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The biocides triclosan and triclocarban are wastewater
contaminants whose occurrence and fate in estuarine sediments
remain unexplored. We examined contaminant profiles in 137Cs/
7Be-dated sediment cores taken near wastewater treatment
plants in the Chesapeake Bay watershed (CB), Maryland and
Jamaica Bay (JB), New York. In JB, biocide occurrences tracked
the time course of biocide usage and wastewater treatment
strategies employed, first appearing in the 1950s (triclocarban)
and 1960s (triclosan), and peaking in the late 1960s and
1970s (24 ( 0.54 and 0.8 ( 0.4 mg/kg dry weight, respectively).
In CB, where the time of sediment accumulation was not as
well constrained by 137Cs depth profiles, triclocarban was only
measurable in 137Cs-bearing sediments, peaking at 3.6(0.6 mg/
kg midway through the core and exceeding 1 mg/kg in recent
deposits. In contrast, triclosan concentrations were low or
not detectable in the CB core. Analysis of CB sediment by tandem
mass spectrometry produced the first evidence for complete
sequential dechlorination of triclocarban to the transformation
products dichloro-, monochloro-, and unsubstituted carbanilide,
which were detected at maxima of 15.5 ( 1.8, 4.1 ( 2.4,
and 0.5(0.1 mg/kg, respectively. Concentrations of all carbanilide
congeners combined were correlated with heavy metals (R2

> 0.64, P < 0.01), thereby identifying wastewater as the principal
pathway of contamination. Environmental persistence over
the past 40 years was observed for triclosan and triclocarban
in JB, and for triclocarban’s diphenylurea backbone in CB
sediments.

Introduction

Use of detergents and personal care products containing
triclosan (TCS; 5-chloro-2-[2,4-dichlorophenoxy]-phenol)
and triclocarban (TCC; 3,4,4′-trichlorocarbanilide) is steadily
increasing (1). Current, combined inputs of both biocides
into the U.S. environment are known to exceed 600 000 kg/
yr and may be as high as 10 000 000 kg/yr (Supporting
Information Table S1) (1). Conventional activated sludge
wastewater treatment plants (WWTPs) effectively reduce
biocide levels in wastewater from µg/L to ng/L levels due to
effective sequestration of chemicals in sludge and incomplete
biodegradation (2–5). Reclamation of wastewater and agri-
cultural recycling of municipal sludge represent two im-
portant dispersal mechanisms for these biocides that are
widely distributed in environmental habitats (6).

Contamination of aquatic environments with TCS and
TCC is of potential concern since laboratory studies indicate
both biocides may be harmful to aquatic organisms. For
example, in cell-based and in vitro enzymatic assays TCS
activates the pregnane X receptor, inhibits human estrogen
and thyroid hormone sulfotransferases, impairs mitochon-
drial function, and induces other phenotypes associated with
endocrine disruption (7–11). In tadpoles, exposure to en-
vironmentally relevant concentrations of TCS (150 ng/L)
causes changes in thyroid hormone receptor gene expression,
a reduction in body weight, increased hind limb development,
and a decrease in swimming activity (12, 13). At high
concentrations (>600 µg/L) TCS causes death in fish and
increases vitellogelin production in fish eggs, suggesting
estrogenic activity (14, 15). Antimicrobial effects of TCS are
in part due to inhibition of type II fatty acid metabolism in
bacteria. Many plants, algae, and protozoans also rely on a
bacteria-like type II fatty acid pathway and are sensitive to
low µg/L levels of TCS (15–18). Comparatively less is known
about the toxicity of TCC. This chemical has been shown to
cause abnormal development in clams and to reduce larval
survival at low levels (30 µg/L) (19). In addition, TCC can act
as an agonist toward the aryl hydrocarbon receptor that
mediates toxic effects caused by structurally diverse com-
pounds, including the known carcinogen 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (20). Furthermore, TCS and TCC po-
tentially may disrupt critical ecological processes performed
by beneficial microorganisms in nature, because both
compounds are active toward a wide spectrum of microbial
species (21, 22).

Additional concerns center on the environmental behavior
of TCS and TCC and on the toxicity of their transformation
products. Both biocides are sparingly water soluble at
circumneutral pH and display strong sorptive behavior due
to their significant lipophilicity (23). Predicted half-lives for
TCS and TCC in water are approximately 60 days, and empiric
half-lives reported for TCS in receiving streams range from
several hours to weeks, depending on the specific environ-
mental conditions (3, 24). Both biocides may be removed
from the water column through various physical, chemical,
and biological processes, including sedimentation followed
by uptake and/or transformation by biota, and phototrans-
formation. For example, TCS undergoes partial photochemi-
cal degradation in the water column, thereby producing
dichlorodioxins and carcinogenic chlorophenols, two prob-
lematic and potentially persistent degradates (25). Likewise,
aerobic bacterial degradation of TCC results in the formation
of chloroanilines, compounds that are cytotoxic and
carcinogenic (26, 27). In addition, recent studies show that
TCC, TCS, and its biotransformation product methyl-TCS
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accumulate in algae 3 orders of magnitude above ambient
water concentrations, thereby effectively raising the exposure
concentration for algae and aquatic biota feeding upon them
(28). In the water column, they may also adsorb to abiotic
particulate matter, which also is ingested by planktivorous
fish, clams, oysters, crustaceans, and other filter feeding
organisms. Indeed, fish have been shown to contain the
primary metabolite of triclosan, methyl- triclosan, at ppm
levels (µg/g lipid weight) (29). In their final sink, aquatic
sediments, both biocides are predicted to exhibit half-lives
of greater than 500 days (30). However, few empirical
measurements support this claim, and lower chlorinated
derivatives of TCS and TCC that could provide evidence for
anaerobic biotransformation have not yet been reported (2).

The scarcity of data on the fate of TCS and TCC in sediment
is unfortunate, as the record of chemical deposition in
sediment may provide a rich history of chemical production,
geographic usage, environmental loading, and in situ deg-
radation. One study reported TCS in a dated sediment core
taken from Lake Greifensee, Switzerland, where TCS con-
centrations fluctuated over time according to usage and
efficiency of wastewater treatment regimes (2). The highest
amount of TCS was detected in >30 year old sediment,
suggesting that TCS has a very slow rate of in situ degradation
in freshwater sediment if a constant source term is assumed
(2). Increasing concentrations of TCS were observed in
recently deposited top sediment, thereby reflecting greater
biocide usage in the past decade (2).

In this study, we investigated TCS and TCC in sediment
from two estuarine environments. We describe the distribu-
tion of both biocides near a wastewater outfall in the
Chesapeake Bay watershed (CB) in Maryland, and we
compare their environmental fate in dated sediment cores
from CB and Jamaica Bay (JB), New York. To the best of our
knowledge, this is the first study to examine the environ-
mental fate of either biocide in estuarine sediments.

Experimental Section
Chemicals. Solvents, reagent-grade water, nonlabeled TCS,
TCC, and nonchlorinated carbanilide (NCC) were of the
highest purity available from Sigma Aldrich (Milwaukee, WI).
The synthesis of monochlorocarbanilide (MCC) is presented
in the Supporting Information. The origin and purity of
dichlorocarbanilide (DCC), 13C6- TCC, and 13C6- TCS has been
reported in detail elsewhere (5, 31).

Description of Study Sites and Sample Collection.
Sediment samples were obtained from two study sites on
the U.S. East Coast (Figure 1). The CB site is on the Back
River, a residential tributary of the Chesapeake Bay located
near Baltimore, Maryland. This location receives effluent from
a WWTP serving 1.3 million people. A full description of the
plant has been provided previously (32). In July of 2005,
samples of the top 10 cm of sediment were collected from
eight CB locations in Back River, MD beginning 450 m inland
from a WWTP outfall and extending 5700 m seaward (Figure
1). Each sample was mixed to homogeneity prior to analysis.
Subsequently, several push cores were collected 130 m
downstream of the WWTP outfall in July of 2006 using
methods previously described (33). The cores were divided
into 2–4 cm sections, dried for several days at 35 °C, ground
to a fine powder, and stored at room temperature until further
analysis. One of these cores, CB1, was chosen for full
radionuclide and biocide analyses.

Jamaica Bay is an urbanized estuary located on the
southwestern shore of Long Island that receives much of its
freshwater as effluent from JB WWTPs. Eastern JB was
dredged extensively in 1939, creating an unusually deep area
in a section called Grassy Bay, which serves as a settling
basin for fine-grained particles. Archived sediment was
obtained from sections of JB16, a gravity core collected on
October 4, 1996 from Grassy Bay and stored as dried sediment
at room temperature in airtight, enamel-lined aluminum
cans. Further information on JB WWTPs, the sampling

FIGURE 1. Map of the U.S. East Coast showing sampling locations in a tributary to the Chesapeake Bay, MD, and in a deep
estuarine basin in Jamaica Bay, NY. A close-up view of MD shows 8 sites of sampling for surface sediment (0–10 cm depth) taken
along a cross section beginning 450 m inland to 5700 m (arrow) seaward relative to the wastewater outfall.

VOL. 42, NO. 12, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4571



location in Grassy Bay, and additional dating information
relevant for core JB16 may be found elsewhere (34).

Sediment Dating. The radioisotopes 7Be and 137Cs were
measured in CB1 sediment cores by γ-spectrometry as
previously accomplished (33, 35). Values for 137Cs were decay
corrected to the time of sampling. Interpretation of radio-
nuclide data are described in the Supporting Information.

Sample Preparation and Analysis. Dried sediments from
JB and CB were analyzed along with blanks and quality control
samples by isotope dilution liquid chromatography negative
electrospray ionization mass spectrometry (LC-ESI-MS) using
previously reported procedures (36) Details of the sediment
extraction method are provided in the Supporting Informa-
tion. Extraction efficiency of target analytes and percent
recovery of surrogate standards are presented in Supporting
Information Tables S2 and S3 along with monitored target
and reference ions. When low analyte concentrations in
sediment necessitated better sensitivity for accurate quan-
titation, the various carbanilides were measured in sediment
extracts using liquid chromatography tandem mass spec-
trometry as previously described (5). The limit of quantifica-
tion (LOQ) and detection limit (DL) for TCC, DCC, MCC, and
NCC was 0.0005 and 0.0001 mg/kg, respectively, and for TCS
was 0.05 and 0.01 mg/kg, respectively. All biocide concen-
trations in sediment are reported on a dry weight basis.

Metals Analysis. Heavy metals (Cu, Pb, Zn) in JB16
sediment were analyzed by atomic absorption spectroscopy
and inductively coupled plasma mass spectrometry using
procedures reported previously (37). A similar procedure was
used to measure metals in CB sediment (Supporting Infor-
mation).

Results
Distribution of Biocides in Back River Sediment. Both
biocides were detected in homogenized surface sediment
samples taken near the WWTP on Back River, a tributary of
CB (Figure 1). Concentrations of TCC did not significantly
vary within 400 m upstream or 1000 m downstream of the
outfall and ranged from 0.7–1.6 mg/kg dry weight, with an
average of 1.0 ( 0.48 mg/kg (n ) 21). In contrast, TCS was
below the LOQ (0.05 mg/kg) in 70% of the samples and
showed a maximum of 0.08 ( 0.01 mg/kg and an average of

0.07 ( 0.01 mg/kg (n ) 6), which is 14 times lower than that
of TCC. In a single sediment sample taken 5700 m away in
a seaward direction, TCC remained detectable at 0.11 ( 0.16
mg/kg, whereas TCS was not found at an estimated detection
limit of 0.01 mg/kg.

Sediment Dating. The age-depth relationship in core
JB16 and earlier co-located cores have been presented and
discussed previously (33, 34). The radionuclide measure-
ments on the CB1 core allow much less detailed age
determinations of its depth sections. The well-conserved
morphology of loose, lightly colored organic flocculates in
the core top of CB1, as seen through the core liner, together
with the measured activity of 7Be in the core top (0–2 cm; 46
( 33 Bq/kg (1 sigma counting error) suggest that surface
sediment in the CB1 core probably included particles that
had accumulated within several months of time of sampling
(July 2006); however, the counting statistics did not reach
the 95% confidence level. The top 35 cm of CB1 contains
measurable activities of 137Cs that are very similar (12.6 ( 2.1
Bq/kg) without any prominent subsurface peak (Supporting
Information Table S4 and Figure S1). Intense sediment mixing
over the top 30+ cm is ruled out by the contaminant
measurements that show sharp gradients as a function of
depth (Figures 2 and 3 and Supporting Information Table
S5). Sediments below 35 cm do not contain measurable levels
of 137Cs, indicating that these sediments accumulated prior
to the early 1950s. Overall, the radionuclide profile is most
consistent with a major erosional/dredging event having
occurred sometime between the 1970s and the 1990s,
removing sediments accumulated since at least the early
1950s. Recent accumulation occurring over the last several
years to the last few decades would account for the 137Cs
activity in the upper sections of the core. In this interpretation,
the 34–36 cm depth section of CB1 would represent a mixture
of old sediment (deposited some time prior to the early 1950s)
and the first sediment that accumulated after the erosional/
dredging event.

Depth Profile of Biocides in Chesapeake Bay and Jamaica
Bay Sediment. In the JB16 sediment core TCS was detected
in all sediment sections deposited since commercial pro-
duction of the compound began in the mid 1960s (Figure 2).
TCS levels peaked at between 0.6 and 0.8 mg/kg in samples

FIGURE 2. Depth-time profile of TCS and TCC in sediment from Jamaica Bay and Chesapeake Bay estuarine sampling locations.
Open symbols indicate values below the detection limit and filled symbols with an asterisk indicate that the analyte was detected,
but its concentration was below the LOQ. Note that the TCS scale is on the upper x-axis and the TCC scale is on the lower x-axis.
Arrows on the JB plot indicate patent issuance dates for TCS (1964) and TCC (1957), that ushered in chemical mass production. Error
bars indicate the standard deviation of analyte concentrations in two or more replicate extractions of the same sediment section.
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deposited between the mid 1960s and late 1970s. The
significant decline to less than 0.05 mg/kg in four of the five
samples deposited since the mid 1980s may be a reflection
of the introduction of full activated sludge treatment to the
JB WWTPs in 1978 (33). The 2–4 cm sample, with a mean TCS
level of 0.6 mg/kg may reflect the influence of major
combined sewer overflow events. Combined sewer overflow
has been a persistent problem for wastewater treatment in
the JB serwershed (33, 38). TCC was detected in all but the
deepest core section, consistent with its earlier commercial
production compared to TCS (Figure 2). Peak levels of TCC,
on the order of 24 mg/kg, were about 25 times greater than
those of TCS but occurred over a similar time period, the
mid 1960s to the late 1970s. The more recent decrease in
levels, again, are likely associated with the WWTP upgrade
in 1978, but the decrease was not as dramatic as for TCS
(Figure 2). Concentrations of TCC in JB sediment remained
above 1 mg/kg in the top sediment layer.

At the location of sediment core CB1 (Figure 1), TCS was
at or below the LOQ (0.05 mg/kg) when detectable at all
(Figure 2). In contrast, TCC was found consistently through-
out the top 33 cm of the CB1 core, ranging from about 1.5
to 3.5 mg/kg. As discussed above (see Sediment Dating

section), our best estimate is that this layer accumulated
between 1980 or 1990 and 2006. The levels of TCC are
comparable to those from the sections of JB16 deposited
between about 1990 and 1996.

Sediment Deposition Rate of Biocides Compared to
Heavy Metals. Wastewater effluent is known to contain
elevated concentrations of heavy metals that are subsequently
deposited in sediment of effluent receiving surface waters
(34, 39). In JB16 and CB1 cores, the overall average con-
centration of Cu (298 ( 58 and 209 ( 88 mg/kg, respectively)
was similar to that of Pb (305 ( 72 and 215 ( 88 mg/kg,
respectively) and Zn (300 ( 120 and 1441 ( 260 mg/kg,
respectively), although Zn was slightly higher in CB1. The
depth-time profile of the metals was nearly identical to one
another at each location (Supporting Information Table S5).
In the JB16 core, the depth-time profile of both TCS and
TCC paralleled those of the metals (Supporting Information
Figure S2 and Table S5), and a significant association was
observed between TCC and Cu (Spearman coefficient of
determination and probability; R2 ) 0.67, P ) 0.002) and
TCC and Pb (R2 ) 0.65, P ) 0.003), consistent with WWTP
effluent being the major pathway of contaminants to JB
sediment. In contrast, an inverse relationship between Cu

FIGURE 3. Depth-time profile of TCC and its postulated products of complete sequential dechlorination in sediment cores taken from
the Chesapeake Bay, MD and Jamaica Bay, NY. Open symbols indicate values below the detection limit. In JB16, the dechlorination
products DCC, MCC, and NCC were measured in a single extract from each sediment section, and for all other data points error bars
are the average and standard deviation of measurements of two or more sediment extracts from each sediment section. For
comparison, the units on the upper axis are in molarity, and that of the bottom axis are in mg/kg. TCC appears to be recalcitrant in
Jamaica Bay sediment, whereas Chesapeake Bay sediment shows evidence of TCC dechlorination in deep sediment layers.
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and TCC, and Pb and TCC in the CB1 core was evident, but
not statistically significant (R2) 0.3, P ) 0.08 and R2 ) 0.21,
P ) 0.15, respectively).

Evidence for Dechlorination of TCC in the Chesapeake
Bay Watershed. Significant quantities of dichloro-, monochlo-
ro-, and to a lesser extent nonchlorinated carbanilide (DCC,
MCC, and NCC, respectively) were observed at lower depths
in the CB1 sediment core (Figure 3B). At a depth of 26–34
cm, the three different dechlorination products achieved
maximum concentrations. DCC was most abundant (15.5 (
1.8 mg/kg), followed by MCC (4.1 ( 2.4 mg/kg) and then
NCC (0.5 ( 0.1 mg/kg). After these maxima, upper sediment
layers contained decreasing concentrations of all dechlori-
nation products. The sum of all carbanilide congeners
examined reached a maximum of 19.8 mg/kg at a depth of
33 cm. A previously described manufacturing impurity of
TCC, 3,3′,4,4′-tetrachlorocarbanilide (TetCC) was not de-
tected in the CB1 sediment core (<0.001 mg/kg; data not
shown). There was a significant inverse association between
TCC and DCC (R2 ) 0.55, P < 0.0001) and between TCC and
MCC (R2 ) 0.48, P < 0.0001), indicating that, as levels of
these dechlorination products increased, levels of TCC
decreased.

In contrast to findings in the Chesapeake Bay watershed,
TCC dechlorination products were rarely detected in JB
sediment (Figure 3A). DCC was repeatedly detected at levels
below 0.5 mg/kg, whereas MCC and NCC were found
infrequently and only at nonquantifiable levels. At an
estimated detection limit of 0.001 mg/kg, TetCC was not
observable in any sediment section of the JB16 core (not
shown).

TCC was not significantly correlated with heavy metals
in CB1 sediment due to its dechlorination; however, the sum
of all carbanilides in both JB16 and CB1 sediment was
significantly correlated with Cu (R2 ) 0.64, P ) 0.003; and R2

) 0.77, and P ) 0.0004; respectively), Pb (R2 ) 0.17, P )
0.001; and R2 )0.67, and P ) 0.002; respectively) and Zn (R2

) 0.66, P ) 0.002; and R2 ) 0.68, and P ) 0.002; respectively)
(Figure S3). These observations suggest that despite dechlo-
rination of TCC, the carbanilide backbone has resisted
degradation in sediment at both locations.

Discussion
TCC is More Persistent than TCS. TCC was more abundant
than TCS in sediment, regardless of sample type, sediment
depth, sampling site, and sediment age. This could be due
to slightly greater annual production volumes reported for
TCC over the last few decades (Supporting Information Table
S1). However, this does not take into account usage patterns.
More likely, the data are in agreement with observations at
the CB sewage treatment plant, where TCC was observed to
persist to a greater extent than TCS (76 ( 30 vs 50 ( 19%,
respectively) following aerobic and anaerobic treatment
strategies (5, 32). Whereas the ratio of TCC to TCS concen-
trations in chlorinated effluent from the CB facility previously
was observed to be less than 2:1 (5, 32), it was found to be
greater than 14:1 in surface sediment (Figure 2). Physico-
chemical properties and differences in the transformation
potential of TCS and TCC may account for the variance in
persistence. At pH 7.0 the organic carbon–normalized
sorption coefficient of TCC is slightly greater than that of
TCS (log KOC ) 4.50 for TCC vs 4.13 for TCS); and in
wastewater, at pH < 7.0, a slightly greater fraction of the
mass of TCC adsorbs to particulate matter and sludge (5, 32).
In environmentally relevant pH conditions, only TCS (but
not TCC) exhibits ionic properties (pKA ) 7.8 for TCS vs 12.7
for TCC), and at pH 8 the calculated log KOC of TCS decreases
to 3.78, whereas that of TCC remains unchanged. This is
important in estuarine environments, as the pH may fluctuate
above the pKA of TCS with saltwater influx during high tide

and during summer algal blooms (pH > 9.0), thereby
effectively increasing the fraction of the mass of TCS in the
dissolved phase (40, 41). A greater proportion of TCS in the
dissolved phase, particularly in its deprotonated form, may
result in an overall lower TCS deposition rate due to decreased
sedimentation and higher rates of biological and photo-
chemical degradation (2, 42).

Geographic Variability in the Environmental Fate of
Both Biocides. The two biocides were more persistent in JB
sediment when compared to those from the CB location
(Figure 2). Conclusions concerning the persistence of both
organic chemicals were drawn based on the relationship
between levels of biocides and heavy metals in JB sediment.
Here, treated effluent discharged from the local WWTP is the
principal source of heavy metals (34). Heavy metal behavior
is essentially conservative, and total concentrations are
unaffected by biological, chemical, and photodegradative
processes. The fact that the profiles of TCC and TCS parallels
those of the heavy metals in core JB16 indicates that the
biocides are not degraded to any significant extent in this
environment. Treated effluent as the principal source of
biocides in sediment at this study location is further evidenced
by the fact that concentrations of TCS and TCC increased in
JB16 sediment until the 1970s and then decreased thereafter
(Figure 2), coinciding with upgrading of the local WWTP to
secondary treatment by activated sludge processing. This
resulted in a marked decrease in the concentration of total
suspended solids in JB wastewater effluent from 55 to 20
mg/L (33). Because sorption of biocides to activated sludge
is extensive (2, 5), concentrations of both analytes in effluent
would be expected to substantially decrease after the
treatment plant upgrade, consistent with the sediment core
profiles of both TCC and TCS in JB16.

The geographically variable persistence of both biocides
in JB and CB may be related to the distinct physicochemical
and associated biological characteristics of the two sites. The
JB core was taken from an area in JB known as Grassy Bay,
which essentially acts as a large catchment basin for
wastewater effluent (33). This inland bay is poorly flushed
by tidal currents and experiences seasonal water-column
stratification and bottom water anoxia (43). In contrast,
bottom waters at the CB location are well oxygenated year
round (40). In addition, in the deeper and more stratified
Grassy Bay, phototransformation of the biocides may be more
limited. Similarly, bottom water anoxia may limit any aerobic
biological degradation of the two antimicrobials during
sedimentation (44).

TCC Dechlorination. Significant quantities of DCC, MCC,
and NCC were detected in aged, deep sediment from CB,
suggesting ongoing dechlorination of TCC in situ. Although
DCC and TetCC are known to occur as impurities at levels
of about 0.2% by weight in technical grade TCC (31), the
quantities are far too low to account for the amounts of DCC
found in estuarine sediments in this study. In addition, DCC
is known to occur in CB surface waters at a TCC:DCC ratio
of 70:1, whereas in CB sediment this ratio is 1:5 or less.
Because preferential partitioning would shift the ratio in the
other direction, the elevated levels of DCC found in sediment
must have been produced in situ (Figure 3) (31). Furthermore,
a significant negative correlation was observed between TCC
and each dechlorination product along the sediment core,
providing further evidence for TCC dechlorination.

Although elucidation of the mechanism of TCC dechlo-
rination was beyond the scope of this study, the involvement
of dehalorespiring microorganisms is one possibility. Con-
sistent with reductive dechlorination being a strictly anaero-
bic process, no significant quantities of dechlorination
products were observed in partially oxygenated surface
sediments (Figure 3). The highest concentrations of TCC
transformation products were found in deep sediment likely
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to be anoxic, suggesting that TCC transformation may require
long incubation times similar to other organochlorines (45).
In CB sediment, the greater abundance of DCC and MCC
relative to NCC suggests that TCC dechlorination is still
actively occurring, albeit at a very slow rate. Assuming that
all observed dechlorination products arose from TCC, the
amount of TCC dechlorinated can be calculated by dividing
the molar concentration of TCC by the sum of all carbanilides
using data presented in Figure 3. In upper sediment layers,
the extent of transformation was less than 40%, whereas the
largest amount of transformation occurred at a depth of about
33 cm, where approximately 94% of the deposited TCC had
been transformed to lower chlorinated derivatives.

In JB sediment, there was less TCC dechlorination activity,
as evidenced by lower levels of the expected transformation
products and higher concentrations of TCC in aged sediment
(Figure 3). Trending of TCC and TCS with levels of sewage
derived heavy metals suggest that both antimicrobials can
persist for decades in sediments of Jamaica Bay. Lack of
dechlorination in JB sediment is somewhat puzzling since
deep sediment (>1 cm) at both locations is expected to lack
oxygen (46). However, dechlorination of similar organic
contaminants has been shown to be geographically variable
(47). This may be related to a variety of site-specific factors
including microbial species composition, competition for
electron donors, and chemical inhibition (reviewed in (48)).
Whether or not any of these factors play a role in lack of TCC
dechlorination in JB sediment is unknown.

Implications for Aquatic Toxicity. Although both study
sites are heavily impacted by wastewaters, they represent
habitats for key aquatic organisms. Observations made in
this study have implications for the sustainable use of these
natural resources for fishing, crabbing, and boating. High
levels of TCC in CB and JB sediment may harm aquatic
organisms. At present, a biota–sediment accumulation factor
has not been established for TCC, making it difficult to
determine how sediment concentrations relate to exposure
levels. However, the pore water concentration of TCC may
be estimated. Given that CB and JB sediment have an average
organic carbon content of approximately 5 and 6%,
respectively (34, 49), average and maximum pore water
concentrations for TCC of 1.77 ( 0.67 and 3.96 µg/L or 4.05
( 3.38 and 10.78 µg/L were calculated for the CB and JB
locations, respectively. These levels approach or exceed the
minimal inhibitory values reported for some aquatic organ-
isms including invertebrates (Ceriodaphnia sp.; no observed
effect concentration (NOEC) of 1.46 µg/L), shellfish larvae
(Mercenaria mercenaria; LC50 ) 30 µg/L), and fish species
(Pimephales promelas; NOEC)5 µg/L) (50). Using a predicted
no effect concentration (PNEC) that is one-tenth of the NOEC
value (51), estimated pore water concentrations of TCC in
sediment likely exceed the PNEC for Ceriodaphnia and P.
promelas. Yet, assays to assess NOEC concentrations involve
exposure of these organisms to dissolved biocide mass for
no more than a few days for acute toxicity and for less than
a month to estimate chronic toxicity. In addition, these assays
also do not control for ingestion of biocide-laden particulate
matter. From our results we have to conclude that particulate
matter may serve as a delivery mechanism for high doses of
TCC. This may be of importance to filter feeding benthic
organisms, including worms, shellfish, crabs, and important
herbivorous fish species such as Atlantic Menhaden (Brevoor-
tia tyrannus).

This study explored the 40-year history of TCS and TCC
deposition in estuarine sediment at two locations on the
U.S. East Coast. Data show that (i) TCC, and to a lesser extent
TCS, are persistent organic contaminants of estuarine
sediment; (ii) TCC is more persistent and more abundant
than TCS; (iii) in aged sediment, TCC can undergo slow
anaerobic dechlorination but that the process shows geo-

graphic variability; (iv) anaerobic transformation processes
can alter the chlorine substitution pattern but do not reduce
the overall quantity of carbanilide species present, and (v)
TCC contamination of estuarine sediment in some locations
extends into the ppm range, representing potentially un-
healthy levels for aquatic organisms. Further studies into the
aquatic toxicity of these persistent antimicrobial additives
are needed to more accurately judge their actual threat to
aquatic ecosystems.
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