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ABSTRACT: Runoﬀ from coal-tar-based (CT) sealcoated
pavement is a source of polycyclic aromatic hydrocarbons
(PAHs) and N-heterocycles to surface waters. We investigated
acute toxicity of simulated runoﬀ collected from 5 h to 111
days after application of CT sealcoat and from 4 h to 36 days
after application of asphalt-based sealcoat containing about 7%
CT sealcoat (AS/CT-blend). Ceriodaphnia dubia (cladocerans) and Pimephales promelas (fathead minnows) were
exposed in the laboratory to undiluted and 1:10 diluted runoﬀ
for 48 h, then transferred to control water and exposed to 4 h
of ultraviolet radiation (UVR). Mortality following exposure to
undiluted runoﬀ from unsealed asphalt pavement and UVR
was ≤10% in all treatments. Test organisms exposed to
undiluted CT runoﬀ samples collected during the 3 days (C. dubia) or 36 days (P. promelas) following sealcoat application
experienced 100% mortality prior to UVR exposure; with UVR exposure, mortality was 100% for runoﬀ collected across the
entire sampling period. Phototoxic-equivalent PAH concentrations and mortality demonstrated an exposure-response relation.
The results indicate that runoﬀ remains acutely toxic for weeks to months after CT sealcoat application.
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1.5% (15 000 mg/kg) carbazole.17 Laboratory and ﬁeld studies
have demonstrated lethal or sublethal eﬀects associated
speciﬁcally with CT sealcoat or runoﬀ from CT-sealed
pavement on macroinvertebrates18 and amphibians,19−21 and
deleterious eﬀects on ecological communities.22
Exposure to ultraviolet radiation (UVR) in sunlight can
greatly increase PAH toxicity:23 PAHs have been demonstrated
to be phototoxic to protozoans, cladocerans, insects, benthic
invertebrates, aquatic vertebrates, and plants,24 and aquatic
organisms are particularly susceptible (e.g., refs 25−29).
Photoxicity of N-heterocycles has been less well investigated,
but acridine has been identiﬁed as strongly phototoxic,30,31 and
carbazole has been identiﬁed as weakly phototoxic.29 Exposure
to UVR in sunlight exacerbates toxicity of PAHs and Nheterocycles by two mechanisms. By the ﬁrst mechanism,
photosensitization of bioaccumulated compounds forms
reactive oxygen species (ROS) that induce lipid peroxidation,32
increasing the toxicity of the compound by a factor of 12−
50 000.26 By the second mechanism, photomodiﬁcation in the
environment of some PAHs and N-heterocycles creates

INTRODUCTION
Sealcoat is a black, viscous liquid that is applied to asphalt
pavement surfaces, such as parking lots, driveways, and
playgrounds (but only rarely roadways), in an eﬀort to protect
and improve the appearance of the underlying asphalt.1 Coaltar-based (CT) sealcoat, which typically is 20−35% coal tar or
coal-tar pitch, can contribute polycyclic aromatic hydrocarbons
(PAHs) and N-heterocycles (azaarenes) to urban runoﬀ.1−5
Concentrations of PAHs in mobile dust on CT-sealcoated
pavement typically is in the 1000s of mg/kg, 6 and
concentrations in unﬁltered runoﬀ during the days to months
after application are in the 100s of μg/L.5 Fish kills have been
reported when rainfall has resulted in runoﬀ within hours after
CT-sealcoat application.7−9 Application guidance states that, for
environmental protection, sealcoat should not be applied if rain
is forecast within 24 h to allow the product time to cure,10 but
that after this initial curing period the risk to the environment
purportedly is minimal (i.e., the “risk level of runoﬀ drops close
to inconsequential/zero risk”).11
The toxic eﬀects of PAHs on terrestrial and aquatic biota are
well documented (e.g., ref 12) and a growing body of research
is demonstrating the toxicity of N-heterocycles, a subclass of
heterocyclic aromatic compounds in which a nitrogen atom
replaces a carbon atom in one of the aromatic rings of a PAH
(e.g., refs 13−16). N-heterocycles include such compounds as
quinolone, acridine, and carbazole; coal tar typically is about
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Initial samples of simulated runoﬀ were collected at 4 h (t = 4
h; AS/CT-blend test plot) or t = 5 h (CT test plot) after
sealcoat application and sample collection continued at
increasing intervals to t = 36 d (AS/CT-blend test plot) or t
= 111 d (CT test plot). All samples except the second were
collected in the afternoon; the second sample was collected at
11:00 pm the day of sealcoat application (toxicity was tested for
this second sample only for the AS/CT-blend test plot, as the
sample for the CT test plot leaked during shipping). One
sample of runoﬀ from unsealed asphalt pavement was collected
(runoﬀ control). For each sample, a previously unsampled
section of test plot was sprinkled with the control water to
simulate a light rain of 25 mm (about 0.1 in.) and the runoﬀ
water was collected at the down-slope end of the pavement
with a peristaltic pump. Between August 1 and November 5,
2011, measurable rainfall (>2 mm) occurred only on October 9
and 10 (112 and 38 mm, respectively),5 so the simulated runoﬀ
samples collected during at least the ﬁrst 7 d following
application represent runoﬀ from the ﬁrst “rainfall” to occur at
an increasing length of time following sealcoat application.
Recovered water was divided by using a churn splitter41 into a 1
L baked amber glass bottle for analysis of PAHs and related
compounds and into a 22.7 L (5 gal) low-density polyethylene
(LPDE) container for toxicity tests. Samples for analysis of
PAHs and related compounds were shipped overnight to the
USGS National Water Quality Laboratory (NWQL) (Lakewood, CO). The LPDE containers were shipped overnight on
ice to CERC and toxicity tests were begun the same day as
receipt.
Analytical Methods. Whole-water (unﬁltered) samples
were analyzed at the NWQL for 16 U.S. Environmental
Protection Agency Priority Pollutant PAHs and 4H-cyclopenta[def ]phenanthrene; 7 N-heterocycles (azaarenes): quinoline,
isoquinoline, acridine, phenanthridine, carbazole, benzo[c]cinnoline, and 2,2′-biquinoline; 1-methylphenanthrene; and
nitrobenzene (concentrations in SI Table S3). Upon arrival,
samples were treated with 60 g NaCl and stored at 4 °C for as
much as 14 d until extraction. Details of the analysis are
comparable to those described in ref 42. In brief, samples were
fortiﬁed with surrogate compounds and extracted by continuous liquid−liquid extraction with dichloromethane, concentrated by distillation, and reduced to a ﬁnal volume of 500
μL using N2, followed by the addition of a procedural internal
standard solution. The extracts were stored at ≤−10 °C until
analysis by gas chromatography/electron impact mass spectrometry (GC/EIMS). Because of anticipated high PAH
concentrations in CT-runoﬀ samples, only 1:10 and 1:100
dilutions of those extracts were analyzed, and reporting levels
were raised accordingly. Undiluted extracts were analyzed for
the AS/CT-blend runoﬀ samples, with 1:10 dilution of extracts
used for those analytes that exceeded the calibration curve in
undiluted extracts. Quality control samples consisted of a ﬁeldequipment blank, laboratory blanks, and spiked reagent
samples; additional quality control was provided by monitoring
recovery of surrogate compounds. Analytes in blanks were
either not detected or detected at concentrations well below
environmental concentrations. Spike recoveries were within
established laboratory limits. Recovery of the surrogate 2ﬂuorobiphenyl was within a typical surrogate recovery range,
but recoveries of p-terphenyl-d14 were lower than typical.
Details are provided in ref 5.
Toxicity Testing. Toxicity tests were conducted with C.
dubia and P. promelas, which are used routinely to monitor

compounds that are more toxic than the parent compound.27,33−36
Two studies have investigated synergistic eﬀects of sunlight
and runoﬀ from pavement treated with CT sealcoat on
organisms, and the results are mixed. Ireland et al. (ref 37)
reported that stormwater from a sealed parking lot in Ohio
inhibited reproduction of Ceriodaphnia dubia, and that
inhibition was increased to 98% (relative to the control)
when samples were exposed to UVR. More recently, Colton et
al.38 reported that Japanese medaka (Oryzias latipes) exposed to
CT-sealed parking lot runoﬀ collected from a retention pond in
North Carolina had increased odds of mortality, relative to the
control, before hatching, and that exposure to the runoﬀ
resulted in DNA damage, but that the damage was not
increased by sunlight exposure. Neither case included a
treatment with stormwater from an unsealed parking lot as a
control, so the results cannot necessarily be attributed to the
sealant.
Here we investigate the eﬀects of 48 h exposure to runoﬀ
from CT-sealed asphalt pavement test plots to a cladoceran (C.
dubia) and to fathead minnows (Pimephales promelas) with and
without a subsequent 4 h exposure to UVR. Simulated runoﬀ
samples were collected beginning 5 h following sealcoat
application and continuing to 111 days (d) after application.
We also investigated the eﬀects of runoﬀ from pavement sealed
with an asphalt-based sealcoat, beginning 4 h following
application and continuing to 36 d after application. Asphaltbased sealcoat is used primarily in the western U.S. and
typically contains concentrations of PAHs and N-heterocycles
that are about 1000 times lower than those in the CT
products.1,5,39 The asphalt-based product used in the present
study, however, was subsequently demonstrated to have
elevated PAH concentrations (6300 mg/kg in dried product)
relative to reported concentrations in other dried asphalt-based
products39 and to have a PAH assemblage very similar to that
of CT sealcoat (16 PAHs, r = 0.993).5 The asphalt-based
product therefore was hypothesized to be about 7% CT
sealcoat.5 Toxicity-test results reported here thus likely are not
representative of those associated with runoﬀ from a “pure”
asphalt-based sealcoat product, and we focus on toxicity
associated with the CT product, considering the asphaltbased product as a blend (AS/CT-blend). The AS/CT-blend
results are not without relevance, as products that are a blend of
asphalt and coal-tar emulsions are commercially available (e.g.,
ref 40). Additionally, PAH concentrations in the AS/CT-blend
dried product are in the same range as concentrations reported
for coal-tar-based products in Canada (Toronto area).3

■

MATERIALS AND METHODS
Runoﬀ Sample Preparation and Collection. Samples of
simulated runoﬀ were collected from 10-m2 sections of
pavement test plots in areas of active use for parking and
driving on the J.J. Pickle Research Campus, University of Texas
at Austin, as described in ref 5. In brief, a commercial applicator
applied CT sealcoat to one test plot (CT test plot) on August
23, 2011, and applied the AS/CT-blend sealcoat to the second
test plot (AS/CT-blend test plot) on September 20, 2011.
Following a 24 h curing period, the test plots were opened to
normal traﬃc and parking activities. Control water used to
simulate rainwater runoﬀ was prepared at the toxicity-testing
laboratory (U.S. Geological Survey (USGS) Columbia Environmental Research Center (CERC)) as a mixture of well water
and deionized water (Supporting Information (SI) Table SI1).
B

DOI: 10.1021/acs.est.5b00933
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Environmental Science & Technology

Article

Figure 1. Sums of concentrations of N-heterocycles, low-molecular weight PAHs (2- and 3-ringed), and high-molecular weight PAHs (4-, 5-, and 6ringed) in unﬁltered simulated runoﬀ from (a) asphalt pavement sealed with coal-tar-based pavement sealant and (b) asphalt pavement sealed with
asphalt/coal-tar-blend-based pavement sealant at a range of times following sealcoat application. Data from ref 5 and provided in SI Table S3.

eﬄuent toxicity in surface water.43,44 Test organisms (<24 h
old) were obtained from cultures at CERC.
Neonate C. dubia were cultured in control water at CERC
and 10 organisms were transferred impartially into each of four
replicate 300 mL glass beakers containing 150 mL of exposure
water. Beakers were placed in a water bath at 25 °C. Organisms
were fed 1.0 mL of yeast-Cerophyl-trout chow (YCT) and 1.0
mL algal (Raphidocelis subcapitata) concentrate daily.
Newly hatched P. promelas were acclimated to control water
and test temperature (25 °C) for 24 h before testing. Fish were
fed twice during the acclimation period by adding 1 mL of a
concentrated suspension of newly hatched (<24-h old) brine
shrimp nauplii into 2 L of water during the acclimation period.
Ten ﬁsh (<48 h old) were transferred impartially into each of
four replicate 1 L glass beakers containing 250 mL of exposure
water. The ﬁsh were fed 0.15 mL of a concentrated suspension
of newly hatched brine shrimp nauplii twice daily; excess food
and feces were siphoned daily.
Test organisms (four replicates with 10 organisms each)
were initially exposed for 48 h to runoﬀ samples under ambient
lighting conditions (SI Table S2) at 25 °C. Survival was
determined at 2, 4, 24, and 48 h of exposure. Three treatments
(exposure waters) were tested for each runoﬀ sample: 100%
runoﬀ, 10% runoﬀ (1:10 dilution with control water), and 0%
runoﬀ (100% control water). Concentrations in each 10%
runoﬀ were assumed to be 10% of the concentration measured
in the undiluted sample, that is, nominal. To test toxicity
resulting from photosensitization of bioaccumulated compounds, after 48 h of exposure, surviving test organisms were
transferred to clean test chambers containing fresh control
water for recovery and placed under a solar simulator. To assess

potential photoactivated toxicity, two sets of replicates were
maintained under low UVR levels (UV control) and two sets
were subjected to a 4 h exposure of an environmentally relevant
level of irradiance (UV treatment; μW/cm2: UVB: 7.5, UVA:
454, visible light: 604) (SI text and Table S2). The UV
treatment was representative of the quality and intensity of
UVB and UVA in natural sunlight measured in a variety of
habitats in the U.S.45,46 Survival was determined following the 4
h UVR exposure and again after an additional 20 h recovery
period under ambient laboratory lighting conditions. Additional
details on toxicity testing and lighting conditions are described
in SI text and Tables S1 and S2.

■

RESULTS
Chemistry of Simulated Runoﬀ. Recovered water
(unﬁltered) from CT-sealed and CT/AS-blend-sealed test
plots was analyzed for 17 PAHs, 1 alkylated PAH, 7 Nheterocycles, and nitrobenzene (SI Table S3). Concentrations
of some compounds (e.g., quinoline) were similar in
corresponding samples of the two types of runoﬀ, but
concentrations of most compounds were substantially higher
in runoﬀ from the CT-sealed pavement, and concentrations of a
few compounds (e.g., carbazole, acridine) were 40 or more
times higher in initial samples of CT-runoﬀ relative to
corresponding samples of AS/CT blend runoﬀ (SI Table S3).
Concentrations of low molecular weight (LMW) (2- and 3ringed) PAHs and N-heterocycles in CT-runoﬀ, initially higher
than concentrations of high molecular weight (HMW) (4-, 5-,
and 6-ringed) PAHs, decreased rapidly beginning at about t = 3
d (Figure 1). Concentration of high molecular weight PAHs
C
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Figure 2. Mortality, in percent, of test organisms (Ceriodaphnia dubia and Pimephales promelas) exposed to 100% or 10% treatments of simulated
runoﬀ collected at a range of times after application of coal-tar-based sealcoat (Figure a−d) or asphalt/coal-tar-blend sealcoat (Figure e−h) to an
asphalt pavement test plot. A vertical line indicates the range in mortality of test organisms within replicates for a treatment (blue symbols, n = 4; red
and green symbols, n = 2); a point without a line indicates that replicate results were identical. Note the expanded x-axis and that the ∑PAHeq
include photoequivalent concentrations for some N-heterocycles. Mean mortality for test organisms exposed to control water was ≤1% (SI Tables
S4 and S5); mean mortality for test organisms exposed to runoﬀ from unsealed asphalt was <2% with no UVR exposure and <5% with UVR
exposure (SI Table S6).
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Toxicity of Runoﬀ from Asphalt/Coal-Tar-Blend-Sealcoated Pavement. Toxicity of AS/CT-blend-runoﬀ samples
was substantially less than that of CT-runoﬀ samples (Figure
2). At the end of the 48 h of exposure to 100% AS/CT-blendrunoﬀ samples, only the sample collected at t = 26 h was toxic
(40% mortality to P. promelas) (Figure 2e,g and SI Table S8).
There was little additional mortality during the 24 h recovery
period in control water after the initial exposure to runoﬀ
without UVR treatment. Exposure to UVR for 4 h after the 48
h exposure to 100% AS/CT-blend-runoﬀ samples, however,
resulted in >90% mortality to C. dubia for all samples times and
variable mortality (10−100%) to P. promelas (Figure 2e,g). Of
those treatments consisting of 10% AS/CT-blend runoﬀ, only
samples collected at t = 2 and t = 3 d were toxic (>20%
mortality), and then only to C. dubia and only following the 4 h
UVR treatment (Figure 2f).

increased beginning at about t = 7 d, concomitant with an
increase in suspended-sediment concentration, and remained
elevated for the remainder of the sample collection period.
Variability Among Toxicity Test Replicates. The 48 h
exposure treatments consisted of four replicates of 10
organisms each, and the subsequent UVR exposure treatments
(UVR and UVR control) each consisted of two of those four
replicates (complete results given in SI Tables S4−S6). Results
within a treatment were generally consistentfor 74% of the
288 treatments (after 48 h exposure (four replicates), after 48 h
followed by 4 h UVR exposure and 20 h recovery (two
replicates), and after 48 h exposure followed by 24 h recovery
(two replicates)) mortality among the replicates was identical,
and in the majority of cases either all of the test organisms were
alive or all were dead. For the 26% of the 288 treatments in
which there were diﬀerences among replicates, 66% diﬀered by
only one organism among the four replicates (e.g., 10
organisms were alive in three replicates and nine organisms
were alive in the fourth replicate). The mean and median
variance among the 48 h exposure treatments (n = 96, four
replicates each) were 0.28 and 0, respectively. The variance was
not computed for the subsequent UVR exposure treatments as
they consisted of only 2 replicates each.
Toxicity of Control Water and of Runoﬀ from
Unsealed Pavement. For organisms exposed to the control
water (one treatment for each runoﬀ sample tested), mean
mortality across all of the testing periods was ≤1% for both test
species after the initial exposure to the runoﬀ samples or
following subsequent UVR exposure (SI Table S6). On the
basis of the low mortality exhibited in the control treatments,
toxicity in the runoﬀ samples was deﬁned as treatments with
>20% mortality.
Test organisms were exposed to 100% and 10% runoﬀ from
unsealed asphalt, with and without subsequent UVR exposure.
Mean mortality was <2% with no UVR exposure and was <5%
with UVR exposure (SI Table S6). The only substantial
mortality (i.e., fewer than nine surviving organisms; >10%)
occurred in one replicate of C. dubia exposed to undiluted
runoﬀ and following the 4 h UVR exposure (seven surviving
organisms; 30% mortality), but no mortality occurred in the
paired replicate (SI Table S6). The lack of toxicity associated
with runoﬀ from unsealed pavement eliminates tire particles,
dripping motor oil, and other vehicle sources as a source of
mortality to the test organisms.
Toxicity of Runoﬀ from Coal-Tar-Sealcoated Pavement. Test organisms experienced 100% mortality during the
48 h of exposure to CT-runoﬀ samples collected as late as 3 d
(C. dubia) or 36 d (P. promelas) after sealcoat application
(Figure 2a,c and SI Table S7). For most samples collected
during the 7 d following CT-sealcoat application, 100%
mortality occurred after 24 h of exposure, and those samples
collected at t = 5 h were toxic to some organisms exposed to
the runoﬀ for just 2 h (SI Table S4). With exposure to UVR,
100% CT-runoﬀ samples collected as long as 111 d following
sealcoat application were toxic to both C. dubia and P. promelas.
Toxicity of 10% CT-runoﬀ samples was associated with UVR
exposure (Figure 2b,d and SI Table S7). Ceriodaphnia dubia
exposed to 10% CT-runoﬀ samples collected at all sample times
experienced substantial (60−100%; 4 to 0 surviving organisms)
mortality if exposure to runoﬀ was followed by the 4 h UVR
treatment. Toxicity to P. promelas was limited to 10% CTrunoﬀ samples collected at t = 5 h or t = 36 d and followed by
the 4 h UVR treatment (Figure 2b,d).

■

DISCUSSION
Toxicity associated with runoﬀ from CT-sealed test plots
continued throughout the 111 d sampling period. Even for the
10% treatment, exposure to CT-runoﬀ samples collected 111 d
after sealcoat application and followed by subsequent 4 h
exposure to UVR in control water resulted in 100% mortality to
C. dubia. Exposure to 100% AS/CT-blend-runoﬀ samples
collected 36 d after sealcoat application and followed by 4-h
exposure to UVR in control water also resulted in 100%
mortality to C. dubia. The CT-runoﬀ sample collected at t =
111 d and the AS/CT-blend-runoﬀ sample collected at t = 36 d
were the ﬁnal samples collected, and it therefore is not known
for how much longer after application runoﬀ from sealed
pavement might remain toxic.
Runoﬀ from the CT-sealed test plot was substantially more
toxic than AS/CT-blend runoﬀ, and AS/CT-blend runoﬀ was
more toxic than runoﬀ from unsealed asphalt. However,
because the asphalt-based sealcoat used in this study likely
was an (inadvertent) blend of the two types of products, the
results of the toxicity tests likely are not representative of
exposure to runoﬀ from pavement sealed with a pure AS
product. The inadvertent blending of the two formulations,
however, is not an anomaly, as high PAHs concentrations for a
few products labeled as asphalt-based have been reported.39
Samples of 100% CT-runoﬀ samples collecting during the
ﬁrst hours to days following sealant application were toxic
without the subsequent 4 h UVR exposure, indicating narcosis
as the mode of toxic action. Although ﬁsh mortality following
rainfall on pavement recently treated with CT sealcoat has been
anecdotally attributed to sealcoat particles covering the gill
plates leading to suﬀocation,47 there was no evidence of
physical fouling of organisms used in this study. Runoﬀ was
clear with an amber hue, and, in the hours to days following
application, contained low (≤10 mg/kg) concentrations of
suspended sediment.5 During the period when narcosis was
occurring, the compounds with the highest concentrations were
the LMW PAHs (Figure 1) and the N-heterocycles, in
particular phenanthrene, carbazole, and acridine (SI Table S3).
The runoﬀ samples continued to be acutely phototoxic for
weeks to months after they no longer caused narcosis (Figure
2c). The continued phototoxicity of runoﬀ from CT-sealed
pavement likely is related to the continued elevated
concentrations from t = 7 d through the end of the study of
several PAHs that are predicted, on the basis of quantitative
structure activity relationships (QSAR) models, to be strongly
phototoxic.48 For example, concentrations of pyrene and
E

DOI: 10.1021/acs.est.5b00933
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Environmental Science & Technology

Article

Figure 3. Phototoxic response (in percent) in relation to the sum of species-speciﬁc phototoxic equivalent PAH and N-heterocyclic concentrations
for Ceriodaphnia dubia (∑PAHeq‑CD) and Pimephales promelas (∑PAHeq‑PP). Response is computed for exposure whole-water samples of coal-tarbased sealcoat runoﬀ (blue and brown symbols; blue symbols represent treatments with 100% toxicity prior to exposure to ultraviolet radiation, so a
phototoxic response of 100% also was assumed) and asphalt/coal-tar-blend-based runoﬀ (green symbols). The curve (red line) was generated using
a PROBIT model run in Benchmark Dose Software (BMDS) v. 2.5.0.8250 to estimate the best ﬁt line for the data. The phototoxic equivalent
concentration at which 50% mortality is expected (LC50) corresponds to a ∑PAHeq‑CD of 0.022 μmol/L for C. dubia and a ∑PAHeq‑PP of 3.16 μmol/
L for P. promelas. Note that ∑PAHeq‑CD and ∑PAHeq‑PP are species speciﬁc and not comparable as they are computed using a diﬀerent set of
compounds and a diﬀerent set of relative photodynamic activities.

exposure (and before UVR exposure), a M48h+UVR of 100% was
assumed. A probit curve (Benchmark Dose Software (BMDS)
version 2.5.0.82)50 ﬁt to the logarithm of ∑PAHeq and
phototoxic response was used to estimate the median lethal
toxicity for C. dubia (LC50‑CD) and P. promelas (LC50‑PP)
(Figure 3). In general, samples of AS-CT blend runoﬀ had
lower ∑PAHeq than did samples of CT runoﬀ. Where the
range of ∑PAHeq for a species was similar, however, for a given
∑PAHeq samples of AS/CT-blend runoﬀ appeared to provoke
greater mortality, indicating that there might be compounds in
the AS/CT-blend product other than those measured that are
contributing to toxicity. The ∑PAHeq‑CD corresponding to
LC50CD was estimated to be 0.022 μmol/L, and the ∑PAHPP
corresponding to LC50PP was estimated to be 3.16 μmol/L.
Note that because RPAs are species speciﬁc, ∑PAHeq‑CD and
∑PAHeq‑PP and their corresponding LC50 cannot be compared,
and the large diﬀerence in LC50‑PP and LC50‑CD does not
necessarily indicate that one species is more sensitive to
phototoxicity from CT runoﬀ than the other.
Less clear than the existence of toxicity by photosensitization
is whether or to what degree photomodiﬁcation products of
PAHs (e.g., oxy-PAHs, nitro-PAHs, halogenated PAHs, and
PAH quinones) might contribute to phototoxicity (or narcosis)
of runoﬀ from sealed pavement. The design of the experiment
was such that only phototoxicity as a result of bioaccumulation
was assessed. Some photomodiﬁed products, such as oxygenated anthracenes, are suﬃciently lipophilic to partition into
biological membranes, and some of these compounds are
phototoxic.34 Only one photomodiﬁed product9,10-anthraquinone, formed by photo-oxidation of anthracenewas
analyzed for the test plots used here, and only in solid-phase
samples of sealcoat: The concentration in dried CT-sealcoat
particles increased by about 400% during the 36 d following
sealcoat application.5 Taken together, the large volumes of CT
sealcoat applied, the environmental settings in which it is
applied (pavement exposed to sunlight), and the elevated PAH
content of the products indicate that more in-depth study of

benzo[g,h,i]perylene, which have highest-occupied molecular
orbital−lowest-unoccupied molecular orbital (HOMO−
LUMO) gap energies in the range of 7.2 ± 0.4 eV (predicted
range for phototoxicity),48 remained elevated or increased
during the sampling period (SI Table S3).
An empirical relation between phototoxic exposure and
mortality might be a useful tool for predicting toxicity of PAHs
and related compounds in stormwater runoﬀ. Such a relation
was explored using published species-speciﬁc relative photodynamic activities (RPA) to convert PAH and N-heterocycle
measured (100%) and nominal (10%) concentrations to
phototoxic equivalents for C. dubia (PAHeq‑CD) and P. promelas
(PAHeq‑PP), combining data from both test plots. Although
RPAs have not been determined for C. dubia, they have been
published for the cladoceran Daphnia magna, and those values
(for 11 PAHs and 2 N-heterocycles) were used here;49 RPAs
have been determined for seven PAHs for P. promelas.30
Although this type of relation frequently is investigated by
comparing photocorrected concentrations in tissue to toxicity
(e.g., ref 30), it was reported recently that photocorrected
concentrations in water had a stronger relation to toxicity.29
The PAHeq for each compound and each species therefore was
computed as the product of the compound concentration in the
unﬁltered sample and its RPA for the species of interest.
Additional details on the approach and tabled results are
provided in SI text and Table S10. Phototoxicity of PAH
mixtures has been reported to be additive, provided that RPAs
are accounted for.29 Accordingly, the sum of the PAHeq for each
species (∑PAHeq‑PP and ∑PAHeq‑CD) was plotted against the
phototoxic response of the test organisms, computed as
(M48h + UVR − M48h)/(100 − M48h)

(1)

where M48h+UVR is the mortality in percent following the 48-h
exposure and subsequent UVR exposure, and M48h is the
mortality in percent following the 48 h exposure. For those
samples that resulted in acute toxicity by the end of the 48 h
F
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The phototoxicity reported here reﬂects the ﬁeld and
laboratory conditions used: the turbidity and dissolved organic
carbon concentration of the samples (and diluted 1:10) and a
UVR representative of cloudless conditions. Many factors,
however, can diminish the intensity and penetration of
photoradiation. Extinction of UVR is strongly correlated with
dissolved organic carbon concentration, which can diﬀer among
water bodies by orders of magnitude.23 Turbidity also has been
demonstrated to reduce phototoxicity.37 Cloud cover, expected
to be 100% during storms, reduces the intensity of photoradiation. However, phototoxicity here was measured 48 h after
exposure, and cloudy conditions might not always persist this
long after a storm in the environment. Field investigations that
consider such factors will aid in elucidating how runoﬀ from
CT-sealed pavement contributes to phototoxicity in the
environment.
As described in the Results section, we measured initial
concentrations of 17 PAHs, one alkylated PAH, seven Nheterocycles, and nitrobenzene in unﬁltered water in the
undiluted (100%) runoﬀ samples before the start of the 48 h
exposures. Additional information on the kinetics and fate of
compounds in runoﬀ from sealcoated pavement and associated
eﬀects on organisms might be gained if concentrations were
measured in the diluted (10%) runoﬀ samples and (or)
measured at the end of the exposures. In addition, measurement of concentrations in the dissolved phase would enable
estimation of concentrations in tissues using published
bioconcentration factors. Finally, although the suite of
compounds measured for this study includes several compounds in addition to a standard set of PAHs (the 16 U.S.
Environmental Protection Agency Priority Pollutants), coal tar
is a complex mixture. Using state-of-the-art analytical
techniques, Koolen et al. (ref 63) recently demonstrated that
coal tar contains thousands of compounds, many of which are
not amenable to analysis by gas chromatography. A
comprehensive analysis of the compounds in CT runoﬀ
would contribute to a better understanding of toxic modes of
action associated with exposure and indicate directions for
additional research.
In this study, we investigated acute toxicity associated with
exposure to runoﬀ from sealed pavement. However, a wide
range of sublethal eﬀects is associated with exposure to PAHs,
N-heterocycles, and (or) their photoproducts, including
genotoxicity,16 mutagenicity,64,65 clastogenicity,66 and endocrine disruption.67 The high concentrations of PAHs and
related compounds in runoﬀ from CT-sealed pavement and
associated toxicity indicates that investigation of chronic and
sublethal eﬀects is warranted. Additionally, other contaminants
and geochemical conditions in receiving water bodies might
aﬀect the toxicity of runoﬀ from sealed pavement. Metals,
including copper, lead, mercury, and cadmium, singly or in
mixtures, can cause synergistic toxicity with PAHs.68 Hypoxia
can contribute to PAH toxicity in the absence of UVR
exposure,69 but phototoxicity has been demonstrated to be
maximized at intermediate dissolved oxygen levels (6.9 mg/
L).70
The results of these short-term acute laboratory toxicity tests
demonstrate that rainfall on pavement treated with sealcoat has
the potential to produce toxic runoﬀ for weeks or months
following sealant application. An environmental setting
introduces additional complexity regarding the magnitude or
frequency of potential toxic events associated with runoﬀ from
sealed surfaces or regarding the inﬂuence of UVR on toxicity

photomodiﬁcation of compounds present in CT sealcoat might
be warranted.
An estimated 320 million liters of CT-sealcoat are used
annually in the U.S., primarily east of the Continental Divide;6
CT-sealcoat also is used in Canada.3 Recommended application
rates vary from every 1 to every 5 years.6 Previous studies that
have measured PAHs in whole-water samples of runoﬀ from
CT-sealed pavement have reported concentrations in the same
range as those measured here. Total PAH concentrations in
whole-water runoﬀ from two newly CT-sealed parking lots in
New Hampshire gradually decreased from 5890 and 642 μg/L
the day after application (higher than concentrations measured
here for the CT test plot, SI Table S3) to 36 and 14 μg/L more
than 2 years after application (similar to or slightly lower than
those measured here for the AS/CT-blend runoﬀ (SI Table
S3)). Runoﬀ from a parking lot in Wisconsin that had been
sealed with CT-sealcoat 6 years earlier had a median total PAH
concentration of 52 μg/L.51 PAH concentrations in stormwater
runoﬀ from a sealcoated parking lot in Ohio ranged from 65 to
830 μg/L.37 In comparison, total PAH concentrations in runoﬀ
from the CT test plot ranged from 167 to 476 μg/L and from
the AS/CT test plot ranged from 21 to 63 μg/L, indicating that
runoﬀ from sealcoat test plots studied by others might also have
been toxic.
The runoﬀ strengths investigatedundiluted and 1:10
diluted runoﬀare a reasonable approximation of conditions
that might occur in urban streams, ponds, and stormwater
conveyance and treatment structures in areas where CTsealcoat is used. The proportion of a small urban watershed that
is sealcoated pavement has been reported to be in the range of
1−2% (Texas) to 4.8% (Missouri).1,52 However, impervious
pavement contributes a disproportionate amount of runoﬀ to a
stream relative to its area: runoﬀ coeﬃcients (a dimensionless
coeﬃcient that expresses the ratio between the runoﬀ volume
from an area and the average rate of rainfall depth) for asphalt
surfaces range from 0.73 to 1.00 (depending on the return
period for the storm), 2−3 times higher than those for grass
and undeveloped land.53 Sealed pavement that makes up 5% or
less of a watershed therefore might reasonably contribute 10%
or more of ﬂow in small urban streams following rainfall.
Further, stormwater collection ponds and drainage ditches can
receive as much as 100% of their runoﬀ from sealed
pavement.52 Storm-water conveyances and treatment structures
can be important breeding and feeding habitat for a variety of
wildlife,54 including insects,55 migratory birds,56 and amphibians.57 Additionally, because PAHs accumulate in sediment,
phototoxicity to benthic organisms can result in areas of
shallow sediment or during dredging.58
The intensity (UVA: 454 μW/cm2; UVB: 7.5 μW/cm2) and
duration (4 h) of UVR exposure used for this study also
reasonably approximate environmental conditions. For example, levels of UVR measured at a 10 cm depth in some marine
environments at solar noon ranged from 463 to 998 μW/cm2
(UVA) and 8.4 to 38 μW/cm2 (UVB);45 in some Rocky
Mountain Front Range ponds, UVR at 10 cm depth ranged
from 124 to 1785 μW/cm2 (UVA) and from 0.03 to 38 μW/
cm2 (UVB).46 Ultraviolet light has been demonstrated to
penetrate as deep as 10−12 m in Lake Michigan (U.S.) and as
deep as 37 m in Lake Tahoe (U.S.).59,60 The 4 h UVR exposure
used in the treatment also is environmentally relevant, as UVR
intensity during the 4 h around solar noon varies by less than
50%.61,62
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during runoﬀ events. Investigation of the potential for in situ
toxicity and sublethal eﬀects in receiving waters, eﬀects of UVR
penetration in a range of natural-water conditions, including the
inﬂuence of dissolved organic carbon and turbidity, and
interactions with other contaminants and environmental
stressors will contribute to a better understanding of the eﬀect
of sealcoat use on urban ecological communities.
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