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ABSTRACT: Carbonaceous materials are often proposed for use in restoring soils or sediments contaminated with hydrophobic
organic contaminants (HOCs). However, the contamination of most sites is a result of historical events, where HOCs have resided
in the solid compartment for many years or decades. The prolonged contact time, or aging, leads to reduced contaminant availability
and likely diminished effectiveness of using sorbents. In this study, three different carbonaceous sorbents, i.e., biochars, powdered
activated carbon, and granular activated carbon, were amended to a Superfund site marine sediment contaminated with DDT
residues from decades ago. The amended sediments were incubated in seawater for up to 1 year, and the freely dissolved
concentration (Cfree) and the biota-sediment accumulation factors (BSAFs) for a native polychaete (Neanthes arenaceodentata) were
measured. Even though the bulk sediment concentrations were very high (6.4−154.9 μg/g OC), both Cfree and BSAFs were very
small, ranging from nd to 1.34 ng/L and from nd to 0.024, respectively. The addition of carbonaceous sorbents, even at 2% (w/w),
did not consistently lead to reduced DDT bioaccumulation. The limited effectiveness of carbonaceous sorbents was attributed to the
low DDT availability due to prolonged aging, highlighting the need for considering contaminant aging when using sorbents for
remediation.
KEYWORDS: carbonaceous materials, aging, bioavailability, DDT, remediation

■ INTRODUCTION
Hydrophobic organic contaminants (HOCs), including
polychlorobiphenyls (PCBs), polycyclic aromatic hydrocar-
bons (PAHs) and organochlorine pesticides, are found
ubiquitously in soil or sediment compartments.1−3 However,
man-made chemicals like DDT and PCBs were phased out
about five decades ago in the U.S. and in many other regions.
Therefore, their residues present today have, in fact, resided in
the soil or sediment environment for a very long time due to
their immobility and recalcitrance to degradation. During the
long contact time, HOC molecules may slowly diffuse into the
inner micropores or glassy regions of organic matter of soil or
sediment aggregates. Recent studies have shown that
sequestration, commonly termed “aging,” has resulted in
irreversible sorption or reduced chemical and biological
availability for such HOCs in soil or sediment.4−7

Amendment of carbonaceous materials has often been
proposed as a remediation strategy for HOC-contaminated

soils and sediments.8−15 Carbonaceous materials are usually
the carbon that has undergone incomplete combustion
through either natural (i.e., wildfires) or artificial means with
biomass or fossil fuel as the starting material.16 Exposure to
high temperatures increases both the sorption capacity and
hydrophobicity of the carbon, lending to their property as a
strong sorbent for HOCs.8,13,17,18 Activated carbon (AC) and,
more recently, biochars are common carbonaceous materials
that may be used to treat soil or sediment. Activated carbon is
produced from either coal or biomass, “activated” by high-
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temperature or chemical treatments.13 It is most often used in
a powdered form (powdered activated carbon, or PAC) that
lends itself for easy use in many situations, while granular
activated carbon (GAC) can be added and subsequently
removed from contaminated soil or sediment (e.g., via sieving),
allowing for the removal of HOCs from the contaminated
site.19 Biochar is another type of carbonaceous sorbent,
typically produced from biomass via pyrolysis at different
temperatures under reduced oxygen conditions.20,21

The principle of carbonaceous sorbent-based remediation is
based on the reduction of the labile or available fraction of
HOCs through sorption or sequestration.8,15,22,23 Activated
carbon has proven to be effective in many laboratory
studies,9,24−33 as well as in some field trials.10,12,34−36 Studies
have similarly shown biochars to be effective sorbents for many
HOCs and metals.37−40 Biochars are also seen as a more
sustainable alternative, as the conversion of plant biomass to
biochars helps taking carbon out of the global carbon
cycle.41−44

Although many studies have considered the effectiveness of
carbonaceous sorbent amendment in sequestering HOCs in
soil or sediment, to date, few studies have taken into
consideration the role of contaminant aging.45−47 Here, we
hypothesized that for aged HOCs in soil or sediment, because
their availability is already reduced, addition of carbonaceous
sorbents may produce a limited effect. In this study, we used
the marine sediment from a Superfund site off the coast of Los
Angeles to evaluate the effect of carbonaceous sorbent
amendment on the bioaccumulation and availability of aged
DDT residues. The findings can provide guidance on the
benefit, or the lack of it, of using carbon or other sorbents for
the remediation of historically contaminated sediment and soil
sites.

■ MATERIALS AND METHODS
Chemicals, Sediments, and Carbonaceous Sorbents.

Standards of four DDT derivatives, i.e., o,p′-DDE, p,p′-DDE,
o,p′-DDD, and p,p′-DDD and 4 PCB congeners (PCB 30, 67,
80, and 191) were purchased from AccuStandard (New Haven,
CT). The PCBs were used as internal standards (PCB 30 and
80) or recovery surrogate standards (PCB 67 and 191). A
sheet of 25-μm thin polyethylene (PE) film was purchased
from BBB Accredited Business (Cleveland, OH) and was cut
into 1 cm × 2 cm long strips. The PE strips were precleaned by
sonication in n-hexane for 1 h and used for measuring the
freely dissolved concentration Cfree. Instant Ocean salts
(Blacksburg, VA) were used to make artificial seawater for all
experiments. Florisil was purchased from Acros Organics
(Morris Plains, NJ), and Florisil cartridges used for sample
cleanup (2 g) were packed in the laboratory. A powdered
activated carbon (PAC) and a granular activated carbon
(GAC) were purchased from Fisher Scientific (Hampton,
NH), and the biochar was purchased from Biochar Supreme
(Everson, WA). Each powdered product (PAC or biochar) was
sieved (no. 100 mesh, ≤0.15 mm) before use. All other
chemicals and solvents were of HPLC grade or higher.

The sediment used in this study was collected from the
Palos Verdes Superfund Site off the coast of Los Angeles, near
the wastewater effluent outfalls (8C), where high levels of
DDT residues were documented (Figure S1, in Supporting
Information). Between 1947 and 1971, Montrose Chemical
Company, the largest DDT manufacturer in North America at
the time, discharged wastewater containing DDT into the Los

Angeles County sewer system that flowed out of the White
Point outfalls. An estimated 870−1450 tons of DDT was
emitted and deposited onto the ocean sediment floor of the
Palos Verdes Shelf.48,49 Consequently, approximately 44 km2

of sediment floor was contaminated, leading to the U.S. EPA to
designate the shelf as a Superfund site in 1989.50 The levels of
DDT derivatives remain high at present, with total sediment
concentrations of DDT and its metabolites (DDE and DDD)
in the range of 0.36−31.3 μg/g dry weight (dw)51 and the
marine sediment floor continuing to act as an emission
source.52,53

Since the DDT residues had remained in contact with the
sediment for several decades, a recent study showed that the
DDT derivatives exhibited remarkably reduced bioavailability,
and that the reduced bioavailability was attributed to extensive
contaminant aging.6 To simulate carbonaceous sorbent
amendment in a remedial operation, the sediment was
amended with 2% (w/w) of PAC, GAC, or biochar, with
unamended sediment serving as the control. After the
amendment, sediments were incubated, under static con-
ditions, with a 2 cm layer of seawater for up to 12 months.
Sediments were removed after 6 and 12 months and were
analyzed as below. The total concentrations of DDTs in the
sediment, prior to the incubation, were determined through
preliminary experiments to be 23.9 ± 4.2, 154.9 ± 36.1, 6.4 ±
1.9, and 25.0 ± 13.4 μg/g OC for o,p′-DDE, p,p′-DDE, o,p′-
DDD, and p,p′-DDD, respectively.
Measurement of Freely Dissolved Concentration

Cfree. The freely dissolved concentration Cfree was measured
using a method developed previously for DDTs using
polyethylene (PE) film.4,52 Briefly, a 2.0 g dw aliquot of
sediment was mixed with 2 mL of clean seawater containing
200 mg/L sodium azide (to inhibit microbial activity) in a 10
mL glass liquid scintillation vial, and one 2 cm × 1 cm strip of
precleaned PE film was added to the slurry. The samples with
the PE passive sampler were shaken at 120 rpm on a horizontal
shaker at room temperature for 28 days. Previous experiments
showed that 28 days was sufficient for the PE film to achieve
partition equilibrium under the used conditions.52 The PE film
was removed and cleaned with deionized water. Each film was
then placed in a 2 mL GC vial and extracted with 1 mL of
hexane via sonication for 30 min. An internal standard was
added just before analysis on GC-MS. The Cfree value was
calculated using eq 1

=C
C
Kfree

PE

PE (1)

where CPE is the analyte concentration in the PE film and KPE
is the PE-seawater partition coefficients for a specific DDT
compound derived in previous studies.4,53

Bioaccumulation Assay. A marine polychaete, Neanthes
arenaceodentata, purchased from Aquatic Toxicology Support
(Bremerton, WA), was used as the exposure organism. This
benthic species is native to the sediment floor of the Palos
Verdes Shelf and is an important source of food for bottom-
feeding fish species like the California halibut Paralichthys
californicus.54 The bioaccumulation test for sediments from the
Palos Verdes Shelf was modified from 28 days to 96 h to avoid
ammonia toxicity and potential mortality of exposed
organisms.55 In a 500 mL jar, 10 worms were added to
approximately 100 g (dw) of sediment, and the overlaying
water was refreshed daily to reduce the level of ammonia.
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Under the experimental conditions, DDT residues were
predominantly associated with the sediment and sediment
porewater, and the displacement of overlaying water (about 2
cm in thickness) was not expected to affect bioaccumulation of
DDT compounds by the polychaete that dwelled mostly inside
the sediment. Three replicates were used for each treatment.
After 96 h, worms were removed from the sediment and placed
in Petri dishes containing only seawater for 24 h to allow
depuration. The worms were then frozen at −80 °C and
lyophilized to remove water prior to extraction and analysis.

Before extraction, surrogate standards were added for
determining recovery rates. The tissue samples were extracted
three times via sonication in a 50 mL centrifuge tube with 40
mL of dichloromethane/acetone mixture (1:1, v/v), and all
extracts were combined into a 60 mL glass tube and
concentrated to 10 mL. An aliquot of 2 mL of this extract
was removed for lipid analysis, while the remaining 8 mL was
concentrated to near dryness and reconstituted in 1.0 mL of
acetone−hexane (1:9, v/v). To remove residual lipids, the
samples were filtered through a 2 g Florisil cartridge and eluted
with 20 mL of the acetone−hexane mixture into a 20 mL glass
test tube. The samples were then concentrated to 100 μL, and
an internal standard was added prior to GC/MS analysis.4

The biota-sediment accumulation factor (BSAF) was
calculated for each sample (eq 2)

= C
C

BSAF b

s (2)

where Cb is the concentration in the worm tissues normalized
over the lipid content (ng/g, OC) and Cs is the sediment
concentration normalized over the organic carbon content of
the sediment (ng/g, OC).
Instrumental Analysis. All samples were analyzed on an

Agilent 6890N GC equipped with an Agilent 5975 mass
spectrometry detector (MS or MSD) operating in the electron
ionization (EI) mode for structural identification and
quantification of the target analytes. All samples were injected
(2 μL) into the GC at 200 °C in the splitless mode, and
separation was achieved using a 30 m × 0.25 mm × 0.25 μm
DB-5 fused silica capillary column (Agilent, Wilmington, DE).
The initial oven temperature was set at 80 °C (held for 1 min),
ramped to 210 °C at a rate of 10 °C/min, and then ramped
once more to 300 °C at 5 °C/min and held for 5 min. The
transfer line, ion source, and MS detector were set at 300, 230,
and 150 °C, respectively. The carrier gas (helium, 99.999%
purity) flow rate was 1.0 mL/min.
Quality Assurance and Quality Control. During the

study, several steps were taken to ensure quality control and
integrity of analysis. All samples had three replicates, and
laboratory blanks were included for PE film, sediment, and
tissue analysis, in which no target analytes were detected. An
external calibration curve was constructed using calibration
standards prepared on the same day of analysis and was only
used when the regression coefficients were ≥0.99. The
recoveries of PCB 67 and PCB 191 ranged between 84.3
and 106% for all sample media. Limits of detection were set to
three times the background noise and were determined to
range from 0.05 to 0.1 ng/L.

Statistical significance and linear regression analysis were
determined or calculated (i.e., via Pearson’s correlation
coefficients, one-way Analysis of Variance (ANOVA), or
Student’s t-tests) using SigmaPlot 12.0 or Prism 6 (Systat

Software, San Jose, CA and GraphPad, San Diego, CA,
respectively).

■ RESULTS AND DISCUSSION
Carbonaceous Sorbent Amendment and Cfree. Com-

pared to the unamended control, the addition of carbonaceous
materials to the contaminated sediment generally decreased
the Cfree of DDTs, although there were exceptions. For
example, for ∑DDTs (o,p′- and p,p′-DDE, o,p′- and p,p′-
DDD), the average values of Cfree were 1.80 ± 0.34, 1.18 ±
0.16, 0.23 ± 0.09, and 1.18 ± 0.98 ng/L after 6 months of
static incubation, and 1.82 ± 0.31, 0.56 ± 0.25, nd, and 0.49 ±
0.72 ng/L after 12 months of incubation, for the unamended
control, biochar, PAC, and GAC-amended treatments,
respectively (Figure 1, Figure 2). When ∑DDTs were

considered, both biochar and PAC amendments resulted in a
significant reduction (p < 0.05) in Cfree as compared to the
unamended control after 6 or 12 months of incubation.
However, the GAC amendment did not lead to a significant
reduction (p > 0.05) in Cfree at the 6-month time point (Figure
1).

In the unamended sediment, p,p′-DDE exhibited the highest
Cfree values, followed by o,p′-DDE and p,p′-DDD, while o,p′-
DDD was consistently found at the lowest concentration. The
Cfree values of the individual compounds corresponded to their
bulk chemical concentrations in the sediment and were likely
influenced further by their physicochemical properties such as
hydrophobicity. The effectiveness of carbonaceous sorbent
treatments appeared to be specific to the individual DDT
compounds. Amendment with biochar or PAC significantly
decreased the Cfree of o,p′-DDE and p,p′-DDE after 6 or 12
months, with the relative reduction by PAC being greater than
that by biochar. In comparison, the amendment of GAC did
not result in appreciable decreases in Cfree (Table 1; Figure 2).
There was no consistent or significant effect of the carbona-
ceous sorbent amendment on the Cfree of o,p′-DDD or p,p′-
DDD (Table 1; Figure 2), likely due to their relatively lower
hydrophobicity as compared to DDT or DDE. It must be also
noted that the initial Cfree values for o,p′-DDD were very small,
and that the uncertainties in analysis likely also contributed to
the lack of a discernible effect (Figure 2).

The reductions in Cfree due to the addition of carbonaceous
sorbents in this study were consistent with the findings in some
earlier studies. For example, powdered activated carbon and

Figure 1. Sum of Cfree (ng/L) in each treatment over time. Asterisks
(*) refer to significant differences between treatments (*p < 0.05, **p
< 0.01, ***p < 0.005, ****p < 0.001).
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biochar decreased the Cfree of DDTs in contaminated soil by
>90%.4 Significant reductions in Cfree in HOC-contaminated
sediments after addition of carbonaceous materials were also
reported in Chen et al.,56 Cornelissen et al.,10 Rakowska et
al.,19 and Wang et al.40 The effect was typically attributed to
the strong sorption capacity of the carbonaceous sorbents, and
differences between different amendment materials were
considered to be controlled by their physicochemical proper-
ties, such as specific surface areas.57 In this study, the specific
surface areas (SSA) for the PAC and biochar were 706.2 and
690.4 m2/g, respectively. In Jia et al.,55 activated carbon had a
much higher SSA than the biochar used in that study and was
found to be more effective at reducing Cfree of PBDEs in
freshwater sediments. In contrast, the smaller effectiveness to
GAC as compared to PAC in this study may be attributed to
the steric effect and a slower DDT diffusion kinetics into the
granulated form of activated carbon.

It is important to note that the sediment used in this study
had a relatively high total organic carbon (TOC) content
(5.7%). It can therefore be assumed that DDT was strongly

sorbed to the sediment organic matter already before the
addition of carbonaceous sorbents. For example, a study using
a soil with a lower TOC showed a reduction in Cfree of DDTs
by 94−96% with the addition of AC at 0.2%, and a larger
reduction at the 2% amendment rate.4 Beckingham and
Ghosh35 found that amending sediments at rates closer to the
native TOC content was more effective in reducing PCB
bioaccumulation in benthic invertebrates. In another study
using sediments with a higher TOC content (4.46%), GAC
was found to be effective at reducing sediment porewater
concentrations of PAHs only at a very high amendment rate
(4%).19 The results from this and other studies suggested that
the reduction in Cfree after carbonaceous sorbent amendment
depends on the ratio of the external carbon source over the
native organic carbon, and limited effectiveness may be
expected for organic carbon-rich sediments or soils.
Effect of Carbonaceous Sorbent Amendment on

Bioaccumulation. As a direct measurement of bioavailability,
residues of DDTs in N. arenaceodentata were concurrently
derived after 96 h exposure. The exposure time was shorter

Figure 2. Cfree (ng/L) of individual DDT compounds in each treatment over time. Asterisks (*) refer to significant differences between treatments
(*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).

Table 1. Cfree (ng/L) in Control (Unamended), Biochar, Powdered Activated Carbon (PAC), and Granular Activated Carbon
(GAC) Amended Palos Verde Shelf Superfund Site Sediment at Different Sampling Times

Treatment Day o,p′-DDE p,p′-DDE o,p′-DDD p,p′-DDD

Control 180 0.26 ± 0.06 1.33 ± 0.22 0.06 ± 0.03 0.15 ± 0.03
365 0.22 ± 0.03 1.34 ± 0.15 0.07 ± 0.06 0.18 ± 0.08

Biochar 180 0.14 ± 0.03 0.91 ± 0.12 nd 0.11 ± 0.01
365 0.04 ± 0.02 0.37 ± 0.07 nd 0.16 ± 0.18

PAC 180 nd 0.18 ± 0.08 nd 0.05 ± 0.01
365 nd nd nd nd

GAC 180 0.16 ± 0.14 0.87 ± 0.75 0.04 ± 0.03 0.11 ± 0.07
365 0.14 ± 0.25 0.05 ± 0.04 0.07 ± 0.11 0.25 ± 0.39
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than those generally recommended for bioaccumulation assays,
and it was adopted to avoid ammonia toxicity originating from
the sediment.55 Given that the test was carried out under the
same conditions for all treatments, it may be assumed that the
bioaccumulation by N. arenaceodentata should follow a similar

kinetics, allowing an assessment of effects caused by carbona-
ceous sorbent amendment. The concentrations of DDTs in N.
arenaceodentata were 130−290, 4600−12000, 190−320, and
960−1700 ng/g tissue (dw) for o,p′-DDE, p,p′-DDE, o,p′-
DDD, and p,p′-DDD, respectively. The bioaccumulation

Figure 3. Cfree (ng/L OC) versus Cb (ng/g OC). R2 = 0.66 and p < 0.0001.

Figure 4. Biota-sediment accumulation factor (BSAF) values of different treatments at different sampling times. Asterisks (*) refer to significant
differences between treatments (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
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generally followed patterns similar to those for Cfree, except for
the GAC treatment. When Cfree and Cb values of individual
compounds from all treatments were plotted, there was a
significant linear relationship between Cb and Cfree (R2 = 0.66;
p < 0.01) (Figure 3). However, even though the correlation
was significant, it is apparent that the data were highly
scattered, suggesting that factors other than Cfree may also have
affected the accumulation of DDTs in the benthic invertebrate.
Considering that N. arenaceodentata is a deposit feeder, DDTs
may be assimilated by the organism not only by dermal
absorption but also by direct ingestion of contaminated
sediment particles or carbonaceous sorbent particles. The
results indicated that dermal uptake and particle ingestion were
potentially significant sources for the accumulation of DDTs in
N. arenaceodentata under the experimental conditions.

Apparent BSAF values were further calculated to assess the
effectiveness of carbonaceous sorbent amendment in reducing
bioaccumulation. The derived BSAF values were very small,
ranging from 0.002 to 0.024, across all treatments, including
the unamended sediment (Figure 4; Table 2). The amendment
of carbonaceous sorbents did not result in a statistically
significant reduction in BSAF (p > 0.05) as compared to the

unamended control for most of the compounds and time
points (Figure 5). A significant decrease in BSAF was observed
for DDTs only in the PAC-amended sediment after 1 year of
incubation (Table 2; Figure 4). No discernible decreasing
trend was found for the rest of contaminant-carbonaceous
sorbent combinations (Figure 5). In fact, after 180 days in the
GAC-amended sediment, BSAFs increased unexpectedly.
However, it must be noted again that the derived BSAFs
were generally very small, which is not surprising, given the low
Cfree values, which in turn indicates that DDT had very limited
bioavailability in the sediment after the extensive aging.4,6 The
very small BSAFs may also be related to the fact that the
exposure time in this study was only 4 days. In Wang et al.
(2019),5 the same sediment was exposed to Lumbriculus
variegatus for 28 days, and the resulting BSAFs for the
unamended sediment were generally greater than those seen in
this study, although they were also smaller than 0.05.

The increases seen in bioaccumulation of DDTs in the
GAC-amended sediment at 180 days were not anticipated.
There have been studies suggesting that the changing
microenvironment created by the addition of a carbonaceous
sorbent may increase microbial activity or disturb sequestered

Table 2. Biota-Sediment Accumulation Factor (BSAF) Values in Control (Unamended), Biochar, Powdered Activated Carbon
(PAC), and Granular Activated Carbon (GAC) Amended Palos Verde Shelf Superfund Site Sediment at Different Sampling
Times

Day o,p′-DDE p,p′-DDE o,p′-DDD p,p′-DDD

Control 180 0.005 ± 0.0003 0.007 ± 0.0005 0.004 ± 0.0004 0.004 ± 0.002
365 0.009 ± 0.001 0.011 ± 0.003 0.010 ± 0.002 0.013 ± 0.004

Biochar 180 0.005 ± 0.0003 0.007 ± 0.0006 0.003 ± 0.0003 0.007 ± 0.0008
365 0.004 ± 0.0004 0.007 ± 0.0007 0.0001 ± 0.0003 0.003 ± 0.0005

PAC 180 0.004 ± 0.0002 0.005 ± 0.0004 0.0004 ± 0.0007 0.003 ± 0.0002
365 0.002 ± 0.0003 0.004 ± 0.0005 0 0.001 ± 0.0003

GAC 180 0.016 ± 0.004 0.024 ± 0.006 0.012 ± 0.004 0.018 ± 0.004
365 0.005 ± 0.0003 0.010 ± 0.0009 0.006 ± 0.001 0.010 ± 0.002

Figure 5. Biota-sediment accumulation factor (BSAF) values of DDT compounds in different treatments at different sampling times. Asterisks (*)
refer to significant differences between treatments (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).
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contaminants, releasing previously sequestered HOCs.58−60

Another probable reason could be that N. arenaceodentata
ingested some GAC granules during the exposure assay at this
time interval, which could potentially contribute to the
increased bioaccumulation. However, desorption of DDTs
from the carbonaceous sorbents should be extremely slow, and
the contribution, if any, may be negligible. It must be noted
that the tested organism was very small in size (<1 cm) and
that limited replications were used in the bioaccumulation
experiments. These factors likely contributed to the
uncertainties in the bioaccumulation observations. Other
organisms, as well as HOCs and sediments (or soils) of
different properties, should be considered in future studies to
better characterize the significance of aging when considering
the use of sorbent-based remediation strategies for historically
contaminated sites.
Limitations and Environmental Significance. Most soil

or sediment sites contaminated by legacy contaminants such as
DDT are somewhat similar to the PV Shelf Superfund site,
where the initial contamination occurred decades ago, and the
contaminants therefore have undergone prolonged aging in the
environment. The extensive aging has often been found to
result in reduced contaminant bioaccessibility or bioavail-
ability.5,6 Although aging-induced reductions in contaminant
availability have been increasingly acknowledged in the
scientific community, this phenomenon has rarely been
considered in the context of remediation practices. In this
study, appreciable reductions in Cfree or BSAFs after carbona-
ceous sorbent addition were not consistently achieved for a
marine sediment contaminated with DDTs. These findings
contradict observations in many studies to date that have
considered the interactions of HOCs with external sorbents
under various conditions.55−62 For example, in a study using
spiked sediments, the uptake of PBDEs into a passive sampling
device was reduced by 92−98% with the addition of only 0.5%
of AC.55 In another study, a similar decrease in aqueous
concentrations of DDTs was observed in a spiked sediment
after the addition of AC or multiwalled carbon nanotubes.61

The use of freshly spiked sediments or soils, where the
contaminant bioavailability is high due to the lack of aging,
may have contributed to the pronounced effect. In studies
where sediments with aged PCBs and PAHs were amended
with AC under mixing conditions (to simulate tide wave
disturbance), reductions in bioaccumulation or Cfree were often
observed.14,26,27,29,30,33,57 The differences between these
studies and the current study may be attributed to different
HOCs considered and/or experimental conditions used, such
as the content and properties of indigenous organic carbon,
and incubation conditions (e.g., mixing vs. static). For
sediment beds at great depths and soil sites, little physical
mixing is expected, and mass diffusion of contaminants may be
slow. Mass transfer models have been successfully used to
describe HOC distribution and bioaccumulation in contami-
nated sediments.11,26,27,30,31,46,62 It would be highly valuable to
incorporate contaminant aging in the modeling approach to
further refine such models and support their applications for
the cleanup of contaminated sediment and soil sites.

It must be noted that bioavailability is an endpoint that is
specific to the site and its ecosystem functions. While the
native marine benthic invertebrate N. arenaceodentata was a
suitable organism for assessing bioavailability of the Palos
Verde Shelf Superfund site, as it serves as an important food
source for bottom-feeding fish such as the California halibut

(P. californicus), other nontarget organisms need to be selected
to better predict the environmental risk of other compartments
or sites. For example, for contaminated soil sites, soil
invertebrates such as earthworms, as well as plants, may better
reflect the bioavailability of contaminants. In addition, for
contaminants such as DDTs, biomagnification through food
chain and exposure to higher trophic level organisms, including
humans, should be also considered. As shown in this and many
other studies, chemically based measurements such as Cfree are
a good proxy for contaminant bioavailability and should be
incorporated in the site assessment for remediation needs.

Observations from this study suggest that for historically
contaminated sites, it is prudent to evaluate the need for, and
value of, using carbonaceous or other sorbents by considering
site- and contaminant-specific bioavailability before imple-
menting actual mitigation practices. For contaminated sites
where the contaminants have undergone extensive aging, as in
the case of the PV Shelf Superfund site, aging, in combination
with site-specific characteristics, may have already rendered the
contaminants to be largely unavailable. Additional aging may
be expected to further decrease the contaminant bioavailability,
leading to further diminished environmental risks. In this
context, the so-called monitored natural recovery (MNR) may
be a better overall option to protect the environment while
allowing time for the contaminated site to “self-clean” and
recover. MNR requires the initial evaluation of a contaminated
site for processes that will remove or sequester contaminants
from a location without or in combination with other
remediation techniques.63 These processes include contami-
nant burial or transport from a site, reductions in contaminant
mobility (i.e., reductions in bioavailability due to strong
sorption to sediment organic matter), and chemical or
biological transformations.63 If these criteria are met, as is
the case with the aged DDT residues at the PV Shelf, MNR
can be a more cost-effective and environmentally friendly
option. Partly for this reason and likely also due to the
technical difficulties of other options presented by the great
water depth (>80 m), MNR is in effect for the PV Shelf
Superfund site.49 It is, therefore, crucial to determine the actual
risks of historically contaminated sites before adopting a
sorbent amendment-based remediation treatment.
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