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ABSTRACT: Wildfire-altered soil may be an important source
of polycyclic aromatic hydrocarbons (PAHs) in the environment.
With projected increase of wildfire frequency and intensity due to
changing global climate, understanding the quantity and
speciation of PAHs, including halogenated PAHs (XPAHs),
resulting from different burn intensities has important
ramifications for environmental quality concerns and global soil
carbon dynamics. Here, we quantified levels of 16 U.S.
Environmental Protection Agency regulated PAHs, 3 chlorinated
PAHs, and 6 brominated PAHs in nonburned forest soils and
burned ash/soil samples covered with black ash (B-Ash;
moderate burn intensity) or white ash (W-Ash; severe burn
intensity) from the 2013 Rim Fire (1,041 km2) in California. The ∑16PAH concentrations follow (mean ± standard deviation;
μg/kg) B-Ash (893 ± 285) > W-Ash (515 ± 333) ≈ nonburned soils (247 ± 58). Moreover, the ∑16PAH profiles were altered
by both moderate and severe burn conditions with the size of aromatic structures following B-Ash > W-Ash > nonburned soils.
Neither chlorinated nor brominated PAH concentration was significantly elevated by moderate or severe wildfire. Overall, fire
intensity is critical in regulating soil PAH concentrations and profiles. Given the high erodibility of wildfire ash, these PAHs can
be easily transported to rivers and reservoirs where they could impact the aquatic food web and drinking source water.

KEYWORDS: Wildfire combustion processes, Climate change, Temperate forests, Water quality,
Parent polycyclic aromatic hydrocarbons, Naphthalene, California

1. INTRODUCTION
Under the context of climate change,1 forest wildfires are
occurring with increasing frequency, intensity, and burned area
in the western United States,2 and throughout arid/semiarid
regions of the world.3 Among many fire-induced consequen-
ces,4−6 the formation of polycyclic aromatic hydrocarbons
(PAHs) in soils7 is a major concern because of their high
toxicity (i.e., carcinogenicity, mutagenicity, and reproductive
toxicity), persistence, and bioaccumulation.7,8 Wildfire as a
significant PAH source has been previously shown by
measuring the increase of soil PAH concentrations immedi-
ately after fires.7,9 For example, Kim and co-workers10 reported
that ∑16PAH concentrations ranged from 153 to 1570 μg/(kg
of soil) one month after a forest fire in South Korea, which
were 4−24 times higher than those of nonburned soils. Choi11

found an ∼20-fold increase in average∑16PAH concentrations
in the O-horizon after a forest fire in South Korea. It was

estimated that PAH production by wildfire sources amount to
13.6% of the global PAH budget,12 and their production in
fire-prone regions is expected to increase under a drier and
warmer future climate for several global regions.
During wildfires, a heterogeneous fire/burn intensity occurs

across the landscape because forest fires do not burn uniformly
owing to differences such as fuel load and moisture content.13

Depending on burn intensity, black and white ash can be
generated from the incomplete (moderate burning; commonly
200−500 °C) and near-complete (high intensity burning;
commonly >510 °C) combustion, respectively.14−16 A study in
southern California estimated that ∼25% of the land surface
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was covered by white ash, due to high temperature combustion
of large fuel loads.17 Compared to black ash, white ash
generally contains more mineral materials and less pyrogenic/
charred organic matter.18,19 Our previous study16 showed that
white ash had a higher aromaticity in the water extractable
organic matter fraction compared to black ash and nonburned
detritus. It suggested that organic matter in white ash was more
aromatic and hydrophilic than for black ash. Although several
studies have examined PAH production from wildfires, they
generally evaluated soil or water samples without consideration
of burn intensity.10,11 Therefore, investigation of the
abundance and profiles of PAHs in black and white ash is
important to better understand the role of burn intensity on
the resulting PAHs in burned soils. There is also a strong
potential for transporting PAHs in the wildfire ash to aquatic
environments given the susceptibility of wildfire ash to postfire
erosion processes due to the lack of soil cover and the loose
consistency of the ash materials.
Halogenated PAHs (XPAHs), including chlorinated PAHs

(Cl-PAHs) and brominated PAHs (Br-PAHs), are a class of
PAH derivatives having elevated health concern. They are
generated by attachment of one or more halogens to the
aromatic rings of their corresponding parent PAHs
(PPAHs),20 and they have appreciably higher carcinogenic
and mutagenic toxicity than their PPAHs.21 The source of
XPAHs is related to the simultaneous presence of halogens and
aromatic precursors.22 Combustion processes including engine
combustion and waste incineration are considered major
emission sources of XPAHs.22,23 For example, Tu and co-
workers24 reported elevated concentrations of 160−220 μg/kg
for ∑20Cl-PAH and 19−46 μg/kg for ∑5Br-PAH in open e-
waste burning areas, compared to those in control areas which
were less than the limits of detection (0.02−0.08 μg/kg). Horii
et al.22 found a significant correlation between concentrations
of Cl-PAH and PAH and suggested chlorination of PPAHs as
the main pathway for formation of Cl-PAHs during waste
incineration. The chlorination of PPAHs was also suggested by
Ma and co-workers25 as the dominant pathway for Cl-PAH
formation during e-waste recycling operations. California forest
ecosystems may have high chlorine and bromine inputs from
atmospheric deposition given their close proximity to the
ocean.26 In addition, widespread use of brominated flame
retardants by firefighters is another possible source of halogens
during wildfires.27 Therefore, the litter and duff materials could
be a potential source of XPAHs following combustion
processes during California wildfires. To date, studies on the
occurrence and profiles of Cl- and Br-PAHs in soils after forest
wildfires are lacking, compared to investigations of PPAHs,
though one study28 identified XPAHs in soils after a fire that
involved combustion of poly(vinyl chloride).
The Rim Fire in 2013 was the third largest wildfire in

California history and burned 1,041 km2 of the Stanislaus
National Forest in the Sierra Nevada Mountains.16 This event
attracted a high level of attention from both government
resource agencies and the public because the wildfire occurred
within the watershed that supplies drinking water to 2.6 million
residents in/around San Francisco and the environmental/
health consequences of wildfires remain largely unknown. In
the present study, we collected the surface soil materials (0−5
cm) from five burned sites (both black [moderately burned]
and white [severely burned] ash) within the Rim Fire
perimeter and two nonburned sites outside the burned
perimeter. The main goal of this study was to assess whether

the burn intensity affected the occurrence, profiles, and
potential toxicity of PAHs and XPAHs in wildfire-altered
soils. The results of this study are important for informing land
restoration and water quality management decisions following
large wildfires in watersheds serving as a drinking water source.

2. MATERIALS AND METHODS
2.1. Soil Sampling. Detailed site and soil sampling

information were described in our previous studies.16,29 Briefly,
we selected a 13 km transect spanning the north−south axis of
the Rim Fire, which contained all the representative vegetation
types for the burned area (Figure 1). The postfire soil samples

were collected from 5 sites along this transect on Oct. 2, 2013
(fire ignition on Aug. 17, 2013 and full containment on Oct.
24, 2013) prior to any rainfall events. The sites were
dominated by ponderosa pine (Pinus ponderosa Dougl.) forest
(site 1), mixed conifer forest (sites 2 and 3), mixed oak
woodland (site 4), and chaparral (site 5).16 All vegetation was
killed and the O-horizon (litter layer) was completely
consumed at all five burned sites. Wildfire ash color is a field
indicator and diagnostic feature of burn intensity.30 Based on
ash color, two relative burn intensities were selected for
analysis at each site: black ash (200−500 °C) indicative of
moderate intensity fire and white ash (>510 °C) characteristic
of a high intensity fire.31 Estimates of landscape-level burn
intensity based on field observation of white vs black ash
distribution were 8−10% high intensity and 90−92% moderate
intensity at sites 2−5 and 3% high intensity and 97% moderate
intensity at site 1. We used a 7.6 cm diameter × 5.0 cm depth
stainless steel coring device to randomly collect three
composite ash/soil samples with surface deposits of white
ash (W-Ash) or black ash (B-Ash) along a 50 m transect at
each site. At least three subsamples were collected within a 10
m radius to make up one composite sample that weighed more
than 1.5 kg. The 5 cm depth increment was dominated by the
surface ash layer (typically 3−4 cm) with a thin layer of
charred soil material typically not exceeding 2 cm in thickness.
It should be noted that B-Ash and W-Ash characterization
represents the dominant materials visually identified in the
field, but they should not be considered pure end-members, as

Figure 1. Soil and ash/soil materials were collected in October 2013
from five sites within the Rim Fire area (red line). Soils from
nonburned sites were collected from a forest located about 2 km
north of the northern-most burned-area sampling site (site 1) near
Cherry Lake. Adapted with permission from ref 16 (Supporting
Information). Copyright 2015 American Chemical Society.
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there is tremendous short-range spatial variability in both the
horizontal and vertical dimensions of the ash layer. Nonburned
ponderosa pine and white fir Abies concolor forest sites located
about 2 km north of site 1 near Cherry Lake were selected as
reference sites. At these reference sites, the 0−5 cm surface
soils were collected after removing the litter materials and
designated as “nonburned”. All soil samples were freeze-dried,
passed through a 2 mm sieve, and further ground to a fine
powder before further chemical analyses.
2.2. Chemical Analyses. A 10 g amount of ground soil/

ash sample was mixed with recovery standards (naphthalalene-
d8, ace-naphthylene-d10, phenathrene-d10, chrysene-d12, and
perylene-d12) and 2.0 g of copper (for sulfur removal) and then
Soxhlet-extracted for 24 h with a 200 mL mixture of hexane
and dichloromethane (1:3, v:v). The soil extract was
concentrated to 4 mL using a rotary evaporator and then
purified with a silica gel and alumina column (2:1, v:v; 30 cm
height ×10 mm i.d.). Each column containing the target PAHs
was eluted with 70 mL of hexane and dichloromethane mixture
(7:3, v:v), concentrated to 0.5 mL with a gentle N2 stream, and
spiked with internal standards (2-fluorobiphenyl and p-
terpheny-d14) before instrumental analysis. Concentrations of
PAHs and XPAHs in the eluted solution were determined by
gas chromatography−mass spectrometry (GC-MS; Agilent
7890A GC equipped with 5975C MSD, Agilent Technologies,
Foster City, CA, USA) using a 30 m DB-5MS fused silica
capillary column (0.25 mm i.d., 0.25 mm film thickness, J&W
Scientific, Folsom, CA, USA) and helium (1 mL/min) as the
carrier gas. The column oven temperature was ramped from 60
to 200 °C (10 °C/min), to 214 °C (2 °C/min), to 254 °C (5
°C/min), and finally to 290 °C (18 °C/min). The temperature
was held for 2 min at 254 °C and 17 min at 290 °C. We
detected 16 PAHs (∑16PAH), 3 Cl-PAHs (∑3Cl-PAH), and 6
Br-PAHs (∑6Br-PAH) (Table 1). Procedural and spiked
blanks were included with each batch of 10 samples for quality
assurance/quality control. Recoveries of spiked standards in
samples were 101 ± 21% for naphthalene-d8, 87 ± 14% for
acenaphthene-d10, 91 ± 16% for phenanthrene-d10, 97 ± 13%
for chrysene-d12, and 82 ± 19% for perylene-d12. We did not
add isotope-labeled standards of XPAHs to samples because
they were not commercially available. Detection limits for all
target PAHs and XPAHs were in the range of 0.25−5.1 μg/kg.
All glassware was cleaned successively with sulfuric acid, tap
water, and Milli-Q water (18.2 MΩ/cm) at least three times
and then baked for >24 h at 450 °C.
2.3. Toxic Equivalency Quotients. Toxic equivalency

quotients (TEQs) are considered an index for potential
toxicity.32 TEQs of XPAHs and PAHs were calculated by eq 1
and eq 2, respectively.32−34

∑= ×CTEQ REPi iXPAHs BaP, (1)

∑= ×CTEQ TEFj jPAHs BaP, (2)

where TEQ is the toxic equivalency quotients of XPAHs or
PAHs, in μg/kg; i is an individual XPAH; j is an individual
PAH; C is the concentration in μg/kg; REPBaP,i is the toxic
potency value of i relative to that of benzo[a]pyrene (BaP),
unitless (Table S1); and TEFBaP,j is the toxic equivalency
factors for j relative to BaP, unitless (Table S1).
2.4. Statistical Analyses. Similar to our previous

studies,16,35 preliminary data analysis showed that burn severity
was the dominant factor compared to sampling site effects

incorporating differences in the chemical properties of the
detritus from contrasting vegetation sources. Therefore, with
the aim of testing how burn intensity alters the concentrations
and profiles of PAHs and XPAHs in ash/soil samples, we
focused on differences across nonburned soils, B-Ash, and W-
Ash in this study. Analyses of variance (ANOVA) followed by
posthoc Tukey HSD (honestly significant difference) were
used to assess differences among the three sample types
(nonburned, B-Ash, and W-Ash) for PAH or XPAH
characteristics. Shapiro−Wilk normality test was conducted
using the shapiro.test function in the stats package to assess
normality. For non-normal data, the boxcox function in the
MASS package was used to perform a Box-Cox transformation.
When data could not be transformed to a normal distribution
by Box-Cox transformation, the kruskal.test function in the stats
package was used to conduct the nonparametric Kruskal−
Wallis test, followed by Dunn’s posthoc multiple comparison
with a Bonferroni correction, using the dunnTest function in
the FSA package. The level of significance for all statistical tests
was set at p ≤ 0.05. Correlation coefficients between XPAH
and their PPAH were calculated with the cor function in the
stats package, whereas the p-value was calculated by the cor.test
function in the stats package.

3. RESULTS AND DISCUSSION
3.1. Levels of PAHs and XPAHs. The ∑16PAH

concentrations (mean ± standard deviation) were 247 ± 58
μg/kg in the nonburned soils, 893 ± 285 μg/kg in B-Ash, and
515 ± 333 μg/kg in W-Ash, respectively (Figure 2a). The
∑16PAH concentrations in B-Ash were significantly higher

Table 1. List of Polycyclic Aromatic Hydrocarbons (PAHs)
and Halogenated Polycyclic Aromatic Hydrocarbons
(XPAHs) in This Study

target analytes abbreviations

PAHs
naphthalene Nap
acenaphthylene Acy
acenaphthene Ace
fluorene Fle
phenanthrene Phe
anthracene Ant
fluoranthene Flu
pyrene Pyr
benzo[a]anthracene BaA
chrysene Chr
benzo[b]fluoranthene BbF
benzo[k]fluoranthene BkF
benzo[a]pyrene BaP
indeno[1,2,3-c,d]pyrene IcdP
dibenzo[a,h]anthracene DahA
benzo[g,h,i]perylene BghiP

XPAHs
2-bromofluorene 2-BrFle
9-chlorophenanthrene 9-ClPhe
2-chloroanthracene 2-ClAnt
9-bromophenanthrene 9-BrPhe
9-bromoanthracene 9-BrAnt
9,10-dichloroanthracene 9,10-Cl2Ant
9,10-dibromoanthracene 9,10-Br2Ant
1-bromopyrene 1-BrPyr
7-bromobenz[a]anthracene 7-BrBaA
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than those in nonburned soils (p < 0.001), consistent with
previous studies that showed elevated PAH levels in burned
forest soils (Table S2).10,11,36,37 For example, Kim et al.10

reported ∑16PAH concentrations ranging from 153 to 1570
μg/(kg of soil) one month after a forest fire. PAHs are posited
to form via unimolecular cyclization, dehydrogenation, deal-
kylation, and aromatization of ligneous and cellulosic plant
biopolymers as well as lipids during the charring process.38,39

Clearly, the results of the present and previous studies
consistently indicate that forest fires can be a significant
source of soil PAHs.
Our study showed that ∑16PAH concentrations in W-Ash

were significantly lower than B-Ash (p = 0.001). This suggests
that W-Ash formed from more severe burning (i.e., higher
temperatures) does not contribute to soil PAHs compared to
background soil levels, which is probably due to a high degree
of organic matter pyromineralization. A similar phenomenon
has been found in municipal solid waste incineration, where
low temperature burning caused elevated PAH formation but
high temperature burning with sufficient O2 reduced PAH
formation.40 Additionally, decreased PAH emissions to the
atmosphere were reported for high temperature burning in
laboratory combustion studies.41,42 Zhang et al.41 also found
lower ∑16PAH emissions during combustion of agricultural
crop residues at higher burn intensities. Similarly, Molto et
al.42 found decreased ∑16PAH yields from pine needles and
cones when the burn temperature increased from 550 to 850
°C. Although ∑16PAH concentrations showed no significant
difference (p = 0.06) between W-Ash and the nonburned soils
in this study, the average∑16PAH concentration in W-Ash was
about two times higher than the nonburned soils with a p-value
(0.06) approaching our significance threshold (p ≤ 0.05).
Further investigations are necessary to elucidate the specific

roles of temperature thresholds, oxygen levels, and fuel
characteristics in controlling PAH production during wildfire.
The ∑16PAH levels in our nonburned soils (247 ± 58 μg/

kg) were relatively higher than those from other nonburned
forests previously reported, such as 6.27−52.2 μg/kg for
nonburned soils from a Korean pine forest11 and 1−36 μg/kg
for nonburned soils in Costa Rica (more comparison in Table
S2).43 High PAH levels in forest soils have been attributed to
anthropogenic disturbance44,45 and/or natural sources,10,11,36

such as previous wildfires (Table S2). For example, Xiao and
co-workers45 found ∑16PAH concentrations were 71.28−
515.34, 39.85−201.01, and 18.90−75.17 μg/kg in forest soils
from urban, suburban, and rural areas, implicating the
influence of anthropogenic activities. However, the high
∑16PAH concentrations in our nonburned samples were less
likely from anthropogenic activities because the sites are in a
remote forest area far from urban and industrial centers. The
potential for PAH accumulation from historic wildfires in this
fire-prone region could be a major reason for the high
background soil PAH levels as the fire return frequency for
these Sierra Nevada forest is <35 years.
The ∑3Cl-PAH and ∑6Br-PAH levels did not show the

same variations across sample types as ∑16PAH concen-
trations. The ∑3Cl-PAH concentrations followed B-Ash (3.63
± 2.86 μg/kg) ≈ nonburned soils (3.58 ± 0.78 μg/kg) > W-
Ash (1.03 ± 0.54 μg/kg (Figure 2b). Thus, moderate burning
did not affect ∑3Cl-PAH concentrations in soils, while higher
temperature burning decreased ∑3Cl-PAH concentrations. In
contrast, ∑6Br-PAH concentrations were significantly lower in
both B-Ash (9.26 ± 3.14 μg/kg) and W-Ash (2.66 ± 2.30 μg/
kg) compared to nonburned soils (16.33 ± 7.76 μg/kg; Figure
2c). Despite higher PAH occurrence in burned soils, there was
no significant increase in ∑3Cl-PAH or ∑6Br-PAH concen-

Figure 2. Concentrations (mean ± standard deviation) and profiles of (a, d) ∑16PAH, (b, e) ∑3Cl-PAH, and (c, f) ∑6Br-PAH in the nonburned
soils, black ash (B-Ash), and white ash (W-Ash) at sites 1−5. In panels a−c, the mean value in each box is labeled as the red diamond. Boxes with
the different lower-case letters indicate significant difference (p ≤ 0.05) among materials. Abbreviations for PAHs are available in Table 1.
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trations indicating that wildfire is not a significant source of soil
XPAHs. Compared to nonburned soils and B-Ash, W-Ash had
consistently lower ∑3Cl-PAH and ∑6Br-PAH levels indicating
that wildfires with high burn severity may result in the loss of
XPAHs from soils.
The ∑PPAH concentration correlated with ∑6Br-PAH

content but not with ∑3Cl-PAH content (Figure 3). For
individual compounds, we only observed significant correla-
tions (p ≤ 0.05) for anthracene (Ant) vs 2-chloroanthracene
(2-ClAnt) (W-Ash; Figure 3b), 9,10-dichloroanthracene (9,10-
Cl2Ant) vs Ant (nonburned; Figure 3c), and 2-bromofluorene
(2-BrFle) vs fluorene (Fle) (nonburned, B-Ash, and W-Ash;
Figure 3e). Only these XPAHs appear to have potential linkage
to their respective PPAHs. Direct chlorination of PAHs was
previously hypothesized as the major pathway for Cl-PAH
formation, and several studies have observed significant
correlations between PAHs and Cl-PAH levels in urban
particulate matter46 and fly ash samples.20,22 In contrast, the
lack of significant correlations for PPAHs-Cl-PAH relation-
ships in this study suggests that the formation or degradation
of most Cl-PAHs differ from their PPAHs during forest fires.
Several studies20,22,46 have reported decoupled PAH and Br-
PAH relationships despite significant correlations between
PPAH and Cl-PAH levels. However, our study does support
the possibility that Br-PAHs were closely related to their

PPAHs for nonburned (r = 0.78, p = 0.068), B-Ash (r = 0.89, p
< 0.001), and W-Ash (r = 0.68, p = 0.006). Notably, the slope
between ∑6Br-PAH and ∑5PPAH, indicating the amount of
∑6Br-PAH formed per unit increase in ∑5PPAH, followed B-
Ash < W-Ash < nonburned (Table S3). We noted that soil
extractable bromide concentration increased with increasing
burn intensity (nonburned < B-Ash < W-Ash) in our previous
study,16 which supports that the mineralization of organo-
bromine compounds might partially explain the loss of Br-
PAHs in both B-Ash and W-Ash. Additionally, burning-
induced halogen volatilization may reduce the Cl and Br
availability for XPAH formation in ash.47,48 For waste
incineration, Kakimoto et al.49 found that the ratio of Cl-
PAHs to PPAHs was affected by the type of waste
incinerator,22 furnace temperature,21,50 and combusted materi-
als.50 It is still unclear why waste incineration yields
considerable amounts of XPAHs but forest wildfire did not.
Laboratory burning experiments under controlled conditions
are needed to better characterize critical factors controlling
halogenated PAH dynamics during wildfires.

3.2. Profiles of PAHs and XPAHs. Wildfire altered the
profiles of ∑16PAH, although ∑16PAH in all the samples were
dominated by naphthalene (Nap), followed by phenanthrene
(Phe) (Figure 2d). The percentage of Nap in the ∑16PAH
content of nonburned soils (72.8 ± 8.9%) was significantly

Figure 3. Correlations between halogenated polycyclic aromatic hydrocarbons (XPAHs) and their parent polycyclic aromatic hydrocarbons
(PPAHs): (a) 9-ClPhe vs Phe; (b) 2-ClAnt vs Ant; (c) 9,10-Cl2Ant vs Ant; (d) ∑3Cl-PAH vs ∑2PPAH; (e) 2-BrFle vs Fle; (f) 9-BrAnt vs Ant;
(g) 1-BrPyr vs Pyr; (h) 9-BrPhe vs Phe; (i) 9,10-Br2Ant vs Ant; (j) 7-BrBaA vs BaA; and (k) ∑6Br-PAH vs ∑5PPAH. Plotted using the ggscatter
function in the ggpubr package. The “Pearson” correlation coefficient was computed using the stat_cor function. The fitted linear equations between
paired XPAH and PPAH are shown in Table S3.
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higher than B-Ash (43.9 ± 15.9%; p = 0.006), but did not
differ with W-Ash (57.4 ± 21.8%; p = 0.19) (Figure 2d and
Table S4). According to the Estimation Programs Interface
(EPI Suite, U.S. Environmental Protection Agency (EPA)),51

the water solubility at 25 °C is 142.1 mg/L for Nap, which is
50 times higher than the other 15 regulated PAHs (Table S1).
We detected its existence in both the water extractions of ash
(including both B-Ash and W-Ash) and natural river waters of
the burned watershed following the Rim Fire (Tables S5−S6).
Phe accounted for 11.4 ± 3.6% of∑16PAH in nonburned soils,
and this percentage was significantly lower (p < 0.001) than
those in B-Ash (28.8 ± 7.8%) and W-Ash (26.4 ± 14.9%).
This indicates that the size of the aromatic structure for PAHs
followed B-Ash > W-Ash > nonburned soils. The ∑16PAH
concentrations in both nonburned and burned samples were
dominated by low-molecular-weight (LMW) PAHs (<4 rings)
(Figure S1). The molar ratio of LMW PAHs to ∑16PAH was
0.95 ± 0.03, 0.94 ± 0.03, and 0.97 ± 0.02 for nonburned soils,
B-Ash and W-Ash, respectively. This is consistent with
previous studies10,11 reporting the domination of LMW
PAHs, particularly naphthalene, in burned soil and wildfire
ash. For example, Choi11 reported that the ∑16PAH
concentration in burned pine bark and litter samples was
dominated by Nap (76% and 44%, respectively), followed by
Phe and fluoranthene (Flu). It is notable that soils after wildfire
contained a high percentage of LMW PAHs, which are
expected to be lost via volatilization during the wildfire. Choi11

attributed the high percentage of LMW PAHs after wildfire to
the charcoal structure of the burned detritus/ash, which can
capture the gaseous and particulate phases of PAHs. The high
LMW PAH concentrations in the nonburned soils may result
from historic PAH accumulation associated with past wildfires
in this fire-prone region.

Similar to ∑16PAH, the profiles of both ∑3Cl-PAH and
∑6Br-PAH were altered by wildfire. After wildfire, the
dominance of ∑3Cl-PAH shifted from 9-chlorophenanthrene
(9-ClPhe) to 2-ClAnt (Figure 2e). Specifically, 9-ClPhe
accounted for 69.2 ± 11.2% of ∑3Cl-PAH in nonburned
soils and significantly decreased to 28.6 ± 21.4% in B-Ash (p =
0.004) and 31.0 ± 27.3% in W-Ash (p = 0.004). Nonburned
soils contained 27.4 ± 9.5% 2-ClAnt in the ∑3Cl-PAH
fraction, and this percentage increased to 56.0 ± 20.4% for B-
Ash (p = 0.05) and 64.8 ± 29.9% for W-Ash (p = 0.007).
Regarding Br-PAHs, the percentages of 9-BrAnt and 1-BrPyr
decreased (p ≤ 0.002) while the percentage of 2-BrFle
increased (p ≤ 0.002) after wildfire (Table S4). Specifically,
nonburned soils were dominated by 9-bromoanthracene (9-
BrAnt; 43.9 ± 27.0%) and 1-bromopyrene (1-BrPyr; 45.5 ±
28.8%) (Figure 2f). However, the dominant Br-PAH in the
burned soils was 2-BrFle, accounting for 89.7 ± 12.4% of
∑6Br-PAHs in B-Ash and 93.6 ± 7.9% in W-Ash. The
percentages of these three Br-PAHs showed no significant
difference (p = 0.44 for 9-BrAnt; p = 0.45 for 1-BrPyr; p = 0.40
for 2-BrFle) between B-Ash and W-Ash, indicating a negligible
effect of burn intensity. Previous studies attributed equilibrium
between soil and gas phases to explain the profiles of
XPAHs.23,52 Jin et al.52 investigated emissions from copper
smelters and found that Cl-PAHs and Br-PAHs with higher
molecular weights and lower vapor pressures had a higher
abundance in soils than in stack gases. Wang et al.23 reported
9-ClPhe and 9-BrPh were dominant in the gaseous phase while
1-ClPyr and 1-BrPyr were present in both the gaseous and
particulate phases generated from waste incineration. However,
the distribution of XPAH congeners in soils before and after
wildfire in this study cannot be explained by this equilibrium
mechanism. While the gas−solid phase equilibrium process
may be involved, it appears that formation and/or degradation

Figure 4. Toxic equivalency quotient (TEQ, in μg of TEQ/kg, mean ± standard deviation) and percentage contributions (%) of different
compounds to the toxic equivalency quotients (TEQs) of (a, d) ∑16PAH, (b, e) ∑3Cl-PAH, and (c, f) ∑6Br-PAH in nonburned soils, black ash
(B-Ash), and white ash (W-Ash) samples at sites 1−5. In panels a−c, the mean value at each box is labeled as the red diamond and different letters
in each subfigure indicate significant difference with p ≤ 0.05. Abbreviations for PAHs are available in Table 1.
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processes are also involved in regulating XPAH dynamics
during wildfires.
3.3. TEQs of PAHs and XPAHs. The TEQ variations of

PAHs and XPAHs among sample types were similar to their
concentration variations. A moderate degree of burning (B-
Ash) increased the toxicity of PAHs in soils, but the high
degree of burning (W-Ash) did not cause increased toxicity.
The TEQs of ∑16PAH were 3.1 ± 2.3 μg/kg in nonburned
samples, 8.5 ± 7.3 μg/kg in B-Ash, and 1.7 ± 1.7 μg/kg in W-
Ash (Figure 4a). The average TEQs for B-Ash were
significantly higher than for nonburned soils (p = 0.006) and
W-Ash (p < 0.001), while the difference between W-Ash and
nonburned soils was not significant (p = 0.22). High intensity
burning favored a decrease of ∑3Cl-PAH TEQs in soils,
whereas moderate intensity burning did not change the toxicity
significantly. The ∑3Cl-PAH TEQs were significantly lower in
W-Ash (0.09 ± 0.05 μg/kg) compared to both nonburned
samples (0.20 ± 0.08 μg/kg; p = 0.02) and B-Ash (0.30 ± 0.19
μg/kg; p < 0.001) (Figure 4b). In addition, the ∑3Cl-PAH
TEQs were not significantly different between nonburned soils
and B-Ash (p = 0.54). Horii et al.22 estimated that the TEQs
from Cl-PAHs were <0.0003 to 104 μg/kg in fly ash and
<0.00003 to 0.7 μg/kg in bottom ash from waste incinerators
in South Korea. In contrast to ∑3Cl-PAH TEQs, both
moderate and high intensity burning significantly reduced the
toxicity of Br-PAHs in burned soils. The ∑6Br-PAH TEQs
were lower in W-Ash (0.10 ± 0.17 μg/kg) compared with
nonburned soils (0.69 ± 0.31 μg/kg; p < 0.001) and B-Ash
(0.24 ± 0.24 μg/kg; p = 0.005) (Figure 4c). In addition, the
∑6Br-PAH TEQs was lower in B-Ash compared with
nonburned soils (p = 0.04). The TEQs for XPAHs were
lower compared with values reported from waste incinerations.
Wang et al.23 reported TEQs for XPAHs were 0.0541−101
μg/kg in fly ash and 0.000914−2.00 μg/kg in bottom ash from
waste incinerators in Japan. Our study shows XPAHs were not
a major contributor to the TEQ, compared with PAHs.24

The major contributor to the∑16PAH TEQs was BaP (with
5 rings), followed with dibenzo[a,h]anthracene (DahA; with 5
rings). BaP is considered as carcinogenic to humans (Group 1)
based on strong and consistent evidence in both humans and
animals.53 It contributed to 42.0 ± 11.8% of the ∑16PAHs
TEQs in nonburned samples, 35.8 ± 6.9% in B-Ash, and 15.9
± 15.3% in W-Ash (Figure 4d). Both nonburned soils (p <
0.001) and B-Ash (p < 0.001) had a higher BaP percentage
than W-Ash, while this percentage was not significantly
different between nonburned soils and W-Ash (p = 0.53)
(Table S6). DahA is considered as probably carcinogenic to
humans (Group 2A) because of evidence from animals; no
data for humans are available.53 It accounted for 14.4 ± 22.3%
of the ∑16PAH TEQs in nonburned soils, 21.9 ± 16.1% for B-
Ash, and 4.6 ± 17.7% for W-Ash. B-Ash had a significantly
higher percentage of DahA TEQ compared to W-Ash (p =
0.004).
High-molecular-weight (HMW) PAHs were the major

contributor to the ∑16PAH TEQs, although ∑16PAHs were
dominated by low-molecular-weight (LMW) PAHs (Figures
S1−2). Considering the number of aromatic rings, the 5-ring
PAHs contributed to 60.2 ± 15.7% of the ∑16PAH TEQs in
nonburned soils compared to 60.2 ± 11.4% in B-Ash and 21.8
± 23.1% in W-Ash, while the percentages by 4-ring PAHs were
24.7 ± 8.1%, 21.9 ± 5.0%, and 33.2 ± 14.0%, respectively
(Figure S2). This is consistent with previous studies.33,54 For
example, Blomqvist et al.54 found HMW PAHs, especially BaP

and DahA, were the major contributors to toxicity of ∑16PAH,
although LMW PAHs were dominant in the ∑16PAH
following fire. Ding et al.33 concluded that 94% of the
∑16PAH TEQs in rice was from eight HMW PAHs accounting
for less than 4% of the∑16PAH concentration. The PAHs with
4−5 rings are likely more toxic than those with 2−3 rings and
thus more concern should be placed on highly toxic PAH
congeners from an environmental−human health perspective.
The major contributor to ∑3Cl-PAH TEQs was 2-ClAnt

(with 3 rings) in all three sample types in this study. The
highest contribution to ∑3Cl-PAH TEQs in nonburned
samples was 49.6 ± 13.7% from 2-ClAnt followed by 40.4 ±
15.3% from 9-ClPhe (Figure 4e). The TEQ percentage of 2-
ClAnt increased to 65.4 ± 22.2% in B-Ash (p = 0.11) and to
75.6 ± 30.7% in W-Ash (p = 0.01), while the TEQ percentage
of 9-ClPhe decreased to 12.1 ± 10.9% in B-Ash (p = 0.005)
and 16.6 ± 25.5% in W-Ash (p = 0.004). In addition, 9-ClPhe
and 2-ClAnt TEQs showed no significant difference in TEQ
percentage contribution between B-Ash and W-Ash (p = 0.54).
The dominant Br-PAH in the ∑6Br-PAH TEQs shifted from
7-bromobenz[a]anthracene (7-BrBaA; with 4 rings) to 2-BrFle
(with 2 rings) following wildfire. Among the six identified Br-
PAHs, 7-BrBaA was the major contributor to the ∑6Br-PAH
TEQs in nonburned samples (44.7 ± 12.4%). However, the
major contributor to ∑6Br-PAH TEQs was 2-BrFle in burned
samples, accounting for 88.5 ± 21.9% in B-Ash and 86.3 ±
28.0% in W-Ash (Figure 4f). That is, after wildfire, the
percentage contributions in the ∑6Br-PAH TEQs were
reduced for 7-BrBaA (p ≤ 0.001) but increased for 2-BrFle
(p ≤ 0.01). These TEQs showed no significant difference
between B-Ash and W-Ash (p > 0.50).

4. CONCLUSIONS
Wildfire has been considered as an important PAH source, and
increased soil PAH concentrations were frequently reported
immediately after wildfires.7,9 However, the uneven burn
intensity across the landscape could affect the soil PAH
concentrations immediately after wildfires. Evaluating soil PAH
concentrations as a function of fire intensity is important
because PAHs in soils can be readily transported by runoff/
erosion into aquatic environments and thus affect drinking
water safety. Our study demonstrated that both the occurrence
and profiles of PAHs and XPAHs were altered by burn
intensity. Specifically, the ∑16PAH concentrations in moder-
ately burned soils were significantly higher than those in
nonburned soils and severely burned soils. By implication,
although soil PAH concentration increases immediately after
wildfires, we can expect much higher concentrations and
potential toxicity in moderately burned soils compared with
more severely burned soils. Therefore, burn intensity should be
evaluated as an important factor when considering potential
aquatic ecosystem/drinking water contamination by soil PAH
concentrations after wildfires. In addition to wildfires, this
study provides important information for prescribed fire
practices, which are currently being employed as a fuel
reduction practice worldwide to reduce fuel loads and the
intensity of future wildfires. The ∑3Cl-PAH and ∑6Br-PAH
concentrations were not elevated after wildfire at either
moderate or severe burning intensities, indicating that wildfire
is not a significant source of soil XPAHs. Furthermore,
inconsistent correlation results among XPAHs and PPAHs and
changes of XPAHs after thermal treatments suggest that the
mechanisms for XPAH generation require further investiga-
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tion. Future studies examining controlling factors and
mechanisms are required to better understand and potentially
reduce XPAH formation.
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