uniformity, and persistence in surface sediments;

Task 3: Potential for adverse impacts to the benthic community due to the remedy; and,

Task 4: Potential for technology transfer through commercial availability and acceptance of the
technology.



ES-3 Technology Description

The primary technology demonstrated in this project was a commercially available product,
AquaGate+PAC™, which is a sediment amendment consisting of powdered activated carbon (PAC),
that serves as a competitive, potentially less disruptive, alternative to sediment removal (i.e.
dredging) or capping of contaminated sediment sites. The material was specifically formulated for
sequestration of hydrophobic organic contaminants (HOC) and for successful application in
relatively deep water environments such as those associated with an active Navy Shipyard. The
amendment is coated onto a small (~2 cm) aggregate core using a bentonite clay binder, and once
delivered to the sediment surface within a water body, becomes incorporated into the top layers by
natural processes. This technology was coupled with multiple other technologies that provided a
comprehensive monitoring program to evaluate the amendment performance. The monitoring
approach largely followed that used for the pre-installation, and 3 years of post-installation
monitoring, of the remedy in a preceding ESTCP demonstration project (#ER-201131; Kirtay et al.
2017) by the same project team. Physical, chemical, and biological parameters were measured using
a suite of primarily in situ technologies to evaluate the persistence and effectiveness of the
amendment (i.e. towards reduced contaminant exposure to aquatic life), as well as identifying any
adverse impacts to the benthic community at the site.

ES-4 Performance Evaluation

The performance evaluation is summarized in Table 1, which is followed by a short summary of
results associated with each objective.
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ES-4 Performance Evaluation

Table 1. Summary of performance objectives, success criteria, and results.

Qualitative Performance Objectives

# Objective

Data Requirements

Success Criteria

Results

Demonstrate
reduction in PCB

1 bioavailability is
sustained over time.

Polychaete and bivalve
bioaccumulation in situ.
Passive sampler uptake in
situ.

Rigorous characterization of
PCB bioavailability at 10 multi-
metric stations 82-months post
amendment placement.

Met. Polychaete, bivalve, and passive
sampler uptake of PCBs were 85 to
93% lower relative to baseline uptake
prior to amendment placement,
comparable to that observed at 33-
months post placement.

Demonstrate the
continued presence
of activated carbon
within the target

2 amendment area and
physical stability
over time.

Lloyd Khan for Total
Organic Carbon (TOC)
content, petrographic
analysis for carbon
speciation, and chemical
oxidation method* for
analysis of black carbon
within the footprint.

High resolution evaluation of
TOC and AC presence using
multiple methods at four profiles
within the top 20 cm at 20
sampling locations for TOC and
BC (chemical oxidation) and 7
select sampling locations for AC
by petrographic analysis

Met. TOC (2.8%) and BC by
chemical oxidation (1.0%)
comparable on average over depth
and comparable with 33-month post
placement concentrations.
Petrographic analysis verified
presence of AC (0.9% on average) at
comparable concentrations to BC
analysis.

Evaluate benthic
community changes
in response to

3 amendment.

Benthic community census
data.

Successful sampling and analysis
of benthic community metrics for
comparison with short-term
monitoring data and concurrent
comparison of both reference and
amended sediment stations.

Met. No statistically-significant
differences among the groups for total
abundance, diversity, evenness,
Swartz dominance index, and percent
abundance of the top 5 abundant taxa
were observed, with P values of 0.11,
0.14,0.81, 0.34, and 0.20,
respectively.

Promote technology
transfer and
4 acceptance

Results from Tasks 1-3,
collaboration with site
managers and regulators,
broad dissemination within
the community of practice.

Identifying commercial vendors,
cooperation with site managers
and regulators, publicizing long-
term performance through inter-
agency and commercial
workgroups.

Met based on completion of multiple
proposed technology transfer
mechanisms.
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Performance Objective #1: Demonstrate reduction in PCB bioavailability is sustained over time

Performance Objective 1 was developed to determine if the AC amendment continued to show
sustained reduction of PCB availability over time, specifically at 82 months post-placement at Pier 7.
This was evaluated using in situ exposures of two benthic invertebrates, Macoma nasuta (bent-nosed
clam) and Nephtys caecoides (a polychaete), and passive samplers (solid-phase microextraction
(SPME). Both organisms and SPME were successfully deployed, recovered, and analyzed for all 10
sampling locations, indicating that this objective was met. These results are summarized and
compared with results from monitoring events from the first 3 years post-placement in Figure 1. The
results showed that concentrations for both species continued to show a >90% reduction in PCB
concentrations compared with concentrations prior to placement of the amendment. Similarly, the
porewater PCB concentrations showed a >85% reduction. For both bioaccumulation and porewater,
concentrations were not statistically different from the significant reductions observed in earlier
events.
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Figure 1. Summary of mean (£ 95% confidence level) reduction in concentrations of total PCBs in
tissue (lipid weight (Iw) normalized) and sediment porewater (pg/L) including at 82-month (long-term)
monitoring event. Note concentrations are on a logarithmic scale.

Performance Objective #2: Demonstrate long-term presence of activated carbon

Performance objective 2 was developed to demonstrate how much of the activated carbon placed
at the site remained in the surface sediments after 82 months. This was evaluated from the
measurement of total organic carbon (TOC) and Black Carbon (BC) as had been done in earlier
monitoring events, but also the incorporation of carbon petrography to quantify AC specifically. All
targeted samples were successfully collected, analyzed, and provided meaningful data, indicating that
this objective was met. The TOC concentration at 82 months ranged from 2.5-3.3%, on average, and
were generally consistent among the 4 depths measured. Black carbon concentration ranged from
0.7-1.3%, on average, while the AC content was 0.9%, suggesting that most of the BC was made up
by AC. Both BC and AC averaged 4.3 fold higher in samples that contained the aggregate used to
deploy the amendment than those without aggregate.
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Performance Objective #3: Evaluate long-term benthic community changes in presence of
sediment

Performance objective 3 was incorporated into the demonstration to assess any secondary effects
on the benthic invertebrate community. The 82-month data were compared with the pre-placement
benthic community data to assess whether or not the presence of the amendment had impacted the
biota. Overall, there is no evidence from the 82-month data indicating an effect on benthic
invertebrate communities at the amended area, as found for previous monitoring events (Kirtay et al.,
2018). No statistically-significant differences among the groups for total abundance, diversity,
evenness, Swartz dominance index, and percent abundance of the top 5 abundant taxa were observed,
with P values of 0.11, 0.14, 0.81, 0.34, and 0.20, respectively. Differences among the groups for taxa
richness were noted (P = 0.04). Species richness was statistically different (lower) in the baseline for
the unamended area compared to the 82-month amended area, suggesting improved ecological health
in the amended area compared to the reference stations. The observations from this sampling event
further confirm the findings of most scientific studies proposing that adverse effects on benthic
invertebrates are not expected as a result of activated carbon amendments (Janssen and Beckingham,
2013), especially when activated carbon dosage rates remain below approximately 5% by weight in
sediment (Rakowska et al., 2012; Janssen and Beckingham, 2013; Kupryianchyk, et al. 2015;
Patmont et al., 2015).

Performance Objective #4: Promote technology transfer and acceptance

Performance objective 4 was to promote technology transfer and acceptance which involved
collaboration with site managers and regulators and broad dissemination within the community of
practice, with a particular focus on the long-term performance and persistence of the remedial
technology. This objective focused on (1) transitioning the methods and knowledge to our
commercial partners in the project and other qualified commercial entities to provide the expertise
and capabilities for long-term monitoring of the remedy; (2) providing publicly accessible
documentation of the long-term performance of the technology at an operational site under
operational conditions; and (3) disseminating information about the technology performance as
widely as possible to the community of practice via conference presentations, webinars, publications
and social media. Partnering with Geosyntec, CMA, Ecoanalysts, and AquaBlok, Inc. ensured
continuity of methods and continued momentum towards transition of the amendment and associated
tools that have all been commercialized. The project team published a peer-reviewed journal article
in Environmental Toxicology and Chemistry (Wang et al. 2022), and a list of multiple venues for tech
transfer are listed in subsequent sections of this report.

ES-5 Cost-Benefit & Implementation

In situ reactive amendment with AquaGate+PAC™ is well suited to be implemented in a variety of
environmental conditions from shallow, quiescent, flat-bottom settings to deep water, variable, or
sloping water depths, and tidal environments with active vessel traffic and infrastructure. This
technology could be of great interest as a remedy to HOC-impacted (e.g., PCBs, polycyclic aromatic
hydrocarbon [PAHS], and pesticides) surface sediments in association with Superfund sites and sites
implementing remediation in response to equivalent state and local regulations associated with
contaminated surface sediments. In situ treatment technology may be limited to sites with
contamination to depths within the site-specific bioturbation mixing zone (generally 10-20
centimeters [cm] below sediment-water interface) unless it is determined that there is little or no
advective transport of contaminant from depths below the bioturbation mixing zone. AquaGate+ has



an advantage in the ability to place amendments around infrastructure (e.g., piers and bulkheads)
where dredging may be found to be more expensive or infeasible. Another advantage of AquaGate+
is the ability to place the amendment in navigational channels and berthing areas where capping may
be infeasible due to water depth requirements. Costs of implementing AquaGate+ are competitive
with alternative remedial methods; however, as with selection of any remedy, cost is dependent on
site-specific conditions and complexity.

ES-6 Conclusion

This study successfully continued the evaluation of the performance of an AC amendment in an
active harbor area throughout a multiyear monitoring period. The results showed a sustained
reduction in PCB availability 82 months post application of the AC amendment in the uppermost 10
cm of the surface sediment. As noted in previous events, reductions in PCB availability of 85 to
>90% (relative to baseline) were found using the SPME porewater and in situ bioaccumulation
measurement approaches. These reduced PCB availability levels would meet typical risk-based
screening or management criteria for surface sediments and many contaminated sites. This
achievement is especially significant given that traditional sediment remedies (e.g., dredging and
capping) would be challenging or infeasible for this location, which includes an area adjacent
to/beneath a pier and within a vessel berth with specific water-depth requirements.

Measurements of amendment placement using TOC, BC, and aggregate presence indicated results
similar to previous monitoring events: the amended area is stable and AC levels in the surficial layers
continue to approximate 1% AC. A novel approach (carbon petrography) was employed to evaluate
the accuracy of the BC results, and data support the use of BC measurements to confirm AC presence
and dosing rates. Carbon petrography may be useful to validate BC measurements at other sites,
particularly those with levels of BC that may interfere with post-amendment monitoring.

Benthic invertebrate census results from the 82-month study did not indicate differences in benthic
community ecological metrics among the pre-amendment and 4 post-amendment monitoring events
that would indicate a negative impact of the AC amendment. The recent data confirm previous
observations noted by Kirtay et al. (2018) that the AC amendment applied at the site did not affect
the benthic community.

Overall, the performance of the amendment shown in the present study, now demonstrated over a
7-year period following the AC amendment placement in 2012, will ideally encourage the
consideration of activated carbon amendments for similar logistically challenging settings in
contaminated sediment sites and as an alternative to traditional sediment remedies.
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Total Organic Carbon

Unites States Army Corps of Engineers
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1. INTRODUCTION

The primary and unique objective of this work was to demonstrate and validate long-term
performance of a reactive amendment that was placed for treatment of contaminated sediments at an
active Department of Defense (DoD) harbor. This project extended current pilot-scale testing of the
application of activated carbon (AC) to decrease the bioavailability of polychlorinated biphenyls
(PCBs) in contaminated sediment to near full-scale demonstration under realistic conditions at an
active DoD harbor site. The evaluation was conducted under field conditions at Pier 7 at the Puget
Sound Naval Shipyard (PSNS), Bremerton, WA.

Demonstration and validation on the preceding project (ESTCP ER-201131; Kirtay et al. 2017)
focused on: 1) placement of the amendment in deeper water areas that support vessel traffic; 2)
physical stability and longevity of the amendment in the sediment following placement; 3)
effectiveness of the amendment in controlling contaminant bioavailability over time; and 4) response
of the benthic community to the amendment application, and largely consisted of the same project
team members (Appendix A). This follow-on project aimed to address these same goals, 7-years post
placement of the remedy. Performance objectives for this project were specifically designed to assess
physical endpoints (including distribution, mixing and stability), chemical endpoints (including
changes in PCB partitioning/sorption in the presence of the amendment), and biological endpoints
(including tissue concentrations of contaminants and assessment of benthic community effects
following placement). This range of monitoring endpoints allowed the team to examine multiple
facets of the amendment’s long-term performance under an active harbor setting, including the
feasibility of deep water stability of material placement, the extent to which material placement
reduces tissue residue concentrations of PCBs (and mercury), together with the observable impact or
enhancement of the structure, diversity, and density of the benthic community.

1.1 BACKGROUND

Active, deep-water DoD harbor areas pose a number of significant challenges to the effective use
of traditional sediment remedies such as dredging, capping and monitored natural recovery (MNR).
Successful demonstration of long-term stability and effectiveness of in-situ treatment materials that
can address these challenges has the potential to reduce costs and recovery timeframes for a wide
range of active DoD sites and provide a more effective alternative to traditional methods of
remediation. Cleanup costs for contaminated sediments at DoD sites are estimated to exceed $2B.
Cost effective remedies for sediment remediation at contaminated DoD sites are limited, particularly
for active harbor areas. Currently, the primary remedial options for DoD sites include dredging,
isolation capping, and MNR (USEPA, 2005). Although in-situ treatment is described in EPA
Guidance for Contaminated Sediment Remediation (2005), large-scale demonstrations,
implementation and acceptance are generally lacking, and there had been no demonstrations in active
DoD harbors until the parent project (ER-201131; Kirtay et al. 2017, 2018) that led to this one.

Dredging is expensive, energy intensive, can have adverse short-term effects, severely impacts the
benthic community, can negatively impact surface water, cannot be applied near structural bulkheads
and beneath piers, and its effectiveness is often hampered by the inability to remove contaminated
sediments in and around the pier and structural areas that are common to active DoD harbors.
Conventional sand-based isolation capping also impacts the benthic community, may be limited by
vessel draft requirements, can be unstable in the face of ship and tug movements, and has minimal
capacity to control sources. MNR is generally targeted to quiescent, depositional environments and is
generally thought to be poorly suited to high-energy environments subject to significant vessel
traffic. To date, the majority of the in situ reactive amendment applications have been small, pilot-



scale efforts generally targeted to areas with minimal vessel traffic, obstructions or harbor activities.
In addition, most of these efforts have focused on the use of granulated AC, which may not be
suitable for delivery and stability in deep water active harbors due to its low density. Extending these
efforts to an active DoD harbor area where propeller wash, piers, bulkheads, deep water and a range
of other common challenges associated with coastal installations was necessary (and conducted
under ER-201131) to demonstrate the broader, more critical application for solving DoD’s
contaminated sediment challenge.

1.2 OBJECTIVE OF THE DEMONSTRATION

The primary objective of this project was to evaluate the long-term stability and effectiveness of
AC-based amendment as in situ treatment for persistent hydrophobic organic contaminant (HOC)
impacted sediments. The demonstration focused specifically on PCBs, but should be applicable to
other HOC sediment sites. The demonstration also evaluated the secondary consideration of ensuring
the amendment would not adversely affect benthic ecological resources. While many studies have
addressed the short-term performance of AC amendments, there is a general data gap with respect to
long-term performance. This data gap leaves uncertainty based on the multitude of potential long-
term outcomes associated with AC performance at DoD contaminated sediment sites, as depicted in
the conceptual diagrams presented in Figure 2.

To meet the overall goals of the project, the specific project objectives included evaluation of:

1. Long-term effectiveness of AC amendment to reduce bioavailable concentrations of
PCBs in biota and available concentrations of PCBs in porewater;

2. Long-term stability of the AC amendment with observations of the lateral and vertical
extent, uniformity, and persistence in surface sediments;

3. Long-term potential for adverse impacts to the benthic community due to the remedy,
and;

4. The potential for technology transfer through commercial availability and acceptance
of the technology.

These project objectives were evaluated with respect to quantitative and qualitative performance
objectives. Data collected in support of the performance objectives provided multiple lines of
evidence for assessing the long-term persistence of the amendment as an in situ strategy for limiting
chemical bioavailability at contaminated sediment sites.
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Figure 2. Conceptual models for long-term AC performance including: (A) continued reduction in
bioavailability associated with ongoing mixing and contact of the AC with the PCBs; (B) stabilization
of bioavailability associated with a rough equilibrium between the AC and the PCBs; (C) a gradual
increase in bioavailability associated with potential winnowing of the AC during resuspension events,
burial beneath the bioactive zone, bacterial fouling of the AC, edge effects of the pilot plot, and/or
moderate levels of recontamination; and (D) an abrupt increase in the bioavailability associated with
an extreme event such as a large release of contaminated material or a very large resuspension and
redistribution event.

1.3 REGULATORY DRIVERS

The remedy at the Bremerton Naval Complex (Pier 7) under ER-201131 was placed in accordance
with the Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) as
amended by the Superfund Amendments and Reauthorization Act of 1986 (SARA). Implementation
of the CERCLA remediation process is outlined in Title 40 of the Code of Federal Regulations (40
CFR) Part 300, National Oil and Hazardous Substance Contingency Plan (NCP).



2. TECHNOLOGY

This section describes the reactive amendment technology and a suite of in situ monitoring tools to
provide a better understanding of the amendment’s functionality, operation, and performance. Also
presented are past applications and the advantages and limitations of this remedial alternative, and its
application at the Puget Sound Naval Shipyard site.

2.1 TECHNOLOGY DESCRIPTION

This project focused on long-term performance associated with a recently-completed ESTCP
demonstration project (ER-201131; PI Dr. Bart Chadwick; Kirtay et al. 2017, 2018) which involved
the placement and three years of post-remedy monitoring of an AC-based amendment
(AquaGate+PACTM) for the sequestration of PCBs at Pier 7 at the Puget Sound Naval Shipyard &
Intermediated Maintenance Facility (PSNS & IMF; Figure 3). The technologies included are the AC-
based amendment itself (Appendix B), which was specifically formulated for successful application
in deep water environments, coupled with a comprehensive monitoring program to evaluate the
performance of the amendment. The approach generally followed the design used for the pre- and
post-installation monitoring in the previous demonstration project (Kirtay et al. 2017, Kirtay et al.
2018), which included physical, chemical, and biological lines of evidence using a suite of largely in
situ based technologies to evaluate the persistence, effectiveness, and potential for adverse impacts to
the benthic community.
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Figure 3. Technology Demonstration — Reactive Amendment, Conventional Delivery System for
Placement, and a Suite of Monitoring and Characterization Tools.



Physical parameters assessed in this project characterized the lateral and vertical extent, stability,
and content of the AC amendment in surface sediments, to evaluate changes in these parameters over
time resulting from natural sedimentation, benthic mixing, ship and tug activity; and/or increased
sediment cohesiveness. Chemical parameters included monitoring concentrations of PCB congeners
in surface sediment to evaluate changes in bulk concentrations, as well as monitoring the reduction in
contaminant availability via in situ bioaccumulation of PCBs in clam and polychaetes, as well as
porewater concentrations from passive sampling (i.e. magnitude and sustainability of reduced
bioavailability). Biological parameters included assessment of any changes in benthic community
richness, abundance, evenness, and diversity ~7 years post placement of the remedy. As discussed
below, the earlier results of the first monitoring events, as reported in ER-201131 (Kirtay et al. 2017,
2018), indicated immediate and sustained performance of the AC in reducing PCB availability by
approximately 70-90%, without any significant adverse impacts on the native benthic invertebrate
community.

2.1.1 Contaminated Sediment Remediation

HOCs, such as PCBs and PAHSs, when released into the aqueous environment eventually become
associated with sediment where they may reside for long periods of time due to a combination of
strong sorption and slow degradation (Millward 2005). PCBs have been identified as among the most
common chemicals of concern in contaminated sediments in the United States (NRC 2001). These
contaminants pose long-term risks to ecosystems and human health.

The most widely used approach for remediating contaminated sediments is dredging and disposal.
This approach can be expensive and disruptive to existing ecosystems. Numerous dredging projects
have failed to achieve their cleanup goals because they were carried out when site conditions were
unfavorable or because of dredging residual contamination, an inevitable side effect of dredging
(NRC 2001). Also, dredging is not always feasible (e.g., beneath existing piers and directly adjacent
to engineered bulkheads). Capping with clean sediments, another widely used remedial option, is not
always practical in sensitive environments, such as wetlands or in areas where changes to the
sediment bathymetry are of concern (e.g., shipyards). Finally, monitored natural recovery (MNR) of
sediments, a risk management alternative that relies upon natural environmental processes to
permanently reduce risk to the environment (Magar et al. 2009), is generally targeted to quiescent,
depositional environments and is generally thought to be poorly suited to high-energy environments
subject to significant vessel traffic.

While existing remedial options continue to be important and effective strategies under suitable
conditions, numerous DoD and non-DoD sites face increasing demands to address contaminated
sediment issues, particularly in active harbor areas where traditional remedial options such as
dredging, capping and monitored natural recovery (MNR) may be limited in effectiveness. Due to the
complexity and heterogeneity of many sites, a combination of approaches and new technologies are
needed to develop economic and effective ways to treat sediment contamination. More recently,
research in contaminated sediment management has been moving towards the use of in situ sorbent
(reactive) amendments as a means of altering sediment geochemistry and increasing contaminant
binding to reduce contaminant exposure (Ghosh et al. 2011, Patmont et al. 2015, Kirtay et al. 2018,
Wang et al. 2022).



2.1.2 Contaminant Sorption in Sediments

It has long been understood that the organic matter (OM) in soils and sediments is the principal
factor controlling sorption of organic compounds (Lambert, 1968). Sorption to sediment is a key
process in determining the actual fate and risk of HOCs in aquatic environments. It lowers aqueous
concentrations and therefore reduces mobility, bioavailability, and chemical and biological
degradation processes (Jonker and Koelmans, 2002). Because of their hydrophobic nature, HOCs
predominantly sorb to the hydrophobic regions of sediments. The volumetrically most important
sedimentary hydrophobic domain is natural organic carbon, the degradation product of dead biomass.
Therefore, sorption is commonly described as being a function of the organic carbon content in
sediments (Jonker and Koelmans, 2002). Historically, researchers have estimated the sorption of
hydrophobic organic compounds to solids (Kd, L/Kgsaid) using the organic carbon (OC) content (foc,
Kgoc/Kgsolia) and the OC-normalized distribution coefficient (Koc, L/Kgoc). This model assumes that all
hydrophobic chemicals partition into organic matter. However, some reported sorption data do not
conform to this partitioning model, and researchers have observed Kq values that are greater than
predicted by foc Koe. TO explain this discrepancy, it has been proposed that sediments and soils
contain more than one carbon fraction, each sorbing chemicals with a different affinity (Accardi-Dey
and Gschwend 2002).

For regulatory purposes, the organic carbon fraction is typically taken as a measure of the sorption
capacity which enables normalization of the aqueous equilibrium relationship for sediments
containing different amounts of organic carbon. However, as mentioned above, it is now understood
that this approach is too simplistic because organic carbon in sediment comes in different forms that
may have very different sorption capacities for HOCs (Ghosh et al 2003). As shown by numerous
research studies (Grossman and Ghosh 2009; Lohmann 2005; Cornelissen 2005; Cornelissen 2004;
Ghosh et al 2003; Jonker and Koelmans 2002; Kraaij et al 2002), in addition to natural materials such
as vegetative debris, decayed remains of plants and animals, and humic matter, sediment organic
carbon also comprises particles such as coal, coke, charcoal, and soot (often referred to as black
carbon (BC?!) that are known to have extremely high sorption capacities. For example, the log Koc
values for the PAH phenanthrene spans several orders of magnitude: non-BC lignin=5 and humic
acid=5; BC-derived particulate charcoal=5.5, soot carbon=6.5 and activated carbon=7 (Ghosh et al,
2003). The possible importance of black carbon in sorption processes in sediment has led to an
increasing body of research into the use of carbon sorbents to reduce HOC bioavailability in
sediments (Cornelissen 2011; Ghosh et al 2011; Oen 2011; Werner et al 2010; Cho et al 2009).

2.1.3 In Situ Sorbent (Reactive) Sediment Amendments

Reactive amendments are chemical or mineral-based materials designed to react in situ with
sediments and porewater through direct contact or emplacement in caps or barriers. They do not
decrease the total sediment concentrations of contaminants but rather decrease contaminant
bioavailability and transport to surface- and groundwater. As more emphasis is being placed on the
development of alternative in situ sediment remedial technologies (USEPA 2005; SERDP 2004;
SERDP 2016) and research has demonstrated strong binding of HOCs in anthropogenic and naturally
occurring particulate, black carbonaceous matter in sediments (Zimmerman 2004), there is a growing
movement towards the development and application of in situ sorbent amendments for contaminated
sediment management.

! Black Carbon is generally defined as a carbonaceous material formed during the incomplete combustion of plant or
other organic materials (Grossman and Ghosh 2009).



There are numerous reactive amendments — both natural mineral sorbents (e.g. apatite, barite,
bentonite) as well as engineered materials (e.g. ATS, Thiol-SAMMS) — that have been bench-scale
tested for their organic and metal sorption capacity (Kwon et al. 2010; Ghosh 2011; Ghosh 2008).
For HOCs such as PCBs, activated carbon (AC)? has been demonstrated to be the most effective type
of sorbent. Other carbon types such as coke, charcoal, and organoclays have been suggested, but the
sorption capacity for PCBs and PAHs in activated carbon? is at least an order of magnitude higher
than in the other sorbents (Ghosh 2003).

Laboratory studies have demonstrated that contaminated field sediment amended with activated
carbon amendments in the range of 1-5% reduced the equilibrium pore water concentrations of
HOCs in the range of 70-99%, thereby reducing the diffusive flux of the HOCs into the water column
and transfer into organisms (Hale 2010). Most studies (e.g. Ghosh et al. 2011, Kirtay et al. 2018, and
references therein) using benthic organisms show a reduction of biouptake of HOCs in the range of
70-90% compared to untreated control sediment. Similar results have recently been observed in
laboratory studies investigating biological uptake reduction with AquaGate+PAC™ in PCB
contaminated sediments from PSNS. The results from the laboratory treatability study conducted
prior to the ER-201131 demonstration that preceded this long-term assessment showed that
amending the contaminated sediment collected from the Bremerton Naval Complex (BNC) Pier 7
site with AC (delivered as AquaGate+PAC™) in laboratory scale studies effectively reduced the
bioavailability of PCBs to the marine polychaete, Neanthes arenaceodentata, with increasing
AguaGate contact time with the Pier 7 sediment resulting in progressively lower uptake with up to
94% total PCB reduction after a one month mixing period. The three-years of post AquaGate
placement monitoring at the Pier 7 site showed similar scales of reductions in PCB availability for
PCBs in sediment porewater, field-deployed marine polychaetes, Nephtys caecoides, and marine
clams, Macoma nasuta (Kirtay et al. 2017, 2018).

2.1.4 AquaGate+PAC™ Composite Aggregate Technology

The goal of reactive amendment technology, specifically in-situ remediation approaches, for
contaminated sediments is to reduce bioavailability and contaminant transport by introducing a small
amount of a chemical sorbent to the contaminated surface sediment. The chemical composition of the
sorbent is selected based on the nature of sediment contamination and the extent to which
amendments are required to achieve specific remedial strategies.

Among the large number of amendments tested, AC has shown promising results at pilot-scale for
reducing the bioavailability of HOCs such as PCBs in sediment. However, AC has a very low bulk
density and readily floats in fresh and saline waters. This property limits the ability for AC to be
applied to sediments that are underwater continuously (i.e., sediments in areas below the low-water
tide line) because AC added directly to underwater sediment tends to float upwards into the water
column rather than remain within the sediment. Previously-successful applications of AC to aquatic
sediment have been primarily limited to sediment in shallow areas that were exposed to the air at low
tide, allowing manual mixing of the AC into the sediment using land-based equipment before the tide
covered the area with water.

2 Activated Carbon is produced from coal or biomass feedstock and treated with high temperature to produce a highly
porous structure with greater sorption capacity (Ghosh et al. 2011).



A range of approaches for applying AC to underwater sediments have recently been demonstrated
at a pilot scale. One of these technologies considered to have significant potential for flexible, low
cost application of powder activated carbon (PAC) was developed by AquaBlok, Ltd (hereafter
referred to as AquaBlok).

AquaBlok initially applied its composite particle technology to the delivery of a bentonite-based
material to form a low-permeability cap over contaminated sediments. This technology is now well
proven, having been successfully evaluated under the USEPA SITE (Superfund Innovative
Technology Evaluation) program and installed at over one hundred sites to contain the migration of
contamination in sediments or soils. In 2007, AquaBlok began working both in Norway and the U.S.
to adapt its technology for the delivery of PAC through the water. This product is called
AguaGate+PAC. Below is a schematic representation (Figure 4) of the composite particle approach
employed by AquaBlok for PAC.

The AquaGate+PAC™ Particle
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Figure 4. AquaGate composite particle technology (left), and 2012 placement of the amendment at
Pier 7 (right).

The AquaGate composite particle is manufactured using a crushed stone core coated with a
combination of bentonite-based clay and powder activated carbon materials. Because bentonite-based
clay minerals are known to have a high cation exchange and binding capacity for metals, this single
composite particle will also be evaluated for its mercury sorption capability. Because the lighter
powder materials are bound to an aggregate substrate to form the composite particle, the particle has
a very high specific gravity (compared to the coating materials) and it will fall rapidly through the
water, either alone or in combination with other granular materials.

As shown in Figure 4, after placement, the coating materials will disaggregate from the stone core
and become mixed with the underlying sediment. It is expected that natural mixing (bioturbation)
will take place over time and incorporate the PAC material into the surface sediment layer allowing it
to adsorb target contaminants, providing reduction in bioavailability over time. Specifications of
AgquaGate+PAC are provided in Appendix B.



Figure 5. AquaGate+PAC delivery (frames 1-3), AC release (4), and mixing in surface sediment (5-
6).

Validation of the AquaGate and other AC amendment technologies have progressed since the
initiation of ER-201131 in 2011. In addition to the 3-year demonstration and validation at Pier 7
under ER-201131 (Kirtay et al. 2017, 2018), pilot scale studies at DoD sites have included those at
the Lower Duwamish River Waterway (Amec Foster Wheeler et al., 2018), Pearl Harbor Naval
Shipyard (NAVFAC 2018), Hunters Point Naval Shipyard (NAVFAC 2015). Based on the growing
number of research and demonstration projects supported by SERDP/ESTCP, DoD sites, and



industry, reactive sediment amendments, and specifically AC, has emerged as a well understood and
heavily researched remediation alternative. Significant bench scale testing of AC has demonstrated
its applicability for binding contaminants into matrices that reduce aqueous phase concentrations and
bioavailability (Ghosh et al 2000; Ghosh et al 2003; Millward et al 2005; USEPA 2005; Zimmerman
2005; Ghosh et al 2009; Merritt et al 2009; Patmont et al. 2015). For hydrophobic organic
contaminants such as PCBs, AC has shown consistently positive results for (Luthy et al 2004; Magar
et al 2003). Although a form of AquaGate was applied in a deep water setting during a pilot project
in Bergen, Norway in early 2010, this delivery technology had not been used in the U.S. to place
PAC in a deep water active shipyard setting until ER-201131 (Kirtay et al. 2017, 2018).

2.2 TECHNOLOGY DEVELOPMENT

Extensive technology development, through laboratory and field demonstrations, has occurred
over the past 20-plus years. The most relevant development related to the site, however, includes
being laboratory treatability studies conducted by NIWC Pacific, the 2012 amendment placement,
and 3-year post-placement monitoring program at Pier 7 as reported by Kirtay et al. (2017) and
Kirtay et al. (2018). Key monitoring tools (i.e in situ bioaccumulation and passive sampling) used in
that project were reemployed here based on the previous successes of those tools, and for
comparability between earlier and long-term monitoring events. Additional technologies to
characterize the presence of the activated carbon 7 years post-placement were reincluded and
expanded upon using tools such as black carbon characterization by chemical oxidation (Grossman
and Ghosh 2009) and activated carbon presence by carbon petrography (Wang et al. 2022).

2.3 ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY

The principal strategies used for managing contaminated sediment include monitored natural
recovery (MNR), in situ capping, and dredging. In situ treatment (e.g., reactive amendments) is often
categorized as a type of in situ cap. However, for the purpose of this document and in accordance
with EPA guidance, in situ treatment is considered here as a fourth remedial strategy although it’s
application at full-scale has yet to be demonstrated and is still under development as exemplified by
this and other research projects (e.g. Ghosh et al. 2011). Each remedial strategy has its advantages
and limitations. The selection of the most appropriate strategy, or combination of strategies, requires
balancing several criteria for remedial selection which includes long-term effectiveness, permanence
and cost; and reduction of toxicity, mobility, or volume through treatment (USEPA 2005). While a
comprehensive review of the advantages and limitations of these remedial strategies is beyond the
scope of this report, a summary, as described in the USEPA 2005 Sediment Remediation Guidance
for Hazardous Waste Sites was included in Kirtay et al. (2017), and focused on comparisons of tools
including monitored natural recovery, in situ capping, dredging, and reactive amendments.
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3. PERFORMANCE OBJECTIVES

The objective of this work was to demonstrate long-term persistence and performance of reactive
amendments for in-situ treatment of contaminated sediments in active DoD harbor settings. The
technology deployed incorporated a combination of a reactive amendment, a conventional delivery
system, and a suite of robust monitoring techniques for assessing persistence and effectiveness in
reducing bioavailability, and potential adverse effects to the benthic community.

This follow-on project to ER-201131 (Kirtay et al. 2017, 2018) was designed to assess the long-
term (~7-year) performance and effectiveness of the application of a reactive amendment
(AquaGate+PAC) to an active DoD, deep-water harbor site at the Puget Sound Naval Shipyard Pier 7
(Bremerton, Washington). At this site, elevated surface sediment concentrations of PCBs were of
concern, and physical disturbance is dominated by ship and tug activity. The preceding
demonstration provided baseline (pre-amendment placement) monitoring and post-placement short-
term monitoring at 10, 21, and 33 months after placement of the reactive amendment using both
quantitative and qualitative measurements to achieve the objectives of the project. Long-term (i.e. 82
months) performance was evaluated using many of the same measurements, but was also assessed
qualitatively based on the uncertainty of site-specific factors that could have altered the presence and
performance of the amendment, such as winnowing, low to moderate resuspension events, or
presence of significant newly deposited sediment. The performance objectives for the long-term
monitoring are provided in Table 1. Additional details regarding the design of this study, data
requirements, and statistical analyses are provided in Section 5 (Test Design). Results of the study
are detailed in this report with additional detail provided in Appendix C, D E, and F.

Demonstration and validation focused on:

(1) Long-term effectiveness of AC amendment to reduce bioavailable concentrations of PCBs
in biota and available concentrations of PCBs in porewater;

(2) Long-term stability of the AC amendment with observations of the lateral and vertical
extent, uniformity, and persistence in surface sediments;

(3) Long-term potential for adverse impacts to the benthic community due to the remedy, and;

(4) Promotion of technology availability and regulatory acceptance, which formed the basis of
the performance objectives for this project.

Data collected in support of these performance objectives were used to provide multiple lines of
evidence for assessing the effectiveness of long-term performance of the amendment as an in situ
strategy for reducing chemical bioavailability at contaminated sediment sites.
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Table 2. Performance Objectives.

Qualitative Performance Objectives

# Objective

Data Requirements

Success Criteria

Demonstrate reduction in PCB
bioavailability is sustained over
1 time.

Polychaete and bivalve
bioaccumulation in situ. Passive
sampler uptake in situ.

Rigorous characterization of PCB
bioavailability at 10 multi-metric
stations 82 months post amendment
placement.

Demonstrate the continued
presence of activated carbon
within the target amendment
area and physical stability over

Lloyd Khan for Total Organic
Carbon (TOC) content,
petrographic analysis for carbon
speciation, and chemical

High resolution evaluation of TOC
and AC presence using multiple
methods at four profiles within the top
20 cm at 20 sampling locations for

dissemination within the
community of practice.

2 time. oxidation method* for analysis of | TOC and BC (chemical oxidation) and
black carbon within the footprint. | 7 select sampling locations for AC by
petrographic analysis.
Evaluate benthic community Benthic community census data. | Successful sampling and analysis of
changes in response to benthic community metrics for
amendment. comparison with short-term
3 monitoring data and concurrent
comparison of both reference and
amended sediment stations.
Promote technology transfer Results from Tasks 1-3, Identifying commercial vendors,
and acceptance. collaboration with site managers | cooperation with site managers and
4 and regulators, broad regulators, publicizing long-term

performance through inter-agency
and commercial workgroups.

*Grossman and Ghosh (2009)
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3.1 PERFORMANCE OBJECTIVE #1: DEMONSTRATE SUSTAINED REDUCTION
OF PCB AVAILABILITY OVER TIME

Description

The effectiveness of the technology for contaminated sediment remediation is a function of the
degree to which the target contaminants are sequestered by the reactive amendment and contaminant
bioavailability to benthic organisms is decreased. The success in remediating the test area depended
on the demonstration of the reduction in bioaccumulation and porewater concentrations of the target
contaminants of concern (PCBSs) in the field. This task evaluated the extent to which the amendment
contributed to the reduction in availability of PCBs to the benthic invertebrate community 7 years
post placement of the amendment.

3.1.1 Data Requirements

The effectiveness of the amendment was evaluated on the basis of reduction in bioaccumulation of
PCBs in benthic organisms and concentration in sediment porewater (passive sampler PCB
concentrations) relative to baseline conditions. The tools to evaluate changes in availability included
measurement of PCB concentrations in benthic invertebrates in situ using the Sediment Ecotoxicity
Assessment Ring (SEA Ring) technology (Burton et al. 2012, Rosen et al. 2012, Rosen et al. 2017)
and measurement in sediment porewater concentrations using solid-phase microextraction (SPME)
methods (porewater concentrations represent the bioavailable chemical fraction in sediments). Data
for this assessment included 7-year post-placement contaminant concentrations in Nephtys caecoides
(polychaete) and Macoma nasuta (bent-nosed clam) and sediment porewater concentration using
SPME.

3.1.2 Success Criteria

The objective was considered to be met if characterization of PCB bioavailability at the 10 surface
(uppermost 10-15 cm) sediment multi-metric stations used in the previous project (ER-201131;
Kirtay et al. 2017) resulted in useful data for both benthic species and passive samplers with which to
compare with similar measurements obtained during the first three years of monitoring. ANOVA and
non-parametric tests comparing baseline, post-amendment placement, and long-term monitoring
results were applied as appropriate to test the significance of the data.

Extent to Which Success Criteria Were Met

Concentrations of total PCBs in M. nasuta tissue were 93% lower relative to pre-amendment
(baseline) monitoring levels. Eight of the 10 stations were non-detect for PCBs, so half the method
detection limit (MDL) was used to represent tissue PCBs at stations with non-detect results.

Concentrations of total PCBs in N. caecoides tissue were 95% lower relative to pre-amendment
(baseline) monitoring levels. Seven of the 10 stations were non-detect for PCBs, so half the MDL
was used to represent tissue PCBs at stations with non-detect results.

Concentrations of total PCBs freely dissolved in sediment porewater were 85% lower relative to
pre-amendment (baseline) monitoring levels. Eight of the 10 stations were non-detect for PCBs, so
half the MDL was used to represent Cree data at stations with non-detects.
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3.2 PERFORMANCE OBJECTIVE #2: DEMONSTRATE LONG-TERM PRESENCE
OF ACTIVATED CARBON

Sediment samples were collected from 20 stations, including the 10 multi-metric stations
previously used for ER-201131 and 10 additional stations within the amendment footprint, and
analyzed to investigate the trends in the presence and mixing of AC added to the Site in October
2012. There are no standardized methods of quantifying the AC content of sediment. AC is carbon
produced from natural source materials (nutshells, coconut husk, peat, wood, lignite, coal, and/or
petroleum pitch). Traditional Total Organic Carbon (TOC) content measurement methods (e.g.,
Lloyd Khan) can under-represent levels of AC in sediment, as some of the natural source material-
derived AC is lost prior to quantification of TOC (Grossman and Ghosh, 2009). This loss of AC may
have resulted in biased-low measurements of AC in the original Pier 7 sampling events (Kirtay et al.,
2018).

3.2.1 Data Requirements

For the monitoring of AC at the Site, three approaches were used to evaluate AC in Site sediment:
1) an analysis of TOC content (consistent with previous measurements using the Lloyd Khan
method); 2) an analysis of Black Carbon (BC) content using the Grossman and Ghosh (2009)
chemical oxidation method; and 3) a petrographic analysis to identify and quantify AC content
(Ghosh et al., 2003).

The Lloyd Khan TOC method was used in order to remain consistent with previous data (Kirtay et
al., 2018), and to provide a point-of-comparison to measurements of BC. BC is a form of soot formed
during the incomplete, high temperature combustio