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Abstract

Passive sampling devices (PSDs) are increasingly used at contaminated sites to improve the
characterization of contaminant transport and assessment of ecological and human health risk

at sediment sites, and to evaluate the effectiveness of remedial actions. The use of PSDs after
full-scale remediation remains limited; however, in favor of evaluation based on conventional
metrics, such as bulk sediment concentrations or bioaccumulation. This review has three overall
aims: (1) identify sites where PSDs have been used to support clean-up efforts, (2) assess

how PSD-derived remedial endpoints compare to conventional metrics, and (3) perform broad
semi-quantitative and selective quantitative concurrence analyses evaluating the magnitude of
agreement between metrics. Contaminated sediment remedies evaluated included capping, /in-situ
amendment, dredging and monitored natural recovery (MNR). We identify and discuss 102 sites
globally where PSDs were used to determine remedial efficacy resulting in over 130 peer-reviewed
scientific publications and numerous technical reports and conference proceedings. The most
common conventional metrics assessed alongside PSDs in the peer-reviewed literature were
bioaccumulation (39%), bulk sediments (40%), toxicity (14%), pore water grab samples (16%),
and water column grab samples (16%), while about 25% of studies used PSDs as the sole metric.
In a semi-quantitative concurrence analysis, the PSD-based metrics agreed with conventional
metrics in about 69% of remedy assessments. A more quantitative analysis of reductions in
bioaccumulation after remediation (i.e., remediation was successful) showed decreases in uptake
into PSDs agreed with decreases in bioaccumulation (within a factor of 2) 61% of the time. Given
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the relatively good agreement between conventional and PSD-based metrics, we propose several
practices and areas for further study to enhance utilization of PSDs through-out the remediation of
contaminated sediment sites.

Graphical Abstract

ANALYSIS COMPARING PASSIVE
SAMPLING AND BIOACCUMULATION
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Introduction

In recent years, passive sampling has gained scientific credibility as a powerful tool for
measuring the freely dissolved concentration (Ciree) OF anthropogenic contaminants?: 2

as well as a surrogate for the bioaccumulation of these pollutants.3-8 In addition, this
credibility is buttressed by the recent availability of methodological guidance for using
passive samplers and applying passive sampling data’-9 resulting in the expanding use of
this powerful tool for remedial and regulatory purposes at contaminated sediment sites
around the world (e.g., North America, Europe, Asia). A clear indication of this progress
is the recognition of the need for this type of specific passive sampling guidance0: 11

and increasing availability of commercial laboratories performing reliable passive sampler
analyses.12

Environmental passive sampling is commonly used at contaminated sediment sites where the
technique can be applied for a range of purposes, from assessing contaminant bioavailability
to measuring fluxes from the sediments into the water column. Many of these applications
of passive sampling can be used to inform remediation of the contaminated sites.® 13 The
U.S. EPA* document Contaminated Sediment Remediation Guidance for Hazardous Waste
Sites discusses multiple sediment remediation procedures including dredging, capping,

and monitored natural recovery (MNR) for cleaning up contaminated sediment sites. In
general, the goal of remediation is to reduce the ecological and human health risks
associated with contaminated sediment sites.14 While the ecological risk driver usually
revolves around toxicity to benthic and water column organisms at the site, the human
health endpoint is frequently associated with the concern of consumption of fish and
shellfish that have bioaccumulated contaminants at the site.1>: 16 Regardless of the specific
remediation method or risk driver, post-remediation monitoring is often performed to
evaluate remediation effectiveness. Common conventional metrics used for monitoring
include (i) measuring contaminant concentrations in the water column, sediments and
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porewaters, (ii) quantifying sediment and water column toxicity or benthic habitat impacts,
and (iii) determining contaminant fluxes between environmental media (e.g., sediment to
water, water to air).17~19 In addition, monitoring can include the use of biomonitoring
organisms to provide a bioaccumulation endpoint to assess remedial effectiveness.20: 21
Biomonitoring can be challenging if organisms are not available for deployment or site
conditions are stressful to the organisms. More recently, pressure has been exerted to
minimize the use of experimental organisms for ethical reasons.?? For these reasons,
alternative approaches, including passive sampling, have been considered for monitoring
and assessing the effectiveness of remediation.

Passive sampling measures the Cyce 0f contaminants and this value is a useful surrogate

for the bioavailable concentration of organic contaminants; for example, it can be used in
risk assessment as a measure of exposure.® 9 13 As a result, in recent years, as discussed
above, passive sampling has been applied as a component of remedial monitoring. To date,
a comprehensive review of passive sampling for evaluating remedial effectiveness has not
been performed. The objective of this investigation was to perform that evaluation to provide
regulatory scientists and managers, including remedial project managers (RPMs), with the
information needed to determine the usefulness of passive sampling at their contaminated
sediment sites. Specifically, this review had three components: (1) a search of the scientific
literature was performed to identify peer-reviewed remedial investigations in which passive
sampling was used, (2) selected passive sampling-based metrics (e.9., Giree) Were compared
with co-occurring conventional remedial metrics (e.g., water column and porewater
concentrations), and (3) a concurrence analysis was performed to display the degree of
agreement and disagreement between passive sampling metrics and bioaccumulation when
assessing remedial efficacy. As noted above, minimizing risks to human health is one of the
goals of remediation, however, for this investigation, the focus was on evaluating remedial
effectiveness based on ecological endpoints in aquatic environments.

Materials and Methods

We searched the peer-reviewed, scientific literature using the Web of Science and ProQuest
databases (Supporting Information (SI) Table S1). The last search was performed in January
2022. An article was included in this review if the following criteria were met by the
investigation:

1 Historically- and anthropogenically-contaminated sediment from a polluted site
including tidal mud flats (i.e., studies related solely to soil remediation or
laboratory studies utilizing spiked sediment were not included).

2. Contaminant(s) included were considered legacy contaminants of concern
(CoC) such as hydrocarbons like polycyclic aromatic hydrocarbons (PAHS),
halogenated hydrocarbons (e.g., polychlorinated biphenyls (PCBs)), and metals/
metalloids (e.g., cadmium, copper, nickel, lead, zinc, mercury, arsenic,
chromium). Nutrients and bulk organics (e.g., oil and grease) were not
included.?3
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3. Passive sampling was applied before, during, or after sediment remediation.
Studies using passive sampling devices (PSDs) only during remedial
investigations (e.g., for source identification) were not included unless similar
data were available during and/or after remedial actions were taken.

References cited within identified articles and articles citing those included (as identified by
Web of Science) were also screened for inclusion in this review. Additionally, we searched
various references not subject to peer review to build a comprehensive contaminated site
and data source list where PSDs were used to monitor remedy effectiveness. Data sources
screened included the following:

1 Draft and final reports from studies funded by the U.S. Department of
Defense, U.S. Department of Energy and U.S. EPA Strategic Environmental
Research and Development Program (SERDP) and the Environmental Science
and Technology Certification Program (ESTCP), specifically grants in the
Environmental Restoration field;

2. Abstracts and presentations (when available) from the Battelle International
Conference on Remediation and Management of Contaminated Sediments (2003
to 2019);

3. Abstracts and presentations (when available) from the Society of Environmental
Toxicology and Chemistry (SETAC) North American annual meeting (2009 to
2021 except 2015);

4 Abstracts and presentations from other conferences, including the North
American Environmental Monitoring Conference (NEMC) (2011 to 2021) and
DIOXIN conference series (1990 to 2021);

5. U.S. EPA internal database of Superfund site documents with search terms
“passive sampling” and “SPMD” (semi-permeable membrane device).

The focus of this report is the peer-reviewed literature, but we do pull from non-peer-
reviewed sources sparingly when appropriate. All data sources and sites are included as an
* xlsx file in the Supporting Information along with a plot showing cumulative publications
over time used in this review (SI Figure S1).

Using these search parameters, 113 peer-reviewed journal articles were identified utilizing
PSDs to evaluate or monitor the effectiveness of remediation of historically and
anthropogenically-contaminated sediment sites. These articles discussed the results of 89
distinct studies (i.e., some studies resulted in multiple articles). The earliest study used
dialysis samplers (also known as peepers) to monitor the migration of toxic metals

(TMs) through a 34 cm pilot-scale sand cap placed in Hamilton Harbour, Canada in
1995.24 25 More recent studies have generally focused on using polymeric samplers,8 such
as low-density polyethylene (LDPE) film, to determine the Gk Of hydrophobic organic
contaminants. However, some researchers have used other types of PSDs, namely diffusive
gradient in thin film (DGT) samplers, to evaluate labile toxic metal behavior.

Table 1 compiles the contaminants, conventional metrics, and passive sampling-based
metrics including the specific PSDs and endpoints. Contaminants included PCBs,
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PAHSs, the pesticide dichloro-diphenyl-trichloroethane (DDT) and its primary degradation
products (DDXs), pyrethroid pesticides, polychlorinated dibenzo-dioxins/furans (PCDD/F),
hexachlorobenzene (HCB), several toxic metals (e.g., cadmium, chromium, copper, nickel,
lead, selenium, zinc, mercury), and metalloids antimony and arsenic. Conventional metrics
for assessing remedial efficacy included measuring concentrations of contaminants in

bulk sediments, the water column, air samples, and sediment porewaters, as well as
measuring toxicity to aquatic organisms, elevated bioaccumulation, and degradation of the
benthic community condition. Along with the LDPE and DGT passive samplers mentioned
above, other equilibrium passive samplers included polydimethylsiloxane (PDMS) fibers,
polyoxymethylene (POM) and silicone rubber films, and the older passive sampler semi-
permeable membrane devices (SPMDs).8 In some instances, dialysis samplers and peepers
were mentioned for sampling toxic metals when discussing an experimental design

and used alongside DGTs. Specific passive sampling metrics included biomimetic (i.e.,
mass of contaminants taken-up by the polymer), Giree (including air values), flux of
contaminants between sediments and the water column, and derivation of site-specific
partition coefficients (SS-Kj) such as the bulk sediment-water partition coefficient (K;)

or organic carbon normalized Kj, (i.e., Koc). Several studies used the resin Tenax and

the endpoint of desorption kinetics as a proxy for bioaccessability to assess remedy
effectiveness. Additionally, several researchers employed the resins XAD or large polymeric
samplers as infinite sinks for contaminants, usually to estimate sediment-to-water fluxes in
static systems. For this review, applications of these materials (i.e., Tenax, XAD, infinite
sinks) and the desorption Kinetics endpoint were not included to focus on passive samplers
that are equilibrium sampling-based. In a few cases, the use of infinite sink sampling is
noted as part of an experimental design being described. In addition, the conventional
metric gut fluid extraction was not included as it is not a routinely-used measurement. The
Background section offers an introduction to remedial techniques, contaminant transport
mechanisms, and equilibrium passive sampling methods at contaminated sediment sites (see
the Sl section).

Data Extraction and Analysis

Data from peer-reviewed studies were extracted and analyzed to compare passive sampling-
based remedial endpoints to conventional remedial endpoints. Experimental metadata

(e.g., sediment characteristics, remedy information) were manually transcribed from peer-
reviewed articles. Remedial endpoint information (e.g., concentrations of CoCs in various
media) were taken from the text or tabulated data, if available, or manually extracted from
figures using WebPlotDigitizer.28 Files containing all the raw extracted data are available in
the SI. Authors were not contacted for missing information.

Two types of concurrence analyses were performed on the extracted data: (1) semi-
quantitative and (2) quantitative. In the semi-quantitative analysis, all relevant conventional
metrics were compared to passive sampling metrics for the same treatment. In this analysis,
for example, Gyree Values from passive sampling might be compared to bioaccumulation,
biota survival, or bulk sediment concentrations. The change in studied metrics, for both
passive sampling and conventional methods, resulting from the applied remedy was
categorized as “increase”, “decrease”, or “no change” based on statistical significance tests
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performed in the compared studies. Nominal changes were used if statistical significance
tests were not conducted by study authors. Because of the number of comparisons, the
semi-quantitative analysis was subdivided into HOCs and TMs.

For the second, quantitative concurrence analysis, all bioaccumulation data were compared
to passive sampler uptake and associated Cyree €Stimates from the sites on a fully quantitative
basis. Bioaccumulation and passive sampler uptake have similar units (e.g., ng g1 lipid, ng
g~1 polymer) and can be readily compared. Further, these metrics have been compared in

the literature® © providing precedence for this type of analysis at the contaminated sediment
sites identified in this investigation. In addition, we retained PSD-based Cye €Stimates in
this analysis as a passive sampling metric because it is a common endpoint used in remedial
practice. To be able to compare changes in G (€.9., ng L™1) to bioaccumulation (ng g71),
post-remedy data were divided by the corresponding un-remediated (i.e., baseline or control)
data to result in a fraction of initial condition (#:

metric,, _ % reduction
f= =1~ 00 @

metric,,.

where 0 < % reduction < 100 was reported in many studies instead of the values of the
metric before and after remediation. For example, if the concentrations of total PCBs in
biota tissue before and after remediation were 100 ng g~ and 20 ng g~1, respectively, then
f=(20ng g_l)/(IOO ng g_l) = 0.2 or the percent reduction is 80%. Note, we use finstead

of % reduction in our analysis because = 0 (and thus amenable to log transformation)

even when the metric increased as a result of remediation, whereas the % reduction would
be negative in this case and not log-transformable. For example, for f=0.2, % reduction
would be 80%, but for £= 1.5, % reduction would be =50 %. Ultimately, because the goal of
remediation is to reduce the magnitude of the conventional or passive sampling metrics, we
found most fto fall in the range of 0 < < 1.

The agreement of fvalues for passive sampling-derived endpoints with fvalues for
measured bioaccumulation was explored using multiple metrics. First, a standard Pearson
correlation coefficient [r] was calculated to assess the correlative strength (a = 0.05) of

the relationship between passive sampler uptake and bioaccumulation. Second, the Lin’s
concordance correlation coefficient (Lin’s CCC) was calculated. Lin’s CCC (-1 < p. < 1)is
a measure of how closely the compared methods fall on the 1:1 line with p, = 1 indicating
perfect agreement.2”: 28 Next, the arithmetic mean of ratios between paired observations was
calculated (i.e., mean (y/x)); this gives an estimate of the relative bias. Lastly, the percentage
of paired observations falling with a factor of 2 of each other was calculated to approximate
the spread of the agreement. Confidence intervals (95 % CI) were estimated for each of
these metrics using a percentile bootstrap procedure.2® Briefly, each investigated dataset was
resampled with replacement and the metrics were computed for the resampled bootstrap
dataset. The process was repeated 2000 times and the results for each metric was sorted in
ascending order. The lower and upper 95% CI were taken as the value of the metric closest
to the lowest and highest 2.5 % and of the data, respectively (i.e., the 251" and 975t metric
estimate in ascending order for 2000 bootstrapped replicates). Metric estimates are reported
as mean metric estimate (lower CI to upper ClI).
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The qualitative and quantitative analyses of remedy effectiveness were carried out in R
(version 4.1.3)30 using the RStudio IDE (Version 2022.02.0+443)3! and the following
packages: tidyverse,32 here,33 DescTools,34 and ggpubr.3® For the quantitative analyses,

a remediated sample could be compared to multiple un-remediated sample types:

baseline (prior to remediation), laboratory control (i.e., un-remediated sediment from same
sample subject to same laboratory conditions), or a field control (nearby un-remediated
contaminated sediment plot). Some articles contained multiple types of un-remediated
samples (e.g., baseline and field control)—we used the same un-remediated samples in our
analysis as the original authors used in their manuscripts.

Results and Discussion

Contaminated Sediment Sites

A total of 102 contaminated sites were found from the data sources previously described.
Figure 1 summarizes the global distribution of contaminated sediment sites in which passive
sampling was used to assess remedial effectiveness; the sites on the map include non-peer
reviewed data, and the inset tables only include data from peer-reviewed sources. In Figure
1, results are described in terms of scale of study (i.e., laboratory or pilot/field), types of
contaminants, and kinds of passive samplers. Interestingly, no studies from the southern
hemisphere were found in the search, with the majority of investigations performed in North
America, Western Europe, and East Asia.

For this subset of studies involving sediment remediation and passive sampling, Figure 2
and Figure 3 present the range of remedial approaches applied in North America, Europe
and Asia, respectively: dredging, amendments, capping, and MNR. Both capping and
amendments represent the most commonly applied remedies studied with passive sampling
with them being applied evenly around the northern hemisphere. While dredging was once
the most common form of remediation, monitoring of releases is often conducted only on
the solid phase (e.g., sediment traps or turbidity monitoring) and passive sampling of the
dissolved phase is performed less frequently. Despite the cost-effective appeal of MNR, this
remedial approach is monitored with passive samplers the least. The discussion below is
based on the data resulting from peer-reviewed studies included in Figure 1.

Passive Sampling to Assess Remediation Effectiveness: Overview

The following section discusses the types of investigations using passive sampling to

assess remediation effectiveness. The section is divided into (i) pre-remediation feasibility,
(ii) during remediation, and (iii) post-remediation studies. The pre-remediation feasibility
studies are sub-divided into (1) laboratory-based and (2) field-based studies and then further
discussed by type of remediation approach (e.g., amendment, capping). All of the studies
performed during remediation are field-based monitoring of dredging operations and are
discussed by contaminant class including hydrophobic organic chemicals (HOCs) and toxic
metals (TMs). Finally, the post-remediation studies are sub-divided into laboratory-based
and field-based and are also discussed in terms of the contaminant class being remediated.
For post-remediation studies, we included only sites where full-scale remediation was
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undertaken; pilot- and demonstration-scale studies are discussed in the Pre-remediation
Feasibility subsections.

To evaluate how passive sampling was used to assess remedy effectiveness, the tables in
this section report the CoC and other background information (e.g., type of amendment),
the PSD and the PSD endpoint being used, and the conventional metric(s) used to measure
remedy effectiveness. For example, Table 2 lists an investigation by Chen et al.3¢ in which
PAHSs and toxic metals were the CoCs in a sediment amended with magnetic activated
carbon. The passive samplers included PDMS discs and DGT used to determine Cgree While
conventional metrics included conventional bulk sediment contaminant concentrations and
bioaccumulation.

Pre-Remediation Feasibility Studies: Laboratory-based Sediment Amendments

This category is the largest of the review, driven primarily by the number of researchers
exploring sediment amendments for remediation. The following subsections provides
an overview of how PSDs compared to conventional metrics for assessing remedial
effectiveness (Table 2).

Bioaccumulation—Most studies that compared PSDs to bioaccumulation had separate
deployments for the biota and PSDs. Generally, uptake into PSDs or PSD-derived Cyee Were
determined in well-mixed, ex-situ experiments, whereas bioaccumulation was determined
in static conditions with or without water renewals. Six studies co-deployed PSDs and
biota: three each for HOCs and TMs. For HOCs, PSDs deployed in sediments during
bioaccumulation studies showed nominally greater reductions in contaminant uptake
compared to PSDs in the water column; one study observed reductions in PCB uptake
into POM of 99% vs. 96%, in sediment versus water column deployments, respectively,
at an activated carbon (AC) dose of 4.5%.37 Reductions of bioaccumulation in organisms
deployed in the water column tended to be similar in magnitude to the PSD deployed in
the water column, and even if any differences were present, they were small.3”: 38 Further
discussion is in the Supporting Information section.

Ten other studies compared bioaccumulation to ex-situ PSD accumulation, either
biomimetically (e.g., ng g™1) or calculated Giee (Table 2). These articles, focused mainly
on HOCs, found reductions in bioaccumulation from amendments strongly correlated
with reductions in PSD uptake. These findings highlight the reliability of ex-situ

passive sampling estimates for bioavailability in bioaccumulation studies. Additionally,
many of these studies influenced future research directions (see Supporting Information
section for further discussion). More recent studies have largely focused on exploring
alternative amendments,3% 40 expanding the classes and life stages of organisms studied,*!
and investigating efficacy of amendments for reducing bioavailability of pesticides and
PBDEs.40: 42

Sediment, Water Column, and Porewater Of laboratory-based pre-remediation studies
investigating sediment amendments, ten analyzed bulk sediment samples of both control
and remediated sediment, while porewater and water samples were collected in 9 and 2
studies, respectively. Sediments were generally analyzed for three reasons: (1) improving
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the accuracy of calculations of BSAF for HOCs*3 and TMs,*4 45 (2) fractionating of TMs
in sediment,6-48 and (3) monitoring reductions of HOCs through bioremediation.49-51
Interestingly, in Hale et al., bioavailability of PAHSs increased in inoculations containing
PAH-degrading bacteria, presumably due to production of biosurfactants, while bulk
sediment concentrations of PAHSs did not significantly change.® However, when PCB-
degrading bacteria were grown on AC that was subsequently added to PCB-contaminated
sediments, bulk PCB concentrations decreased up to 78% while porewater Csee decreased
even more (up to over 95%); these findings indicate that co-locating microbial degraders
with a sorbing material is likely beneficial for decreasing bulk concentrations /n-situ.>t

Early studies analyzed porewater samples alongside PSDs (namely SPMDs) to verify
reductions in porewater concentrations from sorbent addition were reflected by reductions

in PSD uptake. Laboratory investigations found relatively good agreement among biota,
porewater, and SPMD uptake for PCBs,%2-56 PAHs,53: 54 and DDX.38: 57 Since these studies,
researchers have often opted to use PSD-derived Cyee /7 lieu of collected porewater for
HOCs. For TMs, a recent study analyzed porewater collected through Rhizon samplers and
found amending the sediment with lanthanum-modified bentonite (LMB) and Ca(NO3),
reduced both dissolved and DGT-labile As by about 50%.48

No Conventional Metrics—Because early studies generally found similar reductions
in porewater, biota, and PSD uptake, numerous more recent studies used PSDs as the

sole metric to evaluate the effectiveness of sediment amendments. Generally, these studies
employed PSDs in well-mixed ex-situ sampling to investigate how various characteristics of
amendments affected relative uptake into the PSDs (i.e., biomimetic use) or the porewater
Ctree- However, a few studies deployed PSDs in static conditions. Researchers considered
particle size,?8-60 dose,>3-62 carbon type,53-65 mixing conditions,>8-60: 66 application
method, 5% 67. 68 hydrodynamics,®0 and the effect of natural organic matter (NOM).63. 64
The ease of deployment and analysis of PSDs relative to biota, along with documented
good correlation with organism bioaccumulation,? © demonstrate the promise of PSDs a
decision-making tool for laboratory-based amendment screening during pre-remediation
feasibility studies.

Pre-Remediation Feasibility Studies: Laboratory-based Capping

Far fewer studies investigated capping as a remedy in laboratory feasibility studies (Table

2). We note here that this review excluded studies that used PSDs as infinite sinks (e.g., a

large passive sampler in the water column of a quiescent microcosm), which a few studies
utilized.69. 70

Researchers have used both DGT (kinetic samplers) and /n-situ dialysis samplers, or peepers
(equilibrium samplers), to evaluate metal migration through caps in laboratory and/or
mesocosms (see Supporting Information section for further discussion). Laboratory-based
static column experiments showed concomitant reductions in DGT-labile and dissolved As
in the porewater (from peepers) after capping the columns with aluminum sulfate’? or
LMB;"2 bulk sediment fractionation also indicated As became less mobile over time after
capping with LMB.”2
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For HOCs, Eek et al.”3 used ex-sif POM sampling to determine Cree 0f PAHSs to support
modeling the results of a laboratory capping experiment. Lampert et al.”* deployed PDMS
fibers through sand caps of various thickness with simulated natural deposition of clean
sediment on top. Using 1 cm resolution through 8 cm to 10 cm of cap and contaminated
sediment, the authors showed significant reductions of PAH Cie in the bioturbation zone
of the oligochaete worm /lyodrilus templetoni. They also observed highly significant
correlations between PDMS uptake and lipid-normalized body burdens. R4mé et al.”>
simulated resuspension of AC-amended thin layer caps (3 mm to 5 mm) in intact cores.
SPMDs and DGTs were deployed for 60 d in the water columns (as infinite sinks) while
equilibrium sampling PDMS fibers were deployed in the sediment. Powdered activated
carbon (PAC)-amended thin layer caps significantly reduced fluxes of HOCs and metals in
both static and simulated resuspension tests. PDMS-based Ciree measurements showed no
statistically significant differences among treatments, potentially due to analysis of large
fiber segments relative to the thickness of cap (4 cm versus 0.5 cm).

Pre-Remediation Feasibility Studies: Laboratory-based Multiple Remedies and
Comparisons

Two studies used PSDs to compare multiple remedies, resulting in five separate peer-
reviewed publications (Table 2). In the first study, researchers simulated MNR and AC-
enhanced MNR of a DDX-contaminated sediment in stagnant column studies, with infinite-
sink PSDs in the water column to measure fluxes and profiler PSDs in the sediment.’®

A follow-up article added column studies evaluating deposition of clean and contaminated
sediment over thin AC caps. Without AC, bioturbation diluted any depositing sediment,
causing no reduction in flux, bioaccumulation, or sediment LDPE uptake from controls.
However, adding a thin layer of AC reduced sediment-to-water fluxes and sediment LDPE
uptake, even with depositing contaminated sediment.””

In a similar study, bioaccumulation of PCBs in three different organisms (i.e., a bivalve,
polychaete, and fish) was compared to co-deployed PSDs in the water column and sediment,
and also to ex-situ PDMS-lined vials.”® Sediments were mixed with AC,”° capped with
sand, or capped with a sand/AC mixture.8% Furthermore, the flow-through mesocosms

were occasionally dosed with either clean sediment inputs or sediment spiked with non-
native PCBs, which acted as tracers to determine which sediment—bedded or deposited—
was responsible for bioaccumulation. PCBs in polychaetes were the most linked to bed
sediment, and while accumulation in fish and bivalves were also mostly from bedded PCBs,
the two different capping sediment treatments had more influence in fish than the other
organisms. These studies also found that PSDs in the water column were better indicators
of bioaccumulation in fish and bivalves, whereas sediment-based PSDs correlated better
with polychaetes. These results likely reflect the primary exposure media the organisms
experienced; that is, the fish and filter feeding bivalves were exposed to contaminants in

the water column of the laboratory system whereas the sediment-ingesting polychaetes
interacted directly with the sediments. The mixed AC mesocosm reduced bioaccumulation
the most, followed by the mixed sand/AC cap. A full description of this study (including
more mesocosms) can be found in the final SERDP report.81
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Pre-Remediation Feasibility Studies: Field-based Sediment Amendments

Pilot projects using sediment amendments aimed to show this remedial technique could
reduce bioaccumulation, toxicity, and water column concentrations of CoCs (Table 3).
Additionally, they sometimes were used to refine remedy characteristics, such as delivery
methods, that are difficult to simulate in the laboratory. A limited number of studies82-8>
compared changes in bulk sediment and/or water column concentrations of CoCs to
changes in Geree, flux, and polymer uptake based on passive sampling. In two of those
studies, benthic community composition was also evaluated versus passive sampling-based
measures.82: 84 (See Supporting Information section for further discussion).

A limited number of studies reported bulk sediment concentrations over time, but addition
of 1.5% to 4% AC by weight did not significantly affect the sediment PCB concentration
in pilot projects for up to 13 months,8¢ 18 months,82 and 33 months8# after placement.

The bulk PCBs concentrations in one study decreased significantly (30% to 52%) after 13
months of contact with AC amended with PCB-degrading bacteria.86 Clearly, metrics other
than bulk sediment concentrations are needed to evaluate the remedial efficacy of sediment
amendments; these are discussed below.

Early studies targeted whether the reduction in bioavailability and correlation between
bioaccumulation and passive samplers observed in laboratory studies translated to the
field. Initially, researchers compared uptake to /n-situ sediment SPMDs (and later, LDPE
and POM) to co-deployed biota to determine if /n-situ PSDs could serve as a proxy for
bioaccumulation in native or introduced benthic organisms (see Supporting Information
section for more discussion).

Pre-Remediation Feasibility Studies: Field-based Capping

Compared to sediment amendment, fewer studies investigated capping as the only field-
based remedy. Lampert et al.8” had a few interesting findings from a capping demonstration
in the estuarine Anacostia River (see Supporting Information section for more discussion).
Cornelissen et al.88 describes a large (3x10000 m2 and 1x40000 m? plots) field trial of
passive and active thin-layer caps over PCDD/F-contaminated sediments in a deep (30 m
and 100 m) Norwegian fjord. Researchers measured sediment-to-water fluxes using benthic
chambers with SPMDs as infinite sinks. Additionally, they determined Gree in the water
column 7 cm to 10 cm from the sediment surface with 17 pm POM. Flux chambers and
POM were deployed for four consecutive 6 month periods starting one month after capping
(see Supporting Information section for more discussion).

Fernandez et al.8° used /in-situ PE, POM (both with PRCs), and PDMS fiber (without PRCs)
samplers to determine whether a thin (between 4 cm and 16 cm) sand cap over DDX-

and PCB-contaminated sediment off the coast of California (Palos Verdes) was reducing
flux to the water column. A previous investigation with passive sampler deployments at

3 depths in the water column found higher DDX concentrations near the sediments than

near the water surface along with horizontal migration of dissolved DDX down-current

from heavily contaminated sediments.%0 Profiles of Cee Within the capped sediment showed
a sharp increase near the cap-water interface, indicating recontamination. Water column
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concentrations directly above the sediment-water interface were similar among uncapped
and capped sites, resulting in similar fluxes at the capped and nearby uncapped sites. While
in-situ profiles indicated no reduction of flux, the authors did note that the fluxes were an
order of magnitude lower than those calculated in an earlier study that utilized a one-carbon
equilibrium partitioning (EqP) model to estimate the porewater concentrations. Additionally,
porewater concentrations within the cap (roughly 2 cm below the sediment-water interface
(SWI) were about 50% of those observed at nearby uncapped sites. This finding suggested

a cap could reduce both flux and bioavailability for benthos that burrow deeper than the
contaminated layer at the SWI.

Pre-Remediation Feasibility Studies: Field-Based MNR

Only one study was available for MNR. At Pallanza Bay (Verbano-Cusio-Ossola, Italy), Lin
et al.91 deployed LDPE samplers with 30 cm both above and below the sediment water
interface at 2.5 cm resolution using a porewater probe designed for deep water deployments.
LDPE was spiked with a PCB PRC and target analytes included DDT and its metabolites.
Sediment traps and hydrodynamic equipment were deployed nearby with LDPE samplers
attached to determine water column Cie. Interestingly, the PCB PRC, chosen because it has
similar hydrophobicity to the most hydrophobic DDX, only released 10% to 20% from the
LDPE. However, deployments of different lengths (60 d, 93 d and 130 d) did not indicate
significant differences in DDX concentrations in the porewater or water column at the same
locations, suggesting approximate equilibrium. Fickian modeling also suggested the fraction
equilibrium (7g) was greater than 80% for all DDX compounds. Adjustment for diffusivity
and hydrophobicity resulted in 7, of 20% to 90% depending on the DDX compound.
Ultimately, the study found upward diffusive fluxes observed in the porewater would not
overtake the sorption capacity of naturally deposited clean sediment. Consequently, it was
concluded that Pallanza Bay was demonstrating adequate natural attenuation at the time of
the study.

Pre-Remediation Feasibility Studies: Field-Based Multiple Remedies and Comparisons

Two studies performed multiple remedy effectiveness comparisons. Sanders et al.92
compared three AC addition methods in a PCB-contaminated oligohaline tidal marsh
(Berry’s Creek, NJ, USA): SediMite, granulated activated carbon (GAC), and GAC with

an overlying thin layer (2 cm to 3 cm) of sand; the effective AC dosage was 5% over 10 cm
depth. Monitoring of effectiveness included a pre-pilot baseline and six post-addition events
up to 37 months after remedy implementation. Monitoring included determination of Ciee
with PRC-loaded LDPE and POM strips of different thicknesses (28 d deployment), in-situ
bioaccumulation studies (top 5 cm to 8 cm, 14 d), ex-situ bioaccumulation studies (for one
monitoring event), and native invertebrate bioaccumulation.2: 93 SediMite, in which the
active ingredient is PAC, reduced porewater Cyee by Over 90% in the top 2.5 cm, whereas
the two GAC treatments showed temporal variability, with reductions of 34% to 86% versus
pre-amendment Cyree. Native biota showed similar reductions in each treatment versus an
unamended plot whereas caged /n7-situ bioaccumulation showed higher reductions in the
SediMite plot compared to the GAC plots relative to the unamended plot. However, this
study did not investigate the effects of the finer PAC on toxicity or benthic community
condition (e.g., abundance, richness) like Cornelissen et al.%4
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Cornelissen et al.% carried out a thin-layer active cap pilot in Trondheim Harbor (Norway)
to determine which placement technique was optimal (i.e., AC only, mixed AC/clay
layered AC/sand, sand only). Fluxes of PAHs from the caps were monitored for a year
following placement with /n-situ benthic chambers utilizing PDMS sheets as the infinite
sink. Additionally, samplers holding 17 um POM passive samplers were deployed /n-situ
across the sediment-water interface for 60 d to 154 d (without PRCs) at 9 months after
capping. Relative uptake in the POM samplers and calculated Cge Were used as the metric.
Regardless of addition method, AC reduced fluxes to the water column compared to the
uncapped reference site, but none of the remedial treatments was superior. The POM
samplers indicated reduced porewater concentrations coinciding with the depth of AC (0
cm to 5 cm deep) by about 50% but no differences in porewater below the AC or in the
water column above the capping demonstration plots. However, a high effective AC dosage
(up to 40% dry weight) resulted in statistically significant impacts to native benthic fauna
abundance and richness, but the result was lessened in the clay/AC mixed cap.

Pre-Remediation Feasibility Studies: Field-Based Dredging

Dredging is the oldest method of sediment remediation, and because it is so established, the
equipment mobilization and sediment disposal often make pilot dredging projects too costly
except for optimization pilots in very large projects (e.g., Hudson River, NY, USA; Lower
Passaic River, NJ, USA). Thus, only a single article has been published on a field-scale
dredging test that used passive samplers as metrics to evaluate remedial efficacy. Yu et al.%
collected sediment cores from Lake Taihu (Jiangsu, China), removed the top 25 cm from
half of the cores, and placed all the cores back into the lake. After 11 months, the cores
were removed from the lake and analyzed through 24 h DGT deployments and sequential
bulk sediment extraction. While the absolute amount (i.e., bulk sediment concentration) of
metals (Cu, Cd, Ni, and Zn) decreased after dredging, the fraction of exchangeable metals
was higher, as were the labile concentrations near the surface, particularly for Cu and Zn.
The authors attributed the increased lability to reduced sulfide content in dredged sediments
and urged more study into the effect of dredging on the cycling and availability of metals in
sediments.

During Remediation

The following subsections briefly summarize hydrophobic organic contaminants (HOCs)
and toxic metals measured with passive sampling during dredging events (Table 4) to assess
remedy effectiveness. A detailed discussion of these studies is presented in the Supporting
Information.

Hydrophobic Organic Contaminants—No targeted peer-reviewed studies in
freshwater have been conducted, but circumstantial PSD evidence suggests that sediment
disturbance from dredging can increase HOC concentrations. Investigations by Vrana et
al.,% Allan et al.,%” Sower and Anderson,%8 and Martinez et al.9 discuss some of this
evidence for PAHs and PCBs. It is important to note that none of these studies had

other metrics (e.g., water samples, fish bioaccumulation) to compare with PSD results.
For marine sediments, the data is more conclusive, as described Cornelissen et al.,100
Schaanning et al.192 and Joyce et al.,192 dredging of contaminated sediment may result in
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more substantial increases in water column Cyree. Cornelissen et al.200 and Schaanning et
al.101 ysed POM and SPMD, respectively, to determine PAH and PCB Cyee in the water
column around a CAD site near Oslo Harbor (Norway) both before and during deposition of
dredged material into the CAD. The effects of dredging on PCB Ciee Were less pronounced
including Joyce et al. investigation with LDPE at the New Bedford Harbor Superfund site
(Massachusetts, USA) during dredging.190-192 Finally, several studies (unrelated to remedial
actions) including Schneider et al.,103 Belles et al.,104 and Allan et al.1% have shown that
resuspension of HOC-contaminated sediment can result in rapid and substantial desorption
of the HOCs into the water column. Cantwell et al.19 reported similar findings for several
toxic metals.

Toxic Metals—As with HOCs, passive sampling data related to off-site release from
dredging is a mix of targeted and circumstantial investigations, with only two studies
specifically designed to determine the impacts of dredging on freely dissolved toxic metal
concentrations in the water column. DGTs were the sole PSD used in all studies. Layglon et
al.107 carried out the most comprehensive study. From September 2013 to September 2017,
the researchers collected monthly water column grab samples for dissolved and total Cu and
Pb in Toulon Bay (France). ‘Dissolved’ was operationally defined as metals passing through
a 0.45 um filter. Additionally, they deployed DGTSs for one week every month during the
study period to quantify DGT-labile Pb. In another wide-scale monitoring event, Schaanning
et al.101 ysed DGTs to monitor releases of dissolved toxic metals during dredged material
disposal in a CAD near Oslo Harbor (Norway). DGTs were deployed at 14 different
locations at depths of up to 65 m—sampling conditions that would make collection of
composite dissolved and total samples logistically difficult. Another study found DGT-labile
toxic metals were strongly influenced by dissolved oxygen (DO) concentrations, but the
effect of dredging was unclear. Villanueva et al.198. 109 deployed DGTs in the water column
of the heavily-polluted, tidally-influenced Pasig River—which is entirely located within the
Manila metropolitan area in the Philippines—to determine if the passive samplers could
provide insight into seasonal metal variations. Finally, Vrana et al.% carried out similar
monitoring in the upper Danube River to observe seasonal and spatial variation in total and
dissolved toxic metal concentrations (in addition to PAH and PCB Gk noted above), and
one location was immediately downstream of navigational dredging operations.

Post-Remediation

Researchers and RPMs use PSDs far less often following full-scale remediation (i.e.,

after an early action, ROD activities, or similar) than during feasibility studies. Only 9
peer-reviewed journal articles included results from passive sampling campaigns after a site
was remediated. The following sections introduces these investigations with more details
provided in the Supporting Information including how results from in-situand ex-situ PSDs
compared to other metrics of remedy effectiveness (Table 5).

Ex-situ: Hydrophobic Organic ContaminantsFetters et al 1% comprehensively monitored
an enhanced monitored natural recovery (EMNR) site contaminated with DDX using a
combination of conventional metrics including 14 din-situ bioaccumulation, bulk sediment
cores, sediment traps, and ex-situ passive sampling. Samples were collected prior to
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placement of a thin (23 cm) sand cap and after 2 months, 14 months, and 25 months.

In another ex-situ study, Li et al.111 compared Ce results using PDMS discs in surface

water and surface sediment to bulk concentrations in water, sediment, and native benthic
and pelagic species to determine if environmental dredging following the construction of
Yangshan port near Shanghai, China, successfully reduced PAH availability.

Ex-situ: Toxic Metals and Metalloids 7wo studies have used DGTS in cores retrieved from
field sites to assess how dredging affected the lability of toxic metals. The first was a
research program to understand how dredging of Meiliang Bay in Lake Taihu, China,
affected nutrient cycling and contaminant availability in the sediments. For metals and
metalloids, they investigated Pb, Cd, Cut12 Co, Zn, Nit13 As, Se, Sb11* and CALS
collecting cores from the dredged portion and an un-dredged reference location in different
seasons in 2016 and 2017, six years after dredging operations had ceased. | n the other
study, Parker et al.}16 used sediment probe DGTsin box coresto evaluate whether a
marine disposal site for dredged material acted as a source of Pb, Cd, and Ni tothe
water column.

In-situ: Hydrophobic Organic Contaminants—A major benefit of PSDs is that they
can be used /n-situto determine whether a cap is performing as designed without severely
damaging the integrity of the cap through coring. Thomas et al.117 used PDMS-coated

glass fibers loaded with PRCs in a modified Henry sampler to determine PCB Cyee t0 @
depth of 90 cm with 2 cm resolution at two Superfund sites in Washington and Tennessee
(USA) with isolation (1 m to 1.5 m thick) caps. Minick and Anderson!18 used a rugged
stainless-steel probe to encase PRC-loaded LDPE samplers and drive them into a sand and
organoclay isolation cap topped with armoring stone at the McCormick and Baxter Creosote
Superfund Site within the larger Portland Harbor Superfund Site (Oregon, USA). Oen et
al.119 used benthic flux chambers equipped with SPMD as an infinite sink and also deployed
POM samplers in the water column for 77 d to 86 d to investigate the long-term chemical
stability of a capped CAD in Oslo Harbor, Norway. They also collected bulk sediment

and overlying sediment from sediment traps prior to and after disposal and capping. In
addition, they monitored native benthic macrofauna to assess how the CAD affected the
native population. Schubauer-Berigan et al.120 used SPMDs in three different designs—
water column samplers, porewater samplers, and benthic flux chambers—to evaluate the
efficacy of MNR remedy for PCBs at the Lake Hartwell Superfund Site (Pickens, South
Carolina, USA). They also collected bulk sediments and composite water column samples.
Patmont et al.121 monitored the efficacy of a full-scale, 2 ha application of SediMite in a
fresh to slightly brackish tidal lake in Dover, Delaware (USA). PRC-loaded POM and LPDE
strips were deployed in the sediments and water column for one month at intervals before
application and 1 month, 1 year, and 3 years after application. Researchers also collected
sediments for laboratory bioaccumulation studies and collected native fishes to determine
PCB bioaccumulation over time. Odetayo et al.122: 123 set up 76 pm thick, PRC-loaded POM
passive air samplers near conventional high-volume air samplers (HVAS) for 42 d to 113

d to monitor emissions from a confined disposal facility housing sediment dredged from a
nearby PCB-contaminated waterway. Samples were collected during and following dredged
material disposal. Finally, a series of studies used LDPE PSDs in the water column, air, and
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sediment porewater to investigate sources of PAHs at the Portland Harbor Superfund Site
(Oregon, USA). The early studies did not use PRCs and thus did not determine Ciree?”: 98
but were carried out before, during, and after early action remedies occurred at portions of
the site. Later studies used PRCs and found the fluxes of PAHs to be from air to water at
upstream locations but that the sediments within the site served as sources to both the water
column and air for parent PAHs and oxidized PAHs.118. 124

In-situ and Ex-situ: Hydrophobic Organic Contaminants—Eek et al.125 measured
sediment-to-water fluxes of PAHs and PCBs in a dredged-and-capped area of Oslo Harbor
(Norway) with benthic flux chambers and compared them to fluxes estimated from Cgee
determined through /n-situ POM (water column) and ex-s/itu POM (sediment porewater)
deployments. They found the flux chambers, fitted with infinite sinks of SPMD or silicon
rubber, agreed well (largely within a factor of 2) with POM-derived fluxes at uncapped
areas. Fluxes measured by the benthic chambers were reduced by 93% to 97% after capping
with 20 cm of uncontaminated dredged clay, while comparison of Cgee in the water and
porewater indicated the flux direction was reversed—the clean cap was acting as a sink for
PCBs and PAHSs in the water column.

Concurrence Analysis: Passive Sampling versus Conventional Metrics

Following careful review of the passive sampling data performed with matching
conventional metrics as discussed above, the two types of concurrence analyses were
performed. Of the 89 studies identified in this review, 35 had bioaccumulation data,

36 compared bulk sediments, 13 studied acute toxicity, 14 collected porewater data

(not from peepers), and 14 took water column grab samples. All conventional chemical
endpoints were included in the semi-quantitative analysis whereas the quantitative analysis
focuses on comparing passive sampling-based endpoints (i.e., uptake and Cgree) Only to
bioaccumulation. Relative to contaminants with multiple structures (e.g., PCB congeners,
PAHSs), to make the dataset manageable, ‘totals’ of structures quantified by the investigators
were calculated and used in the analyses described here.

Semi-Quantitative Analysis—In this analysis, for HOCs, there were 338 comparisons
with the passive sampling endpoints agreeing with conventional metrics in 69% of cases
(Figure 4a). When in disagreement, passive sampling generally identified the remedy as
successful (i.e., reducing uptake, concentrations, or flux) (19% of comparisons) when
conventional metrics suggested no change or an increase in an endpoint as a result of
remediation. Approximately half of these disagreeing data points measured bioaccumulation
as the conventional endpoint; tissue concentrations often decreased nominally in these
cases, but the associated uncertainty in the measurements led to a finding of no significant
change under hypothesis testing. The majority the remaining disagreeing data points with an
increase or no change in the conventional endpoint measured bulk sediment concentration.
In 10% of cases, passive sampling detected no difference or an increase from remediation
while conventional endpoints decreased; much of these disagreements resulted from poor
sampler resolution or media mismatch (e.g., passive pore water and conventional surface
water).
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Nearly identical agreement behavior was observed for the 24 comparisons involving

toxic metals (Figure 4b) with 75% of cases agreeing. In 25% of comparisons, passive
sampling detected decreases in contamination resulting from remediation while conventional
endpoints found no significant effects, in these cases, all conventional samples were bulk
sediment concentrations. Note that a study of dredging effects on toxic metal availability

in Lake Taihu (Jiangsu province, China)112-115 was not included in Figure 4b because

of the comparisons were on a per-metal basis. A separate concurrence table for the

Lake Taihu study is included and discussed in the SI (Figure S5). Overall, the semi-
quantitative concurrence analysis found overwhelming agreement between passive sampling
and conventional metrics for both HOCs and toxic metals. Further, when disagreements
occurred, the passive sampling endpoints were found to be more sensitive in detecting
significant remedy effectiveness.

Quantitative Analysis—From this analysis, there were a total of 211 viable comparisons
to bioaccumulation data including 60, 130, and 21 cases based on passive sampling

uptake (biomimetic), porewater Gsree, and surface water Crree metrics, respectively. For this
discussion, we focus on the use of Lin’s CCC and the factor of two summary statistics

(and their respective confidence intervals (Cls)) to quantitatively assess ‘good’ agreement
between bioaccumulation and passive sampling endpoints. For example, Lin’s CCC was
0.50 (with lower and upper Cls 0.39 to 0.60) and 61% (55% to 68%) of the data were within
a factor of two of each other for the full passive sampler — bioaccumulation comparative
dataset (Figure 5a). Similarly, Lin’s CCC was 0.70 (0.56 to 0.82) for biomimetic uptake
(Figure 5c¢) while the same metric was 0.44 (0.30 to 0.57) for Cyee (Figure 5b). Finally, 77%
(65% to 87%) of comparisons (Figure 5c) for biomimetic uptake into the passive samplers
were within a factor of two while only 56% (48% to 64%) of comparisons of porewater and
surface water Cyree Values (Figure 5b) fell in the same range.

Based on the overall quantitative results presented in Figure 5, we investigated various
factors that were potential sources of disagreement between remedial effectiveness measured
by PSDs and bioaccumulation. In performing this analysis, factors that were relatively
‘easily’ manipulated when performing passive sampling and bioaccumulation deployments
were emphasized. For example, Figure 6 contains data from laboratory studies where the
PSDs were within the same exposure chamber as the biota (Figure 6a) and where PSDs

and biota were in separate chambers (Figure 6b). Placing PSDs and biota in the same

vessel during the bioaccumulation experiment resulted in better agreement than separating
them. For example, the Lin’s CCC was 0.89 (0.82 to 0.94) and 0.68 (0.56 to 0.79) for
exposures performed in the same chambers versus different chambers. In addition, 79%
(67% to 92%) versus 72% (61% to 82%) of the PSD and bioaccumulation data were within
a factor of two for the same chamber versus different chamber comparison. This finding

is likely because of two reasons: (1) when together, PSDs and biota are exposed to the

same environmental conditions (e.g., CoC concentrations in various media, hydrodynamics),
and (2) many separated PSD deployments were mixed ex-s/itu deployments in which the
sediments were homogenized on a roller mill, better approximating equilibrium conditions
than a static bioaccumulation test. This part of the analysis demonstrates that as the PSDs
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and biota are deployed under different conditions, the agreement between them regarding
remedial efficacy becomes worse.

We speculated the agreement between PSD and bioaccumulation datasets collected in the
field might be worse than laboratory-based studies (Figure 6a, b) because of the relative
difficulty in co-locating PSDs with biota in the field. Many field studies deployed the
Sediment Ecotoxicity Assessment Ring (SEA Ring), or previous iterations of the device,
which uses /n-situ cores to contain both the biota and PSDs.126 When these types of devices
are used or native biota are collected near the passive samplers, the percentage of data
points within a factor of two between biota and PSDs was lower (50% with 35% to 65%
Cls) (Figure 6¢) than that of either type of laboratory deployment (79% and 72% (Figure
6a,b)). Further, the Lin’s CCC also showed less agreement (0.39 (0.17 to 0.60)) (Figure 6c)
compared to the laboratory data when the PSDs and biota were next to each other (0.89
(0.82 to 0.94)) or when they were separated under laboratory conditions (0.68 (0.56 to
0.79)) (Figure 6a,b). When bioaccumulation studies were performed /n-sitv and the passive
samplers were used on associated sediments in the laboratory, the relationship between
PSDs and bioaccumulation was quite poor, showing no agreement (Figure 6d): Lin’s CCC
of —0.14 (-0.33 to —0.01) and only 37% (16% to 58%) of PSD and bioaccumulation data
were within a factor of two. Biota exposed under field conditions (and not caged) are

free to roam (especially organisms like pelagic fish) and may have a home range larger
than the remediated area, resulting in exposure to potentially un-remediated contaminated
sediment. Conversely, the /n-situ or ex-situ deployed PSD are stationary with a relatively
‘stable’ exposure. Thus, this analysis quantitatively confirms concerns with data variability
and uncertainty when using bioaccumulation from native or mobile organisms as a remedial
metric for remedies of sediments within larger contaminated sites.

The choice of species used for biomonitoring remedy effectiveness also affected the degree
of agreement between PSD and bioaccumulation remedy metrics. Figure 7 shows the
magnitude of agreement between PSDs and bivalves, oligochaetes and polychaetes (worms),
fish, and other biota (e.g., amphipods or insects). Bivalves and PSDs showed very similar
behavior when used to monitor remedy effectiveness: Lin’s CCC was 0.82 (0.71 to 0.91)
and 87 % (78 % to 95 %) of the data points fell within a factor of two indicating the two
metrics were very comparable (Figure 7a). Oligochaetes and polychaetes showed relatively
good agreement with PSDs: Lin’s CCC was 0.61 (0.46 to 0.74) and the factor of two
inclusion was 58% (47% to 68%) (Figure 7b). In contrast, the fish (Figure 7¢) and other
biota (Figure 7d) showed poor agreement with Lin’s CCCs of 0.19 and 0.15, respectively,
and datasets for which only 42% and 47%, respectively, were within a factor of two. The
disagreement with fish is again likely because of their expanded home range in the field
compared to the relatively sessile bivalves and worms resulting in the fish experiencing a
more varied exposure to contaminants (i.e., remediated and unremediated areas). Similarly,
the disagreement with other biota may be from differing mechanisms or rates of contaminant
uptake in PSDs and those classes of biota. In addition, the bioaccumulation methods used
for bivalves and worms are very well established compared to methods used for many other
species which may also result in greater data variability.
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Another choice available when using PSDs for HOCs is the passive sampler material.

Early adopters of PSDs used multi-phase SPMDs, but single-phase polymeric samplers
(e.g., POM, LDPE, PDMS or silicone rubber) have become more common, with LDPE

and PDMS the most common and favored materials.12” PDMS agreed the best with
bioaccumulation with a Lin’s CCC of 0.79 (0.69 to 0.86) and 76 % (66% to 86%) of

data points falling within a factor of two of each other (Figure 8a). LDPE and SPMD both
performed relatively well (Figure 8b, d) and exhibited similar degrees of agreement with
Lin’s CCCs of 0.53 and 0.62, respectively, and 61% and 75%, respectively, of datapoints
falling within a factor of two of each other. Potentially, the similar responses are due to the
identical diffusive layers used in both LDPEs and SPMDs. We found poor agreement when
POM was used in conjunction with bioaccumulation to investigate remedy effectiveness
(e.g., Lin’s CCC of only —0.05 and a low 34% of datapoints within a factor of two of

the 1:1 line), lending weight to the PSD user-community moving away from POM for this
application (Figure 8c). For toxic metals, DGTs and bioaccumulation were within a factor of
two of each other for 80% (60% to 100%) of data points but had a low Lin’s CCC of only
0.14. The limited sample size (n = 15) likely contributed to the disparate statistical outcomes
for DGTs (Figure 8e); more studies in this area are warranted.

Interestingly, all pilot- or field-scale studies had at least one point of comparison that fell
outside the factor of two of each other metric range, reflecting the greater uncertainty
caused by /n-situ processes. Authors of two of those studies collected native biota that
were noted to have a larger home range than the remediated area.%3: 121 |n these cases,
passive sampling endpoints, specifically porewater-based Cgee, Offer a more local data
source better at identifying the effectiveness of the remedy. Other sources of disagreement
between passive sampling and conventional endpoints were less clear. Species-specific
effects were possible, with one study noting difficulty removing fine AC particles from

the surface of a gastropod, potentially causing extraction of AC along with the biota
tissues.128 Many disagreeing points were found in amendment studies with relatively

high (i.e., > 2% dry weight) doses of AC. Although it is not entirely clear why these
disagreements occur, the next section discusses a possible explanation involving the use of
fto compare passive sampler uptake and bioaccumulation when the remediation is very
effective. Other points of disagreement may have been caused by ex-situ passive sampling
without prior sediment-amendment equilibrium. Depending on the desired accuracy and
species, the use of fate and transport models to translate passive sampling CyeeS to specific
exposure concentrations may address some of these disagreements. However, despite the
limited number of cases where agreement did not occur, like the semi-quantitative analysis,
we found a very good prevalence of agreement between the conventional and passive
sampling-based metrics despite taking a more quantitative approach and focusing on a
single conventional metric (i.e., bioaccumulation). Both type of concurrence analysis, semi-
quantitative and quantitative, confirm using passive sampling as an alternate or surrogate
metric is viable and should continue to be pursued.

Finally, we recognize that using a relative range of agreement, while often applied

in comparing passive sampling data to bioaccumulation, penalizes remedies that were
extremely effective in reducing passive sampling uptake or bioaccumulation. For example,
arange of 0.5 < fyassive sampling < 2 signifies a factor of two for a remedy that did not
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affect passive sampler uptake. For a very effective remedy, passive sampler uptake might
be reduced by 99% while bioaccumulation could be reduced by 96% giving give fassive/
Fioaccum = 0.010.04 = 0.25, which is outside of the acceptable range. Conversely, using an
absolute range would favor agreement in very effective remedies, but make agreement more
difficult to achieve for less effective remedies. For example, for a 20% absolute agreement
value, if one metric is not detectable, the other metric could have fup to 0.2 to agree,
whereas 0.8 < fassive/fhioaccum < 1.2 for an ineffective remedy is a much smaller range than
the relative range discussed previously. For both of these examples, the resulting ranges are
plotted in Figures S6 to S9 for illustration based on the data originally shown in Figures 5
to 8. In addition, alternatively, Figure S10 presents the data shown in Figure 5 as simply
percent (%) reduction (not as /. Clearly, more investigation is needed to determine the
optimal way to compare, express and present the relationship between conventional and
passive sampling-based metrics.

Implications and Recommendations

This investigation found that PSDs have been used as tools to evaluate remedial efficacy

at contaminated sediment sites for the last 25 years. Their applications are largely focused
on pre-remediation feasibility studies with environmental managers using PSDs after full-
scale remediation; that is, following establishment of the agreement defining long-term
monitoring (i.e., the Record of Decision (ROD) in the United States), in fewer than 10% of
the contaminated sites identified in this review. The relative lack of use after full-scale clean-
ups may be part of the technology maturation process—feasibility studies have often been
conducted by academics or government and private research institutions evaluating novel
methods before standardization and commercialization. Long-term monitoring is usually
conducted by environmental consulting companies using established and standardized
methods. The good agreement found in our semi-quantitative and quantitative concurrence
analyses between PSD-based and conventional metrics lends weight for adding PSDs to the
‘toolkit’ for long-term monitoring of remediated sediment sites. In addition, although not
the objective of this investigation, other researchers are welcomed to evaluate this dataset
to simply assess how often remediation was effective (regardless of the metrics used) at
cleaning-up contaminated sediment sites. To help bridge the use-gap between pre-remedial
and post-remedial investigations, the following recommendations are proposed:

1 This investigation demonstrates many studies have already compared passive
sampling and conventional ecological metrics to evaluate remediation efficacy.
However, on a site-specific-basis, we would argue bioaccumulation and toxicity
testing should continue to be performed alongside PSDs to gain confidence
in using PSD as a major long-term monitoring tool. For example, if native
mussels are being collected or reference area mussels deployed to determine
bioaccumulation, deploying PSDs for a period immediately prior to mussel
collection or in parallel with deployed organisms would build site-specific
mussel-PSD correlations that could be used during long-term biomonitoring. If
ex-sftu bioaccumulation or toxicity tests are planned, we suggest ensuring the
sediment-water-amendment (if present) equilibrium status is maintained for both
the PSD and biota tests. For example, if an amended sediment is collected for
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bioaccumulation tests, consider placing a PRC-loaded PSD statically in the same
exposure chamber as the biota. If that is not feasible and agitated ex-s/tu PSD
sampling is planned (e.g., 28 d shaking or rolling), contemplate performing the
same treatment to the sediment prior to use in the bioaccumulation test to ensure
similar sediment-water-amendment equilibrium status.

2. When possible, use sessile organisms to monitor remedy effectiveness,
particularly for sites within a large contaminated area. Sessile organisms, like
PSDs, better reflect local conditions. While reducing bioaccumulation of native
species (e.g., sport or culturally-important fish) are common remedial goals, few
peer-reviewed articles collected these organisms while also deploying passive
samplers. We recommend more long-term monitoring programs include passive
samplers along with native organisms as passive sampling technology matures.

3. Although PSDs have been used sparingly to monitor dredging, users of PSDs
must be cautious when choosing what type of PSD to monitor dredging.
Values for Csee may vary greatly during removal and disposal operations, while
they likely stabilize after work is completed. When Cge Values are variable,
integrative samplers (i.e., those with large capacities and negligible release, like
POCIS and DGT) provide better estimates of the time-weighted average (TWA)
Crree if the sampling rate is known (which may be challenging to determine). The
TWA Ciree Can be used to estimate total dissolved mass release from dredging to
complement estimates of contaminant release associated with particles. However,
the TWA Cyree may be much less than the peak concentration, which would be
used to predict toxic effects to nearby biota; determining peak concentrations are
not yet achievable using passive sampling technology.

4, There remains some disagreement in the literature regarding the effects of
highly adsorbing amendments (e.g., activated carbon) on the interpretation of
passive sampler PRC loss. Some studies have found these sediment amendments
can cause PRC molecules to release from the PSDs faster than the target
molecules are accumulated by the passive samplers,121.136 while others have
found no artifactual effect. Further study of potential anisotropic effects and
whether they are significant are needed to increase confidence in /n-situ, PRC-
corrected analyses for long-term monitoring at sites utilizing strongly adsorbing
amendments as part of the remedy.

As discussed in the Concurrence Analysis, we lack a robust metric for comparing
the effectiveness of remedies across sample endpoints, locations, and remedy
type. As RPMs and environmental managers move toward utilizing PSDs at
more sites, we request collection of more data comparing various passive
sampling-based and conventional remedial endpoints (e.g., bioaccumulation).
Ideally, analysis of this growing dataset of comparisons will lend itself to
developing such a metric. For example, and as noted earlier, the development

of mechanistic fate and transport models using PSD-based C¢eeS could provide
more accurate estimates of exposure than current correlative relationships.
Similarly, a future area of research for a subset of this dataset, or similar
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datasets, is to compare measured bioaccumulation to modelled bioaccumulation.
Hypothetically, predicted values based on using Cgee to model bioaccumulation
would be compared to measured bioaccumulation in the concurrence analysis.
This assessment would address the magnitude of the uncertainty associated with
interpreting and applying modelled bioaccumulation versus measured Cyee.

For a range of reasons, as illustrated in this review, the use of passive sampling
at contaminated sediments sites for evaluating remediation effectiveness is
increasing. Reasons include (i) the greater sensitivity and lower levels

of detection provided by PSDs resulting from the accumulation of target
contaminants or CoCs compared to conventional grab sampling to (ii) the

ability to compare PSD data directly to organism bioavailability in terms of
exposure using Ceree OF bioaccumulation via passive sampler uptake. More
practically, PSDs can be less expensive to deploy and chemically analyze than
conventional metrics such as large volumes of water, sediments or tissues. In
addition, in the cases of sediments and tissues, passive sampling polymers

are often much simpler to ‘clean-up’ following target contaminant extraction.
These very same characteristics also result in PSD data often being less variable
than comparable conventional measures. While regulatory organizations globally
continue to support the use of passive sampling for managing contaminated
sediment sites,® 10- 13 3 major impediment to their adoption more widely

has been limited commercial chemical laboratory capacity. However, recent
studies like those performed by Jonker et al.% 11 and Lotufo et al.12 provide
definitive scientific guidance for environmental regulators, including RPMs, and
commercial laboratory managers to have confidence in the performance of PSDs
for assessing remedial effectiveness at contaminated sediment sites.
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Locations of contaminated sediment sites using passive sampling devices (peer-reviewed
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Figure 1:

and non-peer-reviewed) with summary count statistics (count is # of studies) from the peer-

reviewed literature for types of contaminants, deployment location, and kinds of passive
sampling devices. Details of search results for non-peer-reviewed studies are included as
file in the Supplementary Information.
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Figure 2:

Types of remediation or remedial approaches investigated at each site in North America.
Larger circles indicate a site with investigations at multiple sub-sites. For example, Indiana
Harbor and Shipping Canal and Grand Calumet River near Chicago, IL, are both part of the

Grand Calumet River Area of Concern.
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Types of remediation or remedial approaches investigated at each site in Europe and Asia.
Larger circles indicate a site with investigations at multiple sub-sites.
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Figure 4
Semi-quantitative concurrence analysis based on reported significance of remedial efficacy

for (a) hydrophobic organic compounds (HOCs, n = 338 comparisons) and (b) toxic
metals (n = 24 comparisons). Values are the number comparisons occurring in each
concurrence category. All passive sampling (e.g., Gree, Uptake and flux) and conventional
(e.g., bulk sediment, water grab, bioaccumulation, acute toxicity) endpoints are included in
the comparison. White boxes reflect the number of studies where the passive sampling and
conventional metrics agreed. Only total contaminant concentrations (e.g., total PCBs, not
congeners, or homologues) were considered.
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Figure5:

Comparison of remedial effectiveness (fis the ratio of post-remedy value to the un-
remediated value) and related summary statistical analyses of the relationships between
passive sampling-based measurements of bioaccumulation and measured bioaccumulation
contaminants in the (a) full dataset, (b) Ciee from passive samplers, and (c) biomimetic
passive samplers. Summary statistics include means and the corresponding lower and upper
95% confidence intervals based on bootstrapping estimates. Solid diagonal line is the 1:1
(perfect agreement) and the dashed lines signify a factor of two off the 1:1 line.
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Figure6:
Comparison of remedial effectiveness (fis the ratio of post-remedy value to the un-

remediated value) and related summary statistical analyses of the relationships between
passive sampling-based measurements of bioaccumulation and measured bioaccumulation
contaminants where (a) the PSDs and biota were in the same vessel during laboratory
bioaccumulation tests, (b) the PSDs and biota were deployed in separate vessels in the
laboratory, (c) PSDs and biota were deployed together or nearby in the field, and (d) biota
were collected in the field and PSDs were used ex-situ. Summary statistics include means
and the corresponding lower and upper 95% confidence intervals based on bootstrapping
estimates. Solid diagonal line is the 1:1 (perfect agreement) and the dashed lines signify a
factor of two off the 1:1 line.
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Figure 7:

Comparison of remedial effectiveness (fis the ratio of post-remedy value to the un-

remediated value) and related summary statistical analyses of the relationships between
passive sampling-based measurements of bioaccumulation and measured bioaccumulation
performed with: (a) bivalves, (b) oligochaetes and polychaetes, (c) fish, and (d) other
organisms (e.g., amphipods). Summary statistics include means and the corresponding lower
and upper 95% confidence intervals based on bootstrapping estimates. Solid diagonal line is
the 1:1 (perfect agreement) and the dashed lines signify a factor of two off the 1:1 line.
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Figure 8:
Comparison of remedial effectiveness (fis the ratio of post-remedy value to the un-

remediated value) and related summary statistical analyses of the relationships between
passive sampling-based measurements of bioaccumulation and measured bioaccumulation
performed with: (a) PDMS, (b) LDPE, (c) POM, (d) SPMD, and (e) DGT. Summary
statistics include means and the corresponding lower and upper 95% confidence intervals
based on bootstrapping estimates. Solid diagonal line is the 1:1 (perfect agreement) and the

dashed lines signify a factor of two off the 1:1 line.

fMeasured bioaccumulation
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Table 2:

Page 44

Summary of laboratory-based feasibility studies using passive sampling devices involving amendments,
capping and multiple remedies investigated in this review.

Metric of Remedial Effectiveness

AC

Contaminants Study Type & Details PSDs References
Passive Sampling Conventional
Laboratory Amendment Studies
Amendment Materials
As LMB, CaNO; DGT Cree Sediment, Water column, 4
Porewater concentrations
DDX AC LDPE, SPMD Ctree, FIUX, Sediment, Water column, 38
Biomimetic Porewater concentrations
DDX AC PDMS Fiber Cree - 62
DDX AC, Sand PDMS Fiber Ctree Bioaccumulation 42
DDX AC SPMD Biomimetic Porewater concentrations 57
Hg AC DGT Chree Bioaccumulation, Bacterial 45
community analysis,
Sediment concentrations
™ Biochar DGT Chree Bioaccumulation, Toxicity, 46
Sediment concentrations
™ CaNO3 DGT Cree - 129
™ LMB, Polyaluminum DGT Chree Sediment concentrations 48
chloride
™ Zeolite DGT Ciree, Biomimetic Bioaccumulation, Sediment 44
concentrations
TM, PAH Magnetic AC DGT, PDMS Chree Bioaccumulation 36
Disk
OCP PAH Natural zeolite PDMS Disk Chree Bioaccumulation 40
Pyrethroids PBDE
PAH AC LDPE Biomimetic, - 59
Partition
Coefficients
PAH AC LDPE Biomimetic - 60
PAH AC PDMS Fiber Chree - 67,68
PAH AC, Sand PDMS Fiber Biomimetic - 66
PAH AC PE Biomimetic, - 58
Partition
Coefficients
PAH AC, Biochar, Magnetic PE Biomimetic, Toxicity, Sediment 50
AC, Magnetic biochar Partition concentrations
Coefficients
PAH AC, Biostimulant PE Biomimetic Microbial community 49
analysis, Sediment
concentrations
PAH Magnetic AC, Magnetic PE Biomimetic Toxicity 130
biochar
PAH Magnetic AC, AC cloth, PE Biomimetic - 64
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PAH AC POM Ctree, Partition - 61
Coefficients
PAH AC POM Chree Toxicity 131
PAH AC POM Ctree Bioaccumulation 128,132
PAH, PCB AC, Anthracite PDMS Fiber, Cfree, Biomimetic - 66
PDMS Sheet
PAH, PCB AC from lignin, coal, and POM Cfree, Partition - 63,65
coconut, AC Coefficients
PCB AC LDPE Biomimetic - 60
PCB AC PDMS-coated Chree Bioaccumulation, Toxicity 41
vial
PCB AC PDMS-coated | Crree Bioaccumulation, Sediment 133
vial concentrations, Toxicity
PCB Single-walled Carbon PE Chree Bioaccumulation, Sediment 43
Nanotubes concentration, Toxicity
PCB AC POM Chree Bioaccumulation 134
PCB AC POM Ctree, Flux Bioaccumulation 37
PCB Bioamended AC POM Chree Bacterial community 51
(SediMite), AC analysis, Sediment
(SediMite) concentrations
PCB AC SPMD Biomimetic Bioaccumulation Porewater 56
concentrations
PCB AC SPMD Biomimetic Porewater concentrations 55
PCB, PAH AC, Biochar, Organoclay PE Ctree Bioaccumulation 39
PM-199, Coke
PCB, PAH AC SPMD Biomimetic Bioaccumulation Porewater 54
concentrations
PCB, PAH Coke, AC SPMD Biomimetic Toxicity, Bioaccumulation, 52,53
Porewater concentrations
Laboratory Capping Studies
Contaminants Study Type & Details PSDs Metric of Remedial Effectiveness References
Capping Material Passive sampling Conventional
As Aluminum hydroxide DGT Cfrees Flux Sediment, Water column, n
Porewater concentrations
As Phoslock (La-modified DGT Cfrees Flux Sediment, Water column, 72
bentonite) Porewater concentrations
PAH Sand/Clean Sediment PDMS Fiber Ctree Bioaccumulation, Sediment 7
concentrations
PAH Limestone, Gneiss POM Ctree - 125
PCB, PAH, TM AC/Clay, Clay PDMS fiber, Chree Benthic community analysis, 7S
DGT Sediment concentrations
Laboratory Multiple Remedy Studies
Study Type & Details Metric of Remedial Effectiveness
Contaminants ] PSDs Passive ] References
Remedy Remedy Materials Sampling Conventional
DDX Amendment, AC, AC/Clean PE Biomimetic Bioaccumulation, 6,77
Capping, MNR/ sediment, AC/ Sediment
Capping Contaminated concentrations
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Page 46

Laboratory Multiple Remedy Studies

Study Type & Details

Metric of Remedial Effectiveness

Contaminants ] PSDs Passive ] References
Remedy Remedy Materials Sampling Conventional
sediment, Clean
sediment
PCB Amendment, AC, Sand PDMS- Ctrees Bioaccumulation, 78-80
Capping coated vial, Biomimetic Sediment concentration
LDPE
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Table 3:

Page 47

Summary of pilot- and field-based feasibility studies using passive sampling devices involving amendments,
capping and multiple remedies investigated in this review. Also see Table S3.

Contaminants

Study Type & Details

Metric of Remedial Effectiveness

PSDs
Passive Sampling

Conventional

References

Field Amendment Studies

Amendment
OCP AC PE Biomimetic - 135
PCB AquaGate+PAC PDMS fiber Ctree Bioaccumulation, Benthic 136
community analysis, Sediment
concentrations
PCB AquaGate+PAC, SediMite PDMS fiber Ctree Bioaccumulation 137
PCB AC PDMS fiber, PE, Cfree, Biomimetic Bioaccumulation Sediment, 82,117, 136, 138
SPMD, POM Wiater column, Porewater
concentrations
PCB Bioamended AC PE Chree Bacterial community analysis, 86
(SediMite), AC (SediMite) Sediment concentrations
PCB AC PE, POM, SPMD Cfree, Biomimetic Bioaccumulation, Benthic 82,139, 140
community analysis,
Sediment, Water column,
Porewater concentrations
PCB AC POM Ctree, FlUX, Bioaccumulation, Sediment, 83
Biomimetic Water column, Porewater
concentrations
PCB, PAH AC POM, Polyacrylate | Cgee, Partition Bioaccumulation, Toxicity, 141-143
fiber Coefficients Sediment concentrations
Field Capping Studies
Study Type & Details PSDs Metric of Remedial Effectiveness
Contaminants References
Capping Material Passive Sampling Conventional
™ Apatite/Sand DGT Chree Toxicity; Water column, 144
Porewater concentrations
™ Zeolite, AC/zeolite, AC/ DGT Chree - 145
sand, Zeolite/sand
™ Sand/Phillipsite Zeolite Dialysis sampler Ctree - 146, 147
™ Sand Peeper Cfrees Flux Sediment concentrations 24,25
PAH Aquablok and Sand, PDMS Fiber Ctree Bioaccumulation, Sediment 87
Apatite and Sand, Coke concentrations
mat and Sand, Sand
PAH Dredged sediment PDMS Fiber Ctree Bioaccumulation; Water 148
column, Sediment
concentrations; Toxicity
Field Multiple Remedy Studies
Study Type & Details Metric of Remedial Effectiveness
Contaminants ] ] PSDs Passive ] References
Remedies Remedy Materials Sampling Conventional
PAH, PCB Amendment, AC, Clay/AC, POM Chree Bioaccumuation, 94,149
Capping Sand/AC, Sand Sediment concentrations,
Benthic community
analysis
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Page 48

Field Multiple Remedy Studies

Study Type & Details

Metric of Remedial Effectiveness

Limestone, AC

Contaminants ] ] PSDs Passive ] References
Remedies Remedy Materials Sampling Conventional
PCB Amendment, Sedimite, AC, PE, POM Ctree Bioaccumulation, 92,93
Capping Sand/AC, Sand Sediment concentrations
PCB, DDX Capping, MNR Sand PDMS Cree, Flux Porewater concentrations | 8990
Fiber,
POM, PE
PCDD/F Amendment, AC/Dredged Clay, POM Ctree Sediment concentrations 88
Capping Dredged Clay,
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Summary of post-remediation studies using passive sampling devices at contaminated sediment sites
investigated in this review.

Table 5:

Page 51

Metric of Remedial Effectiveness
Contaminants | Study Type & Details PSDs References
Passive Sampling Conventional
Remedy Remedy Materials
PCB Amendment AC POM Cfree, Partition Sediment 150
Coefficients concentration
PAH Capping Organoclay/Sand/ LDPE Cfree, Biomimetic Toxicity 151
Armoring, Sand/
Armoring
PAH Capping Organoclay/Sand/ LDPE Cfrees Flux - 118
Armoring, Sand/
Armoring
PAH Capping Sand/gravel PDMS Chree - 152
Fiber
PAH Capping Sand/sediment, PDMS Chree - 117
Aquablok Fiber
PAH Capping Organoclay/Sand/ SPMD Ctree - 98
Armoring, Sand/
Armoring
PAH, PCB Capping Dredged sediment POM Chree Sediment 125
concentrations
PAH Capping, Sand/Organoclay LDPE Cfrees Flux - 124
Dredging
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