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Combined Effects of Contaminant Desorption and Toxicity
on Risk from PAH Contaminated Sediments

Leslie M. Shor,! David S. Kosson,'* Karl J. Rockne,? Lily Y. Young,® and Gary L. Taghon*

A strong inverse correlation was observed between the polycyclic aromatic hydrocarbon
(PAH) mass fraction desorbed, a surrogate measure of bioavailability, and relative carcino-
genicity, as quantified by potency equivalency factors (PEFs), for two study sediments from
the New York/New Jersey Harbor estuary. Because compounds with the highest toxicity, such
as dibenz(a,h)anthracene and benzo(a)pyrene (BAP), also tended to be the least rapidly and
least extensively desorbed, the U.S. Environmental Protection Agency (EPA) default guidance
may dramatically overestimate risk from exposure to PAH-contaminated soils or sediments. A
“relative risk index” (RRI) was developed to account for the combined effects of compound-
specific bioavailability and toxic potency in estimating excess cancer risk. Using this approach,
estimated excess cancer risk may be diminished by as much as a factor of 159 times versus
default EPA. guidance. Also, the hierarchy of estimated risk between study sediments and
among treatment fractions of study sediments differed using the two approaches, implying
that the default approach may inaccurately determine site clean-up priorities. The percentage
contribution of each potentially carcinogenic priority PAH to total excess cancer risk was
computed under various scenarios. In each case, the contribution of BAP to total excess can-
cer risk was remarkably invariable, for example, ranging from 48% to 52% in one sediment,
and 44% to 54% in the other, over four different exposure durations. These results suggest
that BAP may be an excellent indexing compound for gauging relative exposure risk across
sediments. Other important contributors to total excess cancer risk were benz(a)anthracene
and dibenz(a,h)anthracene. Together, these three compounds comprised nearly 90% of total
excess cancer risk from all PAHs in every scenario. This integrated RRI approach may en-
able regulators to more accurately gauge relative risks and make more informed sediment
management decisions. - S ‘
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MacLeod & Semple, 2000; Reid ez al, 2000; Shor
& Kosson, 2000). The phenomenon is especially
pronounced for hydrophobic organic contaminants
(HOCG:s) such as polycyclic aromatic hydrocarbons
(PAHs). Because of significant mass transport limita-
tions with aging, total contaminant concentration may
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Table I. Selected Properties of 4-, 5-, and 6-Ring Priority PAHs Measured in Newtown Creek (NC) or Piles Creek (PC) Sediments

P?HI;Ig (122310) # Mol. Aqueous PEF

—_— . wt.2 Solubility? log Cancer PEF Nisbet and

NC PC Rings (g mot~1) (mg L 1) Kow? ClassP EPA® LaGoy ¢
Fluoranthene 38 6.4 4 202 0.26 52 D 0.001
Pyrene 3.7 6.3 4 202 0.135 5.2 D ' 0.001 .
Benz(a)anthracene 2.0 32 4 228 0.014 59 B2 0.1 0.1
Chrysene 3.8 33 4 228 0.002 59 B2 0.001 0.01
Benzo(b)fluoranthene 1.9 41 5 252 0.0015 6.5 B2 0.1 0.1
Benzo(k)fluoranthene 0.8 1.7 5 252 0.00081 - 6.8 B2 0.01 0.1
Benzo(a)pyrene 1.1 31 5 252 0.0038 6.5 B2 1 (index) 1 (index)
Dibenz(a,h)anthracene 0.6 1.6 5 278 0.0005 72 B2 1 5
Benzo(g,h,i)perylene 1.6 29 6 276 0.00026 6.9 D 0.01
Indeno(1,2,3-CD)pyrene 08 19 6 276 0.00019 7.7 B2 0.1 0.1
Total PAHs 21 35 :
Total cPAHs 11 - 19

3Data from Mackay et al. (1992).
bCancer class from U.S. EPA guidance (2002).

Potency equivalency factor (PEF) values after EPA guidance (1993).

dPotency equivalency factor (PEF) values after Nisbet and LaGoy (1992).

be a poor predictor of the bioavailable® concentration
(Alexander, 2000; U.S. EPA, 2000). Thus, the real dan-
ger posed by exposure to such aged contaminants in
the environment is uncertain. For example, one recent
study computed “environmentally protective” PAH
concentration thresholds in soil 3 to 10 times higher
than California default assumptions when considering
the unavailable fraction (Stroo ez al.; 2000). Current
standard approaches that do not explicitly consider
bioavailability (e.g:, U.S. EPA, 1993) may magnify or
distort actual risks. As a result, scarce resources may
be diverted away from instances where the risks to
human health are the greatest.

PAHs are commonly detected in U.S. surface
waters (Kolpin et al., 2002), and in the sediments
underlying U.S. ports, harbors, and other industrial-
ized waterways (NRC, 1997; U.S. EPA, 1998). The
US. Environmental Protection Agency (EPA) has
designated 17 PAHs as priority pollutants, and 7 of
these as level B2 “probable human carcinogens” (U.S. -
EPA, 2001) (Table I). Various PAHs may also cause
other adverse health effects, including liver, kidney,
and hemoglobin toxicity (U.S. EPA, 2001). Sources
of PAHs in the environment include naturally occur-
ring deposits, incomplete combustion of fossil fuels,
oil refining, and petrochemical spills. A combination

5 Where bioavailability is defined after Alexander as “the ac-
cessibility of a chemical for assimilation and possible toxicity”
(Alexander, 2000).

of low aqueous solubility, low vapor pressure, and
high hydrophobicity causes PAHs to accumulate in
sediments. The rate and extent of PAH mass trans-
port from sediment depends on many factors, includ-
ing structure-activity properties of individual PAHs,
sediment properties (e.g., sediment particle size and
structure, and organic matter concentration and prop-
erties), temperature, aqueous chemistry (e.g., dis-
solved organic carbon concentration and properties),
and time (Shor ez al.,2003b). A recent study has shown
bioavailability of sediment-sequestered PAHs to mi-
croorganisms is limited by slow mass transport to the

‘aqueous phase (Shor et al., 2003a). Another study

showed the quantity of PAHs that are in the “rapidly
desorbing fraction” might control the extent of PAH
biodegradationinsediments (Cornelissen et al., 1998).

In addition to controlling the bioavailability of
PAHs in sediments to microorganisms, mass trans-

“port affects bioavailability of PAHs in other systems as

well. In one study, PAHs passed more quickly through
monkey skin and into receptor solution when they
were applied in an acetone/artificial sweat solution
versus applied in oil; moreover, more hydrophobic
PAHEs, including benzo(a)pyrene (BAP), only passed
through the skin in measurable quantities when ap-
plied in solution of acetone/sweat (Sartorelli ef al.,
1999). Another study investigated bioavailability of
PAHs to worms (Mayer et al, 1996): in 4 hours
at 22°C in a well-mixed system, only about 5% of
PAHs were extracted from each of two field-aged
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PAH-contaminated sediments in a solution of diges-
tive fluids collected from marine deposit feeders. The
authors observed the highest percentage solubiliza-
tion for the 3- and 4-ring PAHs, while more carcino-
genic 5- and 6-ring compounds including BAP were
only about 3% solubilized. These studies suggest that
more carcinogenic PAHs may also be less bioavail-
able. Integration of compound- and sediment-specific
mass transport properties with relative toxicity has
important implications for both human health and
ecological risk assessment, as suggested by other re-
ports (Brown et al., 1999; Peters et al., 1999). Although
the decreased bioavailability of more hydrophobic
PAHSs has been incorporated into equilibrium mod-
els such as equilibrium partitioning theory (EPT)
(DiTorro et al., 1991), exposure is typically not an
equilibrium process. Other factors such as sequestra-
tion status (Kraaij et al.,2002) and desorption kinetics
should also be considered to more accurately describe
exposure and predict risk.

This study introduces a theoretical framework for
more accurately accounting for bioavailability in hu-
man health risk calculations; however, the broader
implications may also be applicable to ecological
risk assessment. The approach is based on comput-
ing the “relative risk index” (RRI), which incorpo-
rates compound-specific bioavailability and toxicity
for a given biota-sediment contact time. The RRI ap-
proach is general and can be used to compute relative
risks from exposure to any mixture of organic or inor-
ganic contaminants within any solid matrix, provided
relative toxic potency data are available for a given
risk endpoint. In this study, excess cancer risk from
human exposure to PAH-contaminated sediments is
used as a test case. The experimental data presented
here demonstrate the substantial variability in PAH
availability and predicted risk as a function of sedi-
ment source and fraction, PAH compound, and con-
- tact time. Most notably, the RRI.approach to incorpo-
rating bioavailability into risk prediction results in a
significant diminution in total predicted excess cancer
risk as compared with the default approach due to the
combined effects of low bioavailability for PAHs with
the highest toxicity.

2. CONCEPTUAL MODEL

Risk from exposure to hazardous substances like
PAHEs is typically computed by incorporating a mea-
sure of the total quantity of contaminant to which an
individual has been exposed, or dose, with a measure
of toxicity per dose. The results may be expressed

in the form of a hazard quotient for noncancer hu-
man health endpoints, or for carcinogenic compounds,
in terms of excess cancer risk (the number of addi-
tional cancer deaths that might result in a lifetime

~of exposure to a population of 1 million people). Al-

though the U.S. EPA has designated 7 PAHs as “prob-
able human carcinogens,” a cancer-slope factor (the
dose-response relation needed to compute excess can-
cer risk) is available only for benzo(a)pyrene (BAP)
(US. EPA, 2001). As reviewed recently (Reeves
et al., 2001), there have been several approaches to
estimate the carcinogenicity of other PAHs. One ap-
proach is to apply the cancer slope factor for BAP
to the total concentration of all potentially carcino-
genic PAHs in a given matrix (the “total cPAH” ap-
proach). This approach may overestimate the actual
cancer risk, because most PAHs are less toxic than
BAP. Other researchers have examined the available
data and have proposed “potency equivalency fac-
tors” (PEFs) to weight the relative carcinogenicity of
other PAHs relative to BAP. PEF values reported by
Nisbet and LaGoy (1992) and provisional guidance by
the U.S. EPA (1993) (Table I) continue to be widely
used and cited (Hussain ez al., 1998; Peters et al., 1999)
and are consistent with other PAH potency equiva-
lency studies (Collins e al., 1998).

Using the PEF approach, the cancer slope fac-
tor for BAP, CsFgap, is applied directly to the BAP-
equivalent dose, BAP.q dose:

Risk = CsFpap - BAP,q dose - (6]

where BAP,, dose is defined as the summation of the
doses of each PAH, i, weighted by its corresponding
potency equivalency factor, (PEF)):

BAP, dose = ) dose; - PEF,.  (2)
i

In turn, the dose from exposure to PAH-contaminated
sediment is computed by multiplying the sediment
concentration by a set of exposure parameters ap-
propriate for a given exposure scenario. For example,
typical equations for computing dose from exposure
to sediment via incidental ingestion and dermal con-
tact pathways (after Adams et al., 1994) are:

(I) for incidental ingestion of contaminated sedi-
ment [mg PAH kg~! day~']:

C;IR-EF-ED -of
BW - AT ’

dose; =

®)
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(ID) for dermal contact with contammated sedi-
ment [mg PAH kg~! day~!]:
Ci-AB-SA-AF-EF-ED - cf

BW - AT

dose; =

where

AB = Dermal adsorption fraction [dimension-
less]
AF = Dermal adherence rate for sediment [mg
cm™?]
AT = Exposure averaging time [days]
BW = body weight [kg]
C; = Concentration of compound, i [mg kg™']
¢f = Conversion factor [10¢ kg mg™]
ED = Exposure duration [years]
EF = Exposure frequency [days year™']
IR = Ingestion rate [mg exposure-day ']
'SA = Dermal surface area exposed [cm?]

For the incidental ingestion exposure pathway,
EPA guidance is to use the total PAH concentration
in sediment in computing a dose (U.S. EPA, 1997).
This approach does not take into account the fraction
of the total soil or sediment PAH concentration that
is permanently bound, or the PAH fraction that does
not desorb during the biota-sediment contact time in-
terval. For the dermal exposure pathway, EPA guid-
ance is to use the total concentration of a given hy-
drophobic compound, scaled by a dermal absorption
fraction, AB, where AB = 0.13 for PAHs (U.S. EPA,
1999), regardless of sediment characteristics, molecu-
lar properties of the compound of concern, or biota-
sediment contact time. These default approaches may
be inadequate. A better approach may be to explic-
itly incorporate a measure of bioavailability into the
estimation of exposure dose. In such a formulation,
the total concentration of a given PAH in sediment,

C;, in Equation (3) and the product of C; and dermal -

absorbed fraction, AB, in Equation (4) would be re-
placed by C(t)/, which is the PAH concentration that

is bioavailable in a given time interval, ¢. The time
interval is defined as the characteristic duration of

contact between the matrix and the receptor. - _
The bioavailable fraction must be established for

each different sediment, for each contaminant, and is

defined only for a given biota-sediment contact time.
The time dependence on the bioavailable fraction is
critical. As with release of other contaminants from
other solid matrices, desorption of PAHs from soils
and sediments is a slow diffusive process driven by
the magnitude of the concentration gradient between
internal regions where contaminants are sequestered

@
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and the solid surface where a lower concentration is
maintained (Shor et al., 2003b). The longer sediment
is in contact with the skin, lungs, or gut of humans or
other biota, the longer the surface concentration re-
mains depleted, and a greater percentage of total con-
taminants will have an opportunity to desorb. Also,
for a given exposure event, the rate of contaminant
release is greatest initially, and lessens at longer biota-
sediment contact times. Subsequent exposure to other
parcels-of sediment must be considered as indepen-
dent exposure events, and the “bioavailability inter-
val clock” reset. For this reason, it makes a substan-
tial difference to bioavailability, and therefore risk,
if a person is exposed to contaminated sediment for
10 minutes on each of 1,000 separate occasions, or
1,000 minutes on each of 10 separate occasions. Thus,
the correct approach is to incorporate the biota-
sediment contact time into the bioavailable contami-
nant concentration. Other temporal parameters gaug-
ing the frequency of exposure in a person’s lifetime
are modeled as usual.

With this modification, Equations (3) and (4) be-
come

(I) for 1nc1denta1 ingestion of contaminated sedi-
ment [mg PAH kg~! day~!]:

_ C(t);-IR-EF -ED . cf
BW-AT =

(IT) for dermal contact with contamlnated sedi-
ment [mg PAH kg~! day!]:

C(t);-SA-AF-EF-ED-of
" BW AT ‘

In each case, all exposure parameters besides

dose and (5)

dose; =

~C(t)/ are independent of bioavailability. In order

to explore how bioavailability affects risk, indepen-
dent of other exposure parameters, all other terms
are grouped together into a single parameter called
“other parameters,” OP. Thus, the dose of a given
PAH, i, resulting for a given hypothetical exposure
scenario J, can be written as )

dose; ; = C(t): : OP]'. )

‘Because each of the terms making up OP is indepen-
dent of bioavailability, sediment, or PAH characteris-
‘tics, they can be removed as a group from the summa-
tion to compute a BAP-equivalent dose. Therefore,
* combining Equations (1), (2), and (7) yields a com-
pact form to describe bioavailability-dependent risk:

Risk = CsFgap- OP; - Y_ (C(t); - PEFy),  (8)
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where an appropriate CsFgap must be defined for the
- exposure pathway, j. In order to facilitate compari-
son of relative risk from exposure to different PAH-
contaminated sediments (for a given exposure sce-
nario), the term “relative risk index,” RRI [mg PAH
kg~1], is defined as

RRI =) (C(t); - PEF,). 9)

i

RRI is the component of total risk that involves the.

combined effects of compound-specific bioavailabil-
ity and toxicity for a given biota-sediment contact
time. Finally, the fractional contribution of each com-
pound to total relative risk index, RRI;, is defined as

C(l‘); - PEF;

RRI = Y (C(t); - PEF;)

x 100%.  (10)

3. METHODS
3.1. Study Sediments

The effects of bioavailability on relative excess
cancer risk were tested using study sediments from
two sites, Piles Creek (40°36.53'N, 74°13.60'W) and
Newtown Creek (40°44.28' N, 73°56.75'W), in the New
York/New Jersey Harbor estuary. Piles Creek runs
through an intertidal marsh region in an industrial-
ized area and is characterized by coarsely graded sed-
iment, a high concentration of vascular plant debris
(primarily Spartina alterniflora and Phragmites aus-
tralis), and 3.7% organic carbon. Newtown Creek is

an industrial waterway in New York City character- -
ized by finely graded sediment dominated by siltsand

clays, low vascular plant debris, and relatively higher
organic carbon content (6% ). Sediment samples were
collected from both sites, homogenized, and stored at
4°C until use as described previously (Rockne et al.,
2002). Split samples of sediments were further frac-
tionated into high- and low-density portions (less than
or greater than 1.7 g cm™?) by equilibrium settling in
a solution of CsCl in water, as. described previously
(Mayer et al., 1993). Extensive chemical and physi-
cal characterization data for both whole and fraction-
ated sediments are reported elsewhere (Rockne et al
2002).

PAH content for sediments and sediment frac-
tions were quantified in triplicate by a hot acetoni-
trile sonication extraction procedure as described
(Rockne et al., 2002). Briefly, wet sediments were de-
watered by centrifugation (8000g, 20 min), and PAHs
were extracted into hot acetonitrile in sealed Teflon

Oak Ridge centrifuge tubes (85°C, 120 min) in an ul-
trasonic bath, and analyzed by reverse-phase HPLC

- separation with fluorescence ‘and photodiode array

peak quantification and identification. Mean PAH re-
covery efficiency was 76 % from a NIST standard usmg
the method described.

3.2.  Desorption Studies

PAH desorption as a function of time was mea-
sured for both sediments by a modification of the

- method of Cornelissen et al. (1997) as described pre-

viously (Rockne et al., 2002). Briefly, a known mass of
wet sediment, Tenax®-TA beads (60-80 mesh, Alltech
Associates Inc., Deerfield, IL), 0.45 um filtered sea-
water, and HgCl, (to prévent microbial growth) were
brought together and shaken (150 rpm) at 23 + 0.5°C
inthe dark. Atspecified time intervals (approximately
doubling between time periods of 30 minutes and
one year) the sediment-seawater slurry was separated
from the used beads and fresh Tenax beads were
added. Used beads were then extracted with hexane
and analyzed as described (Rockne et al., 2002). To-
tal PAH recoveries from the procedure (comparing
PAH masses in split samples of untreated sediments
with the cumulative masses desorbed plus the resid-
ual PAH masses remaining in the sediments at the end
of the desorption experiments) were 99 &+ 22% and
95 + 24% for whole Piles Creek and Newtown Creek
sediments, respectively (Rockne et al., 2002).

Tenax beads in the slurry acted as an aqueous-
phase “PAH sink,” rapidly absorbing PAHs as they
desorbed from the sediment and partitioned into the
aqueous phase. Excess Tenax beads were added to
ensure rapid and complete absorption of all PAHs in
solution, and before beads began to be saturated with
PAHs they were replaced with fresh beads. In this way,
the aqueous PAH concentration was kept tonear zero,
and therefore the PAH concentration at the sediment
surface (in local equilibrium with the aqueous phase)
was also small. These experimental conditions were
designed to engender maximum desorption without
using high temperatures, harsh solvents, or altering
the physical structure of the sediment. The results
of the Tenax desorption experiments may therefore
be considered a conservative estimate of bioavail-
ability because it is unlikely that biological exposure
pathways could provide equal PAH absorption ca-
pacity in the aqueous phase or as favorable mixing
conditions to maintain the maximum-concentration
gradient-driving diffusion. However, the experimen-
tal conditions could not replicate the conditions of the
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lungs, skin, or gastrointestinal tract, where biological
and chemical processes may enhance PAH uptake by
mechanisms not considered in this study.

4. RESULTS AND DISCUSSION
4.1. PAH Distribution and Desorption Trends

The total priority PAH concentration in the study
sediments for 4-, 5-, and 6-ring PAHs was 35 mg kg~!
for Newtown Creek sediment and 21 mg kg™! for
Piles Creek sediment (Table I). PAHs smaller than
four rings were not included in this report because
they do not contribute substantially to carcinogenicity
(Nisbet & LaGoy, 1992; U.S. EPA, 1993). The ratios
of both total PAH concentration and total carcino-
genic PAH concentration between Newtown Creek
and Piles Creek sediments were nearly 2:1. For the two
most carcinogenic compounds, BAP and DBA, con-
centration ratios between the sediments were 2.8:1
and 2.6:1, respectively. Therefore, in terms of total
PAH concentration, total cPAHs, and concentration
distribution of PAHs, it would seem that exposure to
Newtown Creek sediment is likely to present a greater
risk than equivalent exposure to Piles Creek sediment
(Table II).

However, information on PAH concentration dis-
tribution alone is inadequate to predict risk because it
ignores the bioavailability of the contaminants. Mass
transport is a kinetic process; therefore, it is essen-
tial to consider time when estimating bioavailability.
In a short period of time only a small proportion of
the PAHs are likely to be desorbed and, therefore,
to be bioavailable. However, for much longer biota-
sediment contact times, a much larger fraction can
be desorbed. The cumulative extent of desorption for
all 10 4-, 5-, and 6-ring Priority PAHs, including all
Class B2 Priority PAHs, are shown for both study sed-
iments at desorption intervals of 30 minutes, 1 day, 1
month, and 1 year, along with the undesorbed resid-
ual (Fig. 1) (desorption data were not available for
benzo(g,h,i)perylene or indeno(1,2,3-CD)pyrene for
Piles Creek sediment). In general, a larger fraction of
PAHs desorb from Piles Creek sediment than from
Newtown Creek sediment at all points in time.® The
trend is the most pronounced at shorter time periods,

where about 20% of fluoranthene and pyrene are des- *

orbed in just 30 minutes from Piles Creek sediment,

6 The key factors and controlling mechanisms resulting in differen-
tial rate and extent of PAH desorption from these study sediments
are described in detail elsewhere (Rockne et al., 2002; Shor et al.,
2003b). '

Shor et al.

Table II. Comparison of Relative Risk from Hypothetical
Exposure to PAH-Contaminated Newtown Creek (NC) and Piles
Creek (PC) Sediments for Four Biota-Sediment Contact Times

- PEF Nisbet
PEF EPA? and LaGoy®

NC PC NC PC

Sum priority PAHs (mgkg™) 38 22 38 22
Total cPAHs (mg kg™!) 19, 11 19 1
BAP,Conc (mgkg™") 5.6 22 6.1 2.8
RRI (mgkg™?)
0.5 hour 0036 0071 0053 0.09
1 day 0.45 0.57 0.58 0.77
1 month 1.7 1.1 2.4 1.5
1 year 2.3 1.3 3.4 1.8
Risk ratio
Total cPAHs/RRI :
0.5 hour 532 157 359 115
1 day 43 19 33 14
1 month 11 10 8 8
1 year . 82 8.6 5.6 6.0
EPA default (100% availability)/RRI
0.5 hour 159 31 116 29
1 day 13 3.8 11 36
1 month 32 2.0 2.6 1.9
1 year : 25 1.7 1.8 1.5
EPA default (13% availability)/RRI
0.5 hour 21 41 15 3.8
1day 1.7 0.50 14 0.47
1 month : 0.42 0.26 0.33 0.25
1 year 0.32 0.22 0.23 020

2Potency equivalency factor (PEF) values after EPA guidance
(1993).
®Potency equivalency factor (PEF) values after Nisbet and LaGoy
(1992).

but only 6% are desorbed from Newtown Creek sed-
iment. The ratio of mass fraction desorbed at 30 min-
utes between Piles Creek and Newtown Creek sedi-
ments averages 6:1 for all PAHs, and the difference is

largest for the less hydrophobic compounds.’

The PAH distribution suggests that exposure
to Newtown Creek sediment is a greater toxicity
threat than equivalent exposure to Piles Creek sed-
iment. However, the lower bioavailability of PAHs
in Newtown Creek sediment may mitigate this risk,
especially for short biota-sediment contact times ap-
propriate for many realistic exposure scenarios. Even
for chronic sediment exposure (occurring repeatedly

- over many months or years) each exposure episode

7 Hydrophobicity is quantified by the log octanol-water equilibrium
distribution coefficient, log Kow (values are reported in Table I).
Log K is lower for less hydrophobic PAHs, and higher for more
hydrophobic PAHs.
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Fig. 1. Cumulative mass desorbed as a
percentage of total desorbed plus residual
for (A) whole Newtown Creek sediment
and (B) whole Piles Creek sediment by 0%

25%

Cumulative Percent Desorbed
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30 minutes (white), 1 day (dots), 1 month
(weave), 1 year (tile), and undesorbed A)
residual (black). Abbreviations are
Flan—fluoranthene; Pyr—pyrene;
B(a)A—benz(a)anthracene;
Chry—chrysene;
B(b)F—benzo(b)fluroanthene;
B(k)F—benzo(k)Fluroanthene;
BAP—benzo(a)pyrene;
DBA—dibenz(a,h)anthracene;
B(ghi)—benzo(g,h,i)perylene;
Indeno—indeno(1,2,3-CD)pyrene.

75%

Cumulative Percent Desorbed
[ 3] w
W S
X X
) .,

is an independent event in terms of desorption time.
Therefore, short biota-sediment contact times occur-
ring repeatedly are the appropriate model for even
chronic dermal contact and ingestion exposure sce-
narios.

4.2. Bioavailability is Inversely Correlated
with Toxicity

For both study sediments, smaller, less hydropho-
bic PAHs are more rapidly and extensively desorbed,
while the larger, more hydrophobic PAHs tend to des-
orb more slowly. Larger PAHs also tend to have a
greater nondesorbable residual. The size of this non-
desorbable residual fraction of total sediment PAHs
is important because this fraction is almost certainly
not bioavailable, and therefore probably does not
contribute to exposure risk. The compound with the
largest residual fraction in both sediments is DBA,
and second largest in Piles Creek sediment is BAP.
Larger, more hydrophobic compounds—especially
BAP and DBA—are also the most carcinogenic. Con-

M resid.
@1 yr.
B 1 mo.
@1 day
;‘ 130 min.
-
£
O

B(a)A
B(b)F
B(K)F

BAP

versely, less carcinogenic compounds like fluoran-
thene and pyrene tend to be more rapidly and exten-
sively desorbed. Therefore, the connection between
comparatively high toxicity and comparatively low
bioavailability was examined further.

PEF values of Nisbet and LaGoy (1992) were re-
gressed on the percentage of mass desorbed for all
PAHSs individually for each desorption interval for
each study sediment (ordinary least squares linear
regression with intercept; significance of slope term
measured by 1-tailed Student’s r-test). For Newtown
Creek sediment, the log of PEF was significantly in-
versely correlated with the percentage desorbed at
30 minutes (p = 0.012), 1 day (p = 0.013), and 1 year
(p = 0.05). For Piles Creek sediment, log of PEF was
significantly correlated with the percentage desorbed
at 1. month (p = 0.0005) and at 1 year (p = 0.0004).
Insignificant correlations (p > 0.05) were observed in
the remaining cases. The fact that the most toxic com-
pounds also tend to be the least desorbable for our
two study sediments has clear and important impli-
cations for risk assessment. In the next section, the
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combined effects of compound-specific toxicity and

bioavailability will be examined in terms of total pre-
dicted excess cancer risk.

4.3. Current Guidance May Overpredict and Distort
Actual Exposure Risk

The sum of priority PAHs, total carcinogenic
PAHs (cPAH), and BAP-equivalent total sediment
concentration all indicate that exposure to New-
town Creek sediment would present greater risk than
would equivalent exposure to Piles Creek sediment
(Table II). However, when desorption kinetics are

taken into account, relative risk from exposure to -

Piles Creek sediment may be twice that of Newtown
Creek sediment for exposure scenarios where the typ-
ical biota-sediment contact time is 30 minutes. For typ-
ical biota-sediment contact times of 1 day, exposure
to Piles Creek sediment is still likely to pose greater
risk than exposure to Newtown Creek sediment, al-
though the margin is not as large. At long desorp-
tion times, the difference in exposure risk between
Newtown Creek and Piles Creek sediment becomes
less, and are similar to the ratios between total PAH
concentrations and total carcinogenic PAH concen-
trations (Table II). -
. The magnitude of risk from exposure to these
study sediments .computed by the RRI approach
is very different from risks estimated by other ap-
proaches (Table II). For 1-month exposures, the EPA
default approach (total BAP-equivalent concentra-
tion, as per oral exposure scenario, using EPA provi-
sional PEF values) results in relative risks 2 to 3 times
higher than those predicted by the RRI approach. For

1-day exposure to Piles Creek sediment, risks com-

puted by the default approach are 4 times higher than

the RRI approach; for 1-day exposure to Newtown

Creek sediment, the EPA default approach would es-
timate risk 13 times higher. For very short-term ex-
posure risk (30 minutes) the default approach might
overestimate. risks by as much as 31 times in Piles
Creek sediment and 159 times in Newtown Creek sed-
iment. Large discrepancies also exist between the RRI
approach and the conventional approach using PEF
‘values from Nisbet and LaGoy (1992) (Table II).

4.4, BAP and Two Other PAHs Dominate
Total Risk

The percentage contribution to total risk by com-

- -pound was calculated for biota-sediment contact time
- of 1 day according to Equation (10) using PEF values
~.-after both Nisbet and LaGoy (1992) and U.S. EPA

Shor et al.

(1993). The results (Fig. 2) show that BAP consti-
tutes nearly 50% or more of total risk for both sed-
iments using both sets of PEF values. Using EPA
PEF values, the contribution of BAP to total RRI
increases to nearly 70% for Newtown Creek sedi-
ment and to 65% for Piles Creek sediment. When
the PEF values of Nisbet and LaGoy are used (where
PEFpga = 5) DBA constitutes about a quarter of the
total risk for both sediments; however, using EPA
PEF values (where PEFpgs = 1), DBA constitutes
only 7% of total risk. Compounds with PEF val-
ues of 0.1 (benz(a)anthracene, benzo(b)fluoranthene,
benzo(k)fluoranthene, and indeno(1,2,3-CD)pyrene)
contribute from 2% to 20% to total risk depending
on the set of PEF values used. The relatively large
desorbable mass of benz(a)anthracene makes-it the
largest contributor to risk of compounds with a PEF
of 0.1. Assuming EPA PEF values, benz(a)anthracene
contributes 20% to total risk in Piles Creek sedi-
ment: 3 times higher than DBA, which has a PEF
that is 10 times higher. Together, BAP, DBA, and
benz(a)anthracene contribute 87% of total PAH risk
in Newtown Creek sediment, and 88% for Piles Creek
sediment (Fig. 2).

The 4-ring PAH benz(a)anthracene desorbs
rapidly from Piles Creek sediment in the first day, and
then continues to desorb more slowly for up to 1 year .
(Fig. 3). Conversely, almost none of the DBA desorbs
from Newtown Creek sediment on the first day and
slowly approaches 50%, which is desorbed in 1 year.
Because different PAHs desorb by different mecha-
nisms and at dramatically different rates, the relative
contribution of various PAHs to total risk will change
as a function of time. In general, rapidly desorbing
compounds contribute more to risk at short time pe-
riods than at long time periods (Tables III and IV).
For example, using EPA PEF values, rapidly desorb-
ing benz(a)anthracene contributes 12% to total risk
at 1 day, but-only 6% at 1 year, while the contribution
of the slowly desorbing 5-ring PAH DBA grows from
6% at 1 day to 11% at 1 year.

BAP, which has an intermediate desorption rate
compared with the other two dominant risk contribu-

~ tors, is a consistent contributor to total risk. Using

Nisbet and LaGoy’s PEF values, BAP contributed
between 44% and 54% of total RRI in Newtown
Creek sediment, and between 48% and 52% of total
RRI in Piles Creek sediment for all biota-sediment
contact times (between 30 minutes and 1 year)
(Table III). Similarly, using EPA PEF values, where

~ the toxic potency of DBA is significantly discounted,

BAP contributed between 65% and 73% of total RRI
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other

BM)F

Fig. 2. Percentage contribution of
various PAHs to total relative risk index
(RRI) for biota-sediment contact time of
1 day computed by Equation (10) for:

(A) Newtown Creek sediment using PEF
values after Nisbet and LaGoy (1992);
(B) Newtown Creek sediment using PEF
values after EPA (1993); (C) Pile Creek
sediment using PEF values after Nisbet

and LaGoy; and (D) Piles Creek A)
sediment using PEF values after
EPA. Abbreviations are:

B(a)a -benz(a)anthracene;
B(b)k-benzo(k)fluoranthene;
BAP-benzo(a)pyrene; '
DBA-dibenz(a,h)anthracene;

“other B2” are the sum of chrysene,
" benzo(k)fluoranthene, and
indeno(1,2,3-CD)pyrene;

“other” are all other class-D priority
PAHs included in the study.

in Newtown Creek sediments, and between 65% and
70% of RRI in Piles Creek sediments (Table IV).
These results suggest that BAP may be useful as a
surrogate compound to evaluate relative risk from ex-
posure to mixtures of PAHs in different sediments.

4.5. Application of RRI Approach to Compare Risk
Among Sediment Fractions

Organic matter-rich low-density sediment frac-
tions can be greatly enriched in PAH content; there-
fore, removal of the low-density fractions may be a
viable contaminated sediment management strategy
(Ghosh et al., 2000; Rockne et al., 2002). For exam-
ple, in Piles Creek sediment, the low-density fraction
contains 85% of all PAHs but constitutes only 4% of
total sediment mass. However, the PAHs in the low-
density fractions desorb more slowly, and to a lesser
extent, compared with PAHs in whole or high-density

fractions (Ghosh et al., 2000; Rockne et al., 2002). Fur- -
thermore, the low-density fraction has been shown to

limit the rate of release of PAHs from whole sedi-

other

other

other

B(b)F

D)

ments (Rockne et al., 2002). Therefore, it is unclear if
removal of the low-density portion would be benefi-
cial or detrimental to achieving overall reduction in
risk from exposure to contaminated sediments.

One possible means of readily establishing rel-
ative risk among sediments and sediment fractions
may be to simply evaluate and compare the cumu-
lative desorption of BAP. This analysis was done for
various biota-sediment contact times from whole and
fractionated Newtown Creek and Piles Creek sedi-
ments. The results suggest that removal of the PAH-
enriched low-density fractions would not diminish ex-
posure risk (Table V). The RRI for BAP at 1 day
is 0.31 for whole sediment, and 0.32 for high-density
sediment. (Given that the density fractionation pro-
cess is a binary separation, the high-density fraction
is simply whole sediment with the low-density por-
tion removed.) In Piles Creek sediment, the RRI

for the high-density fraction is about 3 times higher

than whole sediment (0.94 vs 0.37 for high-density
and whole Piles Creek sediment. Therefore, while
removal of the low-density portion may be a valid
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Fig. 3. Comparison of cumulative mass desorbed as a percent-
age of total extractable concentration for Piles Creek sediment
(open markers) or Newtown Creek sediment (solid markers) for
the compounds most influencing total relative risk index. Abbre-
viations are: PC—Piles Creek; NC—Newtown Creek; B(a)A—
benz(a)anthracene (triangles); BAP—benzo(a)pyrene (squares);
and DBA—dibenz(a,h)anthracene (circles). Average and range of
duplicates. Note logarithmic time scale.

Table III. Percentage Contribution by Compound to Excess
Cancer Risk, as Computed by Equation (10), Using PEF Values
After Nisbet and LaGoy (1992),
for Four Biota-Sediment Contact Times

30 Minutes 1 Day 1Month 1 Year

Newtown Creek

Fluoranthene 0.76 0.59 0.19 0.15
Pyrene 0.73 0.56 0.17 0.14
Benz(a)anthracene 8.1 11 4.9 4.2
Chrysene 0.37 0.57 0.29 0.29
Benzo(b)fluroanthene 43 5.6 5.7 49
Benzo(k)fluroanthene 1.9 2.7 2.6 2.3
Benzo(a)pyrene 44 53 54 47
Dibenz(a,h)anthracene 35 23 29 36
Benzo(g,h,i)perylene 0.45 0.39 044 049
Indeno(1,2,3-CD) pyrene 3.8 24 33 42
Total 100.00 100.00 100.00 100.00
Piles Creek :
Fluoranthene 0.69 0:21 0.14 0.15
Pyrene ] 1.0 043 0.26 0.24 .
Benz(a)anthracene 16 15 9.8 84
Chrysene 22 19 1.3 1.2
Benzo(b)fluroanthene 52 57 6.9 . 6.7
Benzo(k)fluroanthene 2.8 32 32 31
Benzo(a)pyrene 49 49 52 48
Dibenz(a,h)anthracene 24 25 27 32
Total 100.00  100.00 100.00 100.00

strategy to meet EPA sediment contaminant concen-
tration limits, it may not be a prudent strategy in
terms of risk management. These results further em-
phasize the need to move away from soil and sed-
iment concentration limits in environmental regula-

Shor et al.

Table IV. Percentage Contribution by Compound to Excess
Cancer Risk, as Computed by Equation (10), Using PEF Values
After US. EPA (1993), for Four Biota-Sediment Contact Times

30 Minutes 1 Day 1Month 1 Year

Newtown Creek

Benz(a)anthracene 119 - 15 6.7 6.1
Chrysene 0.05 0.07 0.04 0.04
Benzo(b)fluroanthene 6.3 7.3 7.8 72
Benzo(k)fluroanthene 0.3 0.4 0.4 0.3
Benzo(a)pyrene 65 69 73 70
Dibenz(a,h)anthracene 10 6 8 11
Indeno(1,2,3-CD) pyrene 5.6 31 4.5 6.1
Total 100.0 1000 - 100.0 = 100.0
Piles Creek

Benz(a)anthracene 21 20 13 12.1
Chrysene 0.3 0.3 0.2 0.2
Benzo(b)fluroanthene 7.0 7.6 9.3 9.6
Benzo(k)fluroanthene 0.4 04 0.4 0.4
Benzo(a)pyrene 65 65 70 68
Dibenz(a,h)anthracene 6.3 6.6 71 9.3
Total 100.0 1000 1000 1000 -

Table V. Relative Risk Among Sediment Density (o) Fractions:

Comparison of RRI for BAP
Whole High-p Low-p

Newtown Creek

30 minutes 0.02 0.03 i 0.06

1 day 0.31 0.32 0.38

1 month 1.27 0.79 1.47
Piles Creek ‘ .

30 minutes 0.05 0.14 0.98

1 day 0.37 . 094 3.34

1 month 0.76 1.41 nd

nd: not determined.

tions to an integrative approach including mass trans-

- port, bioavailability, and prediction of risk.

5. CONCLUSIONS

The EPA has estimated that 10% of the sediments
underlying U.S. surface waters are “sufficiently con-
taminated with toxic pollutants to pose potential risks
to humans” (U.S. EPA, 1998). Since all contaminated
sediment cannot possibly be treated, more accurate
ways of predicting relative risk are urgently needed.
In this study, consideration for the combined effects
of compound-specific bioavailability and toxicity re-
sulted in risk estimates up to 2 orders of magnitude
lower than those calculated using EPA default param-
eters. Results from the current EPA approach also
differed from this approach in gauging the relative
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contribution of various compounds to total risk, and
the relative magnitude of risk among contaminated
study sediments and various sediment fractions. Stud-
ies that attempt to integrate mass transport and toxi-
city into exposure assessment may enhance the accu-
racy of risk prediction. Additional studies probing the
interrelationships between mass transport, bioavail-
ability, and toxicity in other systems are needed.

ACKNOWLEDGMENTS

This work was supported in part by Grant
R825303 from the National Center for Environmen-
tal Research and Quality Assurance section of the
U.S. Environmental Protection Agency, and by Fel-
lowship 5-T32-GM08339 from the National Institutes
of Health Rutgers-UMDNIJ Biotechnology Training
Program.

REFERENCES

Adams, M., Hanna, C., Mayernik, J., & W. M. Jr. (1994). Probabilis-
tic health risk assessment for exposure to estuary sediments
and biota contaminated with polychlorinated biphenyls, poly-
chlorinated terphenyls, and other toxic substances. Risk Anal-
ysis, 14(4), 577-594.

Alexander, M. (2000). Aging, bioavailability, and overestimation’

of risk from environmental pollutants. Environmental Science
& Technology, 34(20), 4259-4265.

Brown, D. G., Knightes, C. D., & Peters, C. A. (1999). Risk assess-
ment for polycyclic aromatic hydrocarbon napls using compo-
nent fractions. Environmental Science & Technology, 33(24),
4357-4363.

Collins, J. F,, Brown, J. P, Alexeeff, G. V., & Salmon, A. G. (1998).
Potency equivalency factors for some polycyclic aromatic hy-
drocarbons and polycyclic aromatic hydrocarbon derivatives.
Regulatory Toxicology and Pharmacology, 28(1), 45-54.

Cornelissen, G., Rigterink, H., & Ferdinandy, M. M. A. (1998).
Rapidly desorbing fractions of PAHs in contaminated sedi-
ments as a predictor of the extent of bioremediation. Environ-
mental Science & Technology, 32(7), 966-970.

Cornelissen, G., van Noort, P. C. M., & Govers, H. A. L. (1997) Des-
orption kmetlcs of chlorobenzenes polyceyclic aromatic hydro-
carbons, and polychlorinated biphenyls: Sediment extraction
with Tenax and effects of contact time and solute hydrophibic-
ity. Environmental Toxicology and Chemistry, 16,1351-1357.

DiTorro, D. M., Zarba, C. S., Hansen, D. J., Berry, W. I, Swartz, R.
C., Cowan, C. E., Palou, S. P, Alten, H. E., Thomas, N. A., &
Paquin, P. R. (1991). Technical basis for establishing sediment
quality criteria for nonionic organic chemicals using equilib-
rium partitioning. Environmental Toxicology and Chemistry,
10,1541-1583.

Ghosh, U, Gillette, J. S., Luthy, R. G., & Zare, R. N. (2000).
Microscale location, characterization, and association of
polycyclic aromatic hydrocarbons on harbor sediment par-
ticles. Environmental Science & Technology, 34(9), 1729—
1736.

Hussain, M., Rae, J., Gilman, A., & Kauss, P. (1998). Lifetime
health risk assessment from exposure of recreational users to
polycyclic aromatic hydrocarbons. Archives of Environmental
Contamination Toxicology, 35, 527-531.

Kolpin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg,
S. D., Barber, L. B,, & Buxton, H. T. (2002). Pharmaceuticals,
hormones, and other organic wastewater contaminants in U.S.
streams, 1999-2000: A national reconnaissance. Environmental
Science & Technology, 36,1202-1211.

Kraaij, R., Seinen, W,, Tolls, J., Cornelissen, G., & Belfroid, A. 6
(2002) Direct evidence of sequestration in sedlments affecting
the bioavailability of hydrophobic organic chemicals to ben-
thic deposit-feeders. Environmental Science & Technology, 36,
3525-3529.

Mackay, D., Shiu, W. Y., & Ma, K. C. (1992). lllustrated Handbook
of Physical-Chemical Properties and Environmental Fate for
Organic Chemicals: Volume II Polynuclear Aromatic Hydro-
carbons, Polychlorinated Dioxins, and Dibenzofurans. Chelsea,
MI: Lewis Publishers.

MacLeod, C., & Semple, K. (2000). Influence of contact time on ex-
tractability and degradation of pyrene in soils. Environmental
Science & Technology, 34,4952-4957.

Mayer, L. M., Chen, Z., & Findlay, R. H. (1996). Bioavailability of
sedimentary contaminants subject to deposit-feeder digestion.
Environmental Science & Technology, 30(8), 2641-2645.

Mayer, L. M., Jumars, P. A., Taghon, G. L., Macko, S. A., &
Trumbore, S. (1993). Low density particles as potential nitroge-
nous food for benthos. Journal of Marine Research, 51, 373
389.

Nisbet, I. C. T., & LaGoy, P. K. (1992). Toxic equivalency factors
(TEFs) for polycyclic aromatic hydrocarbons (PAHs). Regula-
tory Toxicology and Pharmacology, 16, 290-300.

NRC. (1997). Contaminated Sediments in Ports and Waterways.
Washington, DC: National Academy Press.

Peters, C. A., Knightes, C. D., & Brown, D. G. (1999). Long-term
composition dynamics of PAH-containing NAPLs and impli-
cations for risk assessment. Environmental Science & Technol-
ogy, 33(24), 4499-4507.

Reeves, W. R., Barhoumi, R., Burghardt, R. C., Lemke, S. L.,
Mayura, K., McDonald, T. J., Phillips, T. D., & Donnelly, K.
C. (2001). Evaluation of methods for predicting the toxicity
of polycyclic aromatic hydrocarbon mixtures. Environmental
Science & Technology, 35, 1630-1636.

Reid, B. I, Jones, K. C., & Semple, K. T. (2000). Bioavailability
of persistent organic pollutants in soils and sediments—A per-
spective on mechanisms, consequences, and assessment. Envi-
ronmental Pollution, 108, 103-112.

Rockne, K. J,, Shor, L. M., Young, L. Y., Taghon, G. L., & Kosson,
D. S. (2002). Distributed sequestration and release of PAHs
in weathered sediment: The role of sediment structure and or-
ganic carbon properties. Environmental Science & Technology,

. 36(12), 2636-2644.

Sartorelli, P., Cenni, A., Matteucci, G., Montomoli, L., Novelli,
M. T, & Palmi, S. (1999). Dermal exposure assessment of poly-
cyclic aromatic hydrocarbons: In vitro percutaneous penetra-
tion from lubricating oil. International Archives of Occupa-
tional and Environmental Health, 72(8), 528-532.

Shor, L. M., & Kosson, D. S. (2000). Bioavailability of organic
contaminants in soils. In J. J. Valdes (Ed.), Bioremediation
(pp. 15-43). Dordrecht: Kluwer Academic Publishers.

Shor, L. M., Liang, W., Rockne, K. J, Young, L. Y., Taghon, G.
L., & Kosson, D. S. (2003a). Intra-aggregate mass transport-
limited bioavailability of polycyclic aromatic hydrocarbons to
Mycobacterium Sp. Pc01. Environmental Science & Technol-
ogy, 37(8), 1545-1552. -

Shor, L. M., Rockne, K. J., Young, L. Y., Taghon, G. L., & Kosson,
D.S. (2003b). Desorption kinetics for field-aged polycyclic aro-
matic hydrocarbons from sediments. Environmental Science &
Technology, 37(8), 1545-1552.

Stroo, H. F,, Jensen, R., Loehr, R. C., Nakles, D. V., Fairbrother, A.,
& Liban, C. B. (2000). Environmentally acceptable endpoints
for PAHs at a manufactured gas plant site. Environmental Sci-

. ence & Technology, 34(18), 3831-3836.



1120

U.S. EPA. (1993). Provisional Guidance for Quantitative Risk As-
sessment of Polycyclic Aromatic Hydrocarbons. Report No.
USEPA/600/R-93/089, Office of Research and Dévelopment,
Washington, DC.

US. EPA. (1997). Exposure Factors Handbook. Report ‘No.
EPA/600/P-95/002, Office of Research and Development,

* Washington, DC. :

U.S. EPA. (1998). EPA’s Contammated Sediment Management
Strategy. Report No. EPA/823/R-98/001, US.EPA" Office of
Water, Washington, DC.

U.S. EPA. (1999). Risk Assessment Guidance for Superfund. Vol-
ume I: Human Health Evaluation Manual. Part E. Supplemen-

Shor et al.

- tal' Guidance for Dermal Risk Assessment. Interim Guidance.

Office-of Emergency and Remedial Response, Washmgton
DC.

" US.EPA. (2000). Methods for Measurmg the Toxicity and Bioaccu-

mulation of Sediment-Associating Contamination with: Fresh-
_water Invertebrates. Report No. EPA.600/R-99/064, Office of
Water, Washmgton DC.

US. EPA..-(2001). Integrated Risk Information. System (IRIS)
[website]. US. Environmental: Protection Agency, Office
of Research and Development, National Center for En-
vironmental Assessment: Washington DC, 1992. Available:
http://www.epa.gov/iris/index.html [2002, March 20].




