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Abstract

Obijectives

The work reported herein was conducted in response to SERDP’s 2010 Statement of Need 10-04: Mechanisms of
Contaminant Interaction with Soil Components and its Impact on the Bioavailability of Contaminants. The project
was a multi-disciplinary evaluation to characterize the interactions between polycyclic aromatic hydrocarbon
(PAHS) and soils and how these interactions control the oral and dermal bioavailability of PAHSs in soil to humans.
The study provides results that can inform assessments and risk management considerations for Department of
Defense (DoD) sites where PAH-contaminated soils are driving clean-up decisions.

Several specific tasks were included in the broad research conducted under this effort. The objectives of the
different aspects of the project included: Task 1) Identify which specific PAH sources, exposure pathways, and
individual PAHSs are driving risk assessments and remedial decisions to focus research where it can be most
effective; Task 2) Develop an understanding of the mechanisms by which PAHs are sequestered in soil, so the
magnitude of bioavailability adjustments can be predicted, and elucidate the factors that control the dissolution of
PAHSs from soil; Task 3) Develop an animal model that provides quantitative measures of the relative oral
bioavailability (RBA) of PAHSs in soil and generate a database of information from this animal model to understand
bioavailability across a diversity of soil types and contaminant sources; Task 4) Evaluate potential use of simple in
vitro extraction tests to predict in vivo measures of relative bioavailability (as indicated by the in vivo model); and,
Task 5) Assess the effect of soil-chemical interactions on the dermal absorption of PAHSs.

Technical Approach

To allow for a rigorous and controlled evaluation of the effects of PAH concentration, soil compositions, and PAH
source materials on the chemistry and bioavailability of PAHs from soil (studied in Tasks 2-5), a series of artificial
soils were constructed with a range of PAH concentrations, soil compositions, and different PAH source materials
of specific relevance to DoD sites (skeet fragments, soot, and fuel oil). The ability to control factors that might
affect soil-chemical interactions was identified as more important to the project goals than a less controlled study
design using contaminated field soils. These constructed soils were subjected to several weeks of artificial
“weathering” to capture some of the effects of weathering that occur in the natural environment.

Task 1 entailed reviewing publicly available information on relevant exposure pathways for PAHSs in soils and
combining that with information available in the database of Records of Decision (RODs) for DoD sites. This
review identified the specific PAHs driving remedial decisions as well as the emerging regulatory approaches for
assessing toxicity of PAH mixtures. Led by Dr. Upal Ghosh at the University of Maryland, Baltimore Campus
(UMBC), Task 2 involved an evaluation of the partitioning behavior of PAHs from the library of soils created for
the project. Under the direction of Dr. Stephen Roberts at the University of Florida in Gainesville, FL, Task 3
involved the development of an in vivo model for measuring bioavailability of oral administration of PAH-
contaminated soil using laboratory rats. After several pilot investigations using various species and strains of
laboratory animals, as well as different measurement endpoints for bioavailability, it was determined that the
research would require using soils contaminated with radiolabeled PAHSs to provide analytical detection limits that
were adequately sensitive to evaluate soil contamination levels of relevance to remedial decision-making. For the in
vivo animal model with the rat exposed orally to radiolabeled compounds in soils, the measurement endpoint was
the Area Under the Curve (AUC) of benzo[a]pyrene (BaP) and metabolites entering the blood. Relative
bioavailability was determined by comparing the resultant AUC for a particular administration with soil to the AUC
for soluble BaP administered in food.
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Task 4 entailed investigation of the bioaccessibility of PAHs from soil under simulated physiological conditions.
Studies reporting on laboratory extraction methods to predict the bioavailability of PAHs from soils to humans have
been undertaken by several researchers, but efforts to date have been hampered by lack of a database of meaningful
bioavailability data from a validated animal research model. In this project, an initial evaluation of the soils
constructed at UMBC (described above) was conducted using a physiologically-based extraction test (PBET)
modified from methods available in the published literature. The second phase of in vitro method evaluation, using
the soils dosed to animals, was conducted at the University of Florida. The assessments included evaluation of a
simplified physiologically-based extraction method, simple solvent extractions, and also investigated the use of a
solid-phase sink to see if that approach would simplify the analytical efforts. The evaluation of dermal absorption of
BaP from soil under Task 5 was conducted within the laboratory of Dr. John Kissel at the University of
Washington, with collaboration from Dr. Annette Bunge from the Colorado School of Mines. This component of
the research evaluated the dermal absorption of BaP from four soils. The soils were selected to represent different
conditions and included the soil used in the study reported by Wester (1990) that forms the basis of the U.S.
Environmental Protection Agency’s (EPA’s) current recommendation of 13% dermal absorption of BaP from soil.
Testing was also performed to assess the dermal absorption of BaP from a solvent vehicle (acetone) to serve as a
basis of comparison for understanding the effects of soil-chemical binding on absorption characteristics. In this task,
14C BaP was weathered into soils using weekly wet-dry cycles. Absorption through human epidermis was assessed
using an in vitro study design and application of a fine fraction of the soil.

Results
The results of each project task are summarized below.

Task 1: The primary human health risk drivers for PAH-contaminated soils are the larger PAHSs (i.e., four- to six-
ring) associated with cancer endpoints. Thus, BaP, benz[a]anthracene, benzo[b]fluoranthene, indeno[1,2,3-
cd]pyrene, and dibenz[a,h]anthracene will likely be risk drivers for human health risk assessment at DoD sites.

Task 2: The source of PAH contamination is the primary factor controlling the portioning behavior of PAHs from
soil. PAHSs that enter soil as part of a matrix that is rich in black carbon (BC), such as within soot or coal tar pitch,
are much less bioavailable than PAHSs that are spiked to soil in the laboratory or that enter soil within fuel oil.
Mineral characteristics of the soil (e.g., type of content of clay, presence of humic acids) have much less influence
on the binding of PAHs. Conversely, the addition of charcoal to the soil results in higher binding within the soil
matrix, possibly pointing to opportunities for in situ remedial opportunities to address PAH-contaminated soils.

Task 3: The in vivo evaluation of the RBA of PAHSs yielded result that supported the finding that PAH sources are
the most important factor controlling bioavailability. PAHs introduced to soil in fuel oil demonstrated higher
bioavailability than soils contaminated with PAHSs in solvent or soot. Over all the soils tested, RBA values ranged
from 65% to 100% (for BaP concentrations of 1-100 mg/kg). At the highest concentration tested (100 mg/kg BaP)
soot demonstrated lower bioavailability of BaP than soils contaminated with PAHSs in solvent or PAHSs in fuel ail,
with RBA of 24% for soot-spiked soils, and RBAs of 55% and 100% for solvent-spiked soils and fuel oil-spiked
soils, respectively. In all cases, adding charcoal to the soil before weathering resulted in a significant (three- to four-
fold) decrease in measured RBA. The use of the radiolabel also afforded the ability to understand some of the nature
of initial binding of PAHSs to soil during the weathering process and the limitations of some analytical methods to
capture total PAH content of soils.

Task 4: The extraction of soils using a PBET method indicated that the partitioning behavior of PAHs in soil

observed as part of Task 2 is correlated with PAH dissolution under physiological conditions. While this is

promising for possible application of PBET, there remain complexities associated with the PBET system, requiring

specific method development to ensure quantitative recovery of PAHs from the PBET solution. Results from

bioaccessibility testing of the same soils dosed to rats to identify RBA show good promise for the use of in vitro

methods to predict bioavailability as measured in rats: results with a simplified PBET were relatively reproducible
2
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for a given soil, and in vitro to in vivo correlation (IVIVC) demonstrated an R? = 0.57. A simple solvent extraction
of soils using n-butanol had a higher IVIVC, with an R? = 0.74. Extraction with EPA Method 3550C was not a good
predictor of RBA as measured in rats (R? = 0.43), resulting in over predictions for some soils and under predictions
for others.

Task 5: Dermal absorption of BaP from soil was examined as flux of the compound into or through the skin over
time. Absorption of BaP from soil was significantly lower than absorption of BaP applied to the skin in solvent. The
absorption was independent of soil type or concentration of BaP in the soil over the limited range of soil types and
concentrations evaluated. Absorption was proportional to the duration of contact between the soil and the skin
surface. Additionally, the mass of BaP recovered in the skin after washing to remove soil was proportional to soil
concentration and independent of time, possibly suggesting that soil residue remained on the surface of the skin
even after washing. Results indicate that the concentration range used for this part of the research may have
saturated the binding ability of the study soils. This would result in an overestimate of the dermal bioavailability of
BaP in soil, suggesting the need for additional work. Based on these results and other tasks, it is reasonable to
expect that the nature of the source of PAHSs to soils will be an important factor influencing dermal exposure and
absorption.

Lessons Learned

Overall, the broadest conclusions that can be drawn from the research conducted under SERDP Project ER-1743
include:

e The source material in which PAHSs are introduced to soil is very important in determining the nature of the
soil-chemical interactions between the PAHSs and the soil components and controls the dissolution of PAHs
from contaminated soils, both in laboratory chemical characterization efforts and within mammalian
systems when tested in vivo. PAHSs introduced to soil in carbon-rich sources such as soot and coal tar-based
skeet are sequestered in the soil in a more stable form and recalcitrant to extraction. For example, in animal
testing the RBA of BaP was close to 100% when introduced to soil in fuel oil but as low as 23% when
introduced in soot.

e The composition of soils can also affect the dissolution or bioavailability of PAHs from soil, particularly
the black carbon content, which enhances the binding of PAHSs within the soil. Our evaluations indicate that
the presence of charcoal substantially reduces PAH bioavailability; RBA from soils with added charcoal
was less than one third of the RBA observed in paired soils without added charcoal.

¢ Within the concentration range of environmental relevance used in this study (0.1 to 100 ppm BaP), PAH
concentration was much less influential on partitioning and bioavailability than source of PAHS.

e Based on paired testing of the RBA of BaP from soils in vivo with a rat model and extraction testing of the
same soils, both PBETSs and simple solvent extractions show promise as methods for predicting the RBA of
BaP.

e EPA Method 3550C, commonly used to characterize the concentration of PAHSs in soils from contaminated
sites, does not extract the total amount of PAHs from some soils. Our investigations in vivo suggest the
gastrointestinal tract of intact animals can be more efficient than EPA Method 3550C at extracting PAHs
from some soils but not always.

e Percutaneous absorption of BaP from soil was significantly lower than absorption of BaP applied to the skin
in solvent, and absorption was independent of soil type or concentration of BaP in the soil over the limited
range of soil types and concentrations evaluated. Absorption was proportional to the duration of contact
between the soil and the skin surface. Additionally, the mass of BaP recovered in the skin after washing to

3
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remove soil was proportional to soil concentration and independent of time, suggesting that soil residue
remained on the surface of the skin even after washing. This preliminary effort was conducted with four
field soils that were spiked with BaP in the lab, suggesting studies that incorporate considerations of
different sources of PAHSs to soil may be important for understanding site-specific exposures.

e This research utilized a series of artificial soils constructed with a range of PAH concentrations, soil
compositions, and different PAH source materials of specific relevance to DoD sites (skeet fragments, soot,
and fuel oil). Although unable to provide information on the bioavailability of PAHs from any particular
site, the ability to control these factors allowed the research to identify key soil-chemical interactions likely
to affect bioavailability at any site. The results indicate site-specific factors such as PAH source and some
soil characteristics are important to understanding potential exposures to PAH at a contaminated site.
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1 Introduction and Summary

The work reported herein was conducted in response to SERDP’s 2010 Statement of Need 10-04:
Mechanisms of Contaminant Interaction with Soil Components and its Impact on the Bioavailability of
Contaminants. The project was a multi-disciplinary evaluation to characterize the interactions between
polycyclic aromatic hydrocarbons (PAHSs) and soils and how these interactions control the oral and dermal
bioavailability of PAHSs in soil to humans. This research was identified as being relevant to SERDP
because PAHs have emerged as one of the most important contaminants driving risk estimates and
remedial decisions for soils at Department of Defense (DoD) sites. Understanding the oral bioavailability
and dermal absorption of PAHSs from soil allows for more accurate assessment of potential human health
risks from exposure to contaminated soils, and therefore the information can affect decisions regarding the
need for site cleanup and affect risk-based soil cleanup goals for PAHSs.

Several specific tasks were included within the broad research conducted under this effort. The different
aspects of the project included the following tasks:

1) Identify which specific PAH sources, exposure pathways, and individual PAHSs are driving risk
assessments and remedial decisions to focus research where it can be most effective. This was
conducted by reviewing information on relevant exposure pathways for PAHs from the published
literature and publicly available technical reports, synthesis of information in the database of
Records of Decision (RODs) available from the U.S. Environmental Protection Agency (EPA) to
indicate which specific PAHSs are driving remedial decisions, and tracking emerging regulatory
approaches for assessing toxicity of PAH mixtures.

2) Develop an understanding of the mechanisms by which PAHs are sequestered in soil, so that the
magnitude of bioavailability adjustments can be predicted, and of the factors that control the
dissolution of PAHSs from soil. This work was largely conducted in the laboratory of Dr. Upal
Ghosh at the University of Maryland, Baltimore Campus (UMBC), and included an evaluation of
the partitioning behavior of PAHs from soils. To allow for a rigorous and controlled evaluation of
the effect of PAH concentration, soil compositions, and PAH source materials on the soil-chemical
interactions of PAHSs, a series of artificial soils were constructed with a range of PAH
concentrations, soil compositions, and different PAH source materials of specific relevance to
DoD sites (skeet fragments, soot, and fuel oil). The ability to control all these factors that might
affect the soil-chemical interactions was identified as more important to the project goals than a
less-controlled study design using contaminated field soils. The results of this work indicate that
the source of PAH contamination is the primary factor controlling the portioning behavior of
PAHSs from soil. PAHs that enter soil as part of a matrix that is rich in black carbon (BC), such as
soot or coal tar pitch, are much more recalcitrant than PAHs spiked to soil in the laboratory or that
enter soil in fuel oil. The findings of this task indicated that across the factors evaluated, mineral
characteristics (e.g., type of content of clay, presence of humic acids) has much less influence on

5
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the binding of PAHSs. Conversely, the addition of charcoal to the soil resulted in higher binding
within the soil matrix, possibly pointing to opportunities for in situ remedial opportunities to
address PAH-contaminated soils.

3) Develop an animal model that provides quantitative measures of the relative oral bioavailability
(RBA) of PAHs in soil and generate a database of information from this animal model to
understand bioavailability across a diversity of soil types and contaminant sources. The in vivo
model development and soil research was conducted in the laboratory of Dr. Stephen Roberts at
the University of Florida in Gainesville, FL. After several pilot investigations using various
species and strains of laboratory animals, as well as different measurement endpoints for
bioavailability, it was determined the research would require using soils contaminated with
radiolabeled PAHSs to provide analytical detection limits that were adequately sensitive to evaluate
soil contamination levels of relevance to remedial decision-making. The results of the in vivo
evaluation of the RBA of PAHSs are consistent with the evaluation of soil-chemical interactions in
terms of identifying that PAH sources are the most important factor controlling bioavailability.
PAHSs introduced to soil in fuel oil demonstrated higher bioavailability than soils contaminated
with PAHSs in solvent or soot (RBA values ranged from 65% to 100% for benzo[a]pyrene [BaP]
concentrations of 1-100 mg/kg). At the highest concentration tested (100 mg/kg BaP), soot
demonstrated lower bioavailability than soils contaminated with PAHSs in solvent or PAHSs in fuel
oil, with RBA of 24% for soot-spiked soils and RBAs of 55% and 100% for solvent-spiked soils
and fuel oil-spiked soils, respectively. In all cases, adding charcoal to the soil before weathering
resulted in a significant (three- to four-fold) decrease in measured RBA. The use of the radiolabel
also afforded the ability to understand some of the nature of the initial binding of PAHs to soil
during the weathering process and the limitations of some analytical methods to capture total PAH
content of soils. This is an important consideration in assessing the bioavailability of PAHs from
soils.

4) Evaluate potential use of simple in vitro extraction tests to predict in vivo measures of relative
bioavailability (as indicated by the in vivo model). Studies reporting on laboratory extraction
methods to predict the bioavailability of PAHs from soils to humans have been undertaken by
several researchers, but efforts to date have been hampered by lack of a database of meaningful
bioavailability data from a validated animal research model. Under the U.S. regulatory paradigm,
validation against animal models is generally required before in vitro methods can be used to
generate data to support adjustments in human health risk assessments. In this project, an initial
evaluation of the soils constructed at UMBC (described above) was conducted using a
physiologically-based extraction test (PBET) modified from methods available in the published
literature. This initial evaluation identified the correlation of partitioning behavior of PAHSs in soil
with PAH dissolution under physiological conditions. The evaluation also revealed complexities
associated with the PBET system, requiring specific method development to ensure quantitative
recovery of PAHs from the PBET solution. Because the animal bioavailability data generated in
this project utilized radiolabeled soils evaluated at the University of Florida, the second phase of in
6
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vitro method evaluation, using the soils dosed to animals, was conducted at the University of
Florida. The assessments included evaluation of a simplified physiologically-based extraction
method (simplified in response to insights gleaned from the PBET work conducted at UMBC),
simple solvent extractions, and also investigated the use of a solid-phase sink to see if that
approach would simplify the analytical efforts. Results show good promise for the use of in vitro
methods to predict bioavailability as measured in rats: results with a simplified PBET were
relatively reproducible for a given soil, and in vitro to in vivo correlation (IVIVC) demonstrated an
R? = 0.57. A simple solvent extraction of soils using n-butanol had a higher IVIVC, with an R? =
0.74. Extraction with EPA Method 3550C was not a good predictor of RBA as measured in rats
(R? = 0.43), resulting in over predictions for some soils and under predictions for others.

5) Assess the effect of soil-chemical interactions on the dermal absorption of PAHs. Conducted in
the laboratory of Dr. John Kissel at the University of Washington, with collaboration from Dr.
Annette Bunge from the Colorado School of Mines, this component of the research evaluated the
dermal absorption of BaP from four soils. The soils were selected to represent different conditions
and included the soil used in the study reported by Wester (1990) that forms the basis of EPA’s
current recommendation of 13% dermal absorption of BaP from soil. Testing was also performed
to assess the dermal absorption of BaP from a solvent vehicle (acetone) to serve as a basis of
comparison for understanding the effects of soil-chemical binding on absorption characteristics. In
this task, **C BaP was weathered into soils using weekly wet-dry cycles. Absorption through
human epidermis was assessed using an in vitro study design and application of a fine fraction of
the soil. Results were reported in terms of BaP flux into or through the skin over time. Results
indicate that absorption from soil was significantly lower than absorption of BaP applied to the
skin in solvent, and absorption was independent of soil type or concentration of BaP in the soil
over the range of soil types and concentrations evaluated. Absorption was proportional to the
duration of contact between the soil and the skin surface. Additionally, the mass of BaP recovered
in the skin after washing to remove soil was proportional to soil concentration and independent of
time, possibly suggesting soil residue remained on the surface of the skin even after washing.
Results suggest the concentration range studied in this research, although low, may have saturated
the binding ability of the study soils, suggesting study that incorporates considerations of different
sources of PAHSs to soil may be important to understanding site-specific exposures.

Below is a schematic of the different components of the research undertaken in this project followed by a
more detailed “abstract” of each research component. Attached appendices provide details of the research
methods, generated data, results, and conclusion. Appendices also include references and copies of
presentations at professional conferences that occurred over the duration of the research.
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PAH Bioavailability from Soils—Schematic of Project Tasks
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Overall, the broadest conclusions that can be drawn from this research are that:

The use of a series of artificial soils for this research means the results are unable to provide
information on the specific bioavailability of PAHs from any particular site, though the ability to
control these factors allowed the research to identify key soil-chemical interactions likely to affect
bioavailability at any site. This research utilized a series of soils constructed with a range of PAH
concentrations, soil compositions, and different PAH source materials of specific relevance to
DoD sites (skeet fragments, soot, and fuel oil). The results indicate site-specific factors, especially
PAH source, can have a significant influence on the bioavailability of PAHs from soil and so are
important to understanding potential exposures to PAHs at a contaminated site.

The source material in which PAHSs are introduced to soil is very important in determining the
nature of the soil-chemical interactions between the PAHs and the soil components and also
controls the dissolution of PAHs from contaminated soils, both in laboratory chemical
characterization efforts and in mammalian systems when tested in vivo. PAHSs introduced to soil in
carbon-rich sources such as soot and coal tar-based skeet are sequestered in the soil in a more
stable form and recalcitrant to extraction. For example, in animal testing the RBA of BaP was
close to 100% when introduced to soil in fuel oil but as low as 23% when introduced in soot.

The composition of soils can also affect the dissolution or bioavailability of PAHs from soil,
particularly the BC content, which enhances the binding of PAHs within the soil. Our evaluations
indicate the presence of charcoal substantially reduces PAH bioavailability; RBA from soils with
added charcoal was less one-third of the RBA observed in paired soils without added charcoal.

0900079.000 - 0514



This suggests further investigation may be warranted to better understand the possibility of BC
amendments to reduce bioavailability and bioaccessibility of PAHs from PAH-impacted soils.

Based on paired testing of the RBA of BaP from soils in vivo with a rat model and extraction

testing of the same soils, both PBETs and simple solvent extractions show promise as methods for
predicting the RBA of BaP.

EPA Method 3550C, commonly used to characterize the concentration of PAHs in soils from
contaminated sites, does not extract the total amount of PAHs from some soils. Our investigations

in vivo suggest the gastrointestinal tract of intact animals can be more efficient at extracting PAHSs
from some soils but not always.

Mineral Phase

~

SO‘D*E. ® A
P &.A
---------- ?lilnoral Phars_; J
clay or qua
Soot Luuliid 1 pm NOM it
(humate or peat)

Pitch Luwlwd 1 mm Mineral Phase

Carbonized Char

Humate Ll 1 mm

Noncarbonized Char Wood Char | ul 100 pm

® Slowly desorbing cPAHs
+ |rreversibly bound cPAHs

2 Rapidly desorbing cPAHs  cPAH = carcinogenic polycyclic aromatic hydrocarbon

NOM = natural organic matter
NAPL = nonaqueous-phase liquid

Figure 1. PAH Bioavailability from Soils — Schematic of factors controlling oral or dermal absorption as a
function of PAH source materials and soil chemistry (from Ruby et al. 2016, with permission).
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2 Identification of Relevant PAH Sources, Mixtures, and Exposure Pathways

For full details of this research, see Appendix A.

2.1 Problem Addressed/Background

The objective of this initial task is to provide important background information for focusing the direction
of the project research in a manner to ensure applicability to PAH contamination at DoD sites. The work
performed under this task provides perspectives on current activities being conducted by EPA with regard
to characterizing toxicity of PAHs and provides a retrospective review of RODs to assess which specific
PAHSs have previously driven remedial decisions at DoD sites. These two components are then used
together to provide an understanding of which PAHSs are likely to drive remedial decisions in the future
and thereby to identify the PAHs of primary interest for this research project. The RODs were also
evaluated for information on sources of PAH contamination to soils at DoD sites. Together with
information gained from conversations with risk assessors from various military branches, this provided a
basis for selecting source materials of PAHSs for inclusion in the study.

2.2 Review of Regulatory Toxicology

2.2.1 Technical Approach

When present, PAHSs invariably exist in the environment as mixtures. Although the total number of PAHs
is unknown, there are hundreds of PAHs present as components of mixtures. To the extent possible, the
regulatory approach to health assessment of PAHs considers the interaction between the individual PAHs
in the mixture. For this task, the regulatory history and various approaches used to evaluate individual
PAHSs and PAH mixtures were evaluated.

222 Results

For PAH mixtures that have not been evaluated for toxicity, EPA and other regulatory agencies have
utilized relative potency factors (RPFs) to assess the toxicity of individual PAHSs. In the RPF approach, the
doses of individual components acting through a similar mechanism of action are summed after scaling to
the relative potency of an index chemical in the group for which the most complete dose-response
characterization is available. For PAHs, BaP has been selected as the index chemical because: 1) it is
typically present in environmental settings where PAHs are detected; 2) it has the most robust
toxicological dataset among the PAHs and a formal dose-response assessment has been conducted based
on chronic rodent bioassays; 3) there is a large database of in vivo and in vitro studies directly comparing
the toxic potency of various PAHs with BaP; and 4) it is one of the most potent carcinogens in PAHs
tested. EPA has proposed updated RPFs for an expanded list of PAHs.

10
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2.2.3 Conclusions and Implications for Human Health Risk Assessment/Implementation

Proposed modifications to PAH health assessment are fundamentally consistent with the long-standing
regulatory approach of using RPFs to evaluate the carcinogenic risk of PAHs in mixtures and to evaluate
the noncancer effects on a chemical-specific basis. Nevertheless, the proposed changes could have
significant effects on environmental assessment of PAHs depending to some degree on how the new
guidance is implemented. At a minimum, the developing EPA guidance on the RPF approach will likely
result in increased analysis, lower cleanup levels, and a lag time before background data are available to
assess the larger list of chemicals.

2.3 Identification of Primary Exposure Pathways

2.3.1 Technical Approach

To ensure the research was focused on generating information relevant to assessing potential human risks
from exposure to PAHSs, an initial component of the project evaluated exposure pathways to determine
which ones were primary risk drivers in the assessment of PAH-contaminated sites. This effort was
completed based on guidance regarding default risk assessment approaches and on review of the primary
literature.

23.2 Results

Applying standard EPA default exposure values, ingestion accounts for 73% and dermal exposure
accounts for 23% of risks from direct contact with PAHs in soil. Risks from inhalation exposures are
assumed by EPA to be negligible and therefore are not included as a topic of study in this project. Dermal
exposures are specifically addressed in this research project, because they account for approximately one-
fourth of exposures when applying default exposure assumptions and also because they become relatively
more important if estimates of oral exposure are reduced. For example, if PAHSs present in soil at a site
were determined to have a relative bioavailability of 0.2 (i.e., the absorption of PAHSs from soil was only
one-fifth the absorption of PAHs from rodent chow), then oral exposure estimates would be reduced 5-
fold and would be calculated to account for only 39% of risk from exposure to PAHSs in soil at the site,
and dermal exposures would account for the remaining 61% of risk. The weight of evidence indicates
uptake of PAHSs into the edible portion of plants is low and therefore dietary intake is not a significant
exposure pathway.

2.3.3 Conclusions and Implications for Human Health Risk Assessment/Implementation

For PAHSs in soil, direct-contact risks are dominated by the ingestion route, followed by the dermal route
and, several orders of magnitude lower, the inhalation route. Because of the evidence indicating the
dermal pathway contributes significantly to PAH exposure, dermal absorption of PAHs from soil is
included in this research project.

11
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2.4 Review of DoD Records of Decision

2.4.1 Technical Approach

The RODs database is maintained by EPA, and contains full-text RODs. An ROD provides the
justification for the remedial action (treatment) chosen at a Superfund site. The RODs database was
searched for information on reported PAH concentrations at DoD sites. Search criteria included all states
for fiscal years 2009 and 2010. Each ROD was reviewed to find information on individual (as opposed to
total) PAH concentrations in either surface or subsurface soil media. If the ROD contained PAH data, the
data were extracted into tables. Sometimes both surface and subsurface soil concentrations were reported,
and in those cases both types of data were extracted. Average and minimum concentrations were not
always reported in the RODs; therefore, only maximum soil concentrations were used. The data were then
screened using EPA Regional Screening Levels for residential exposure and screening levels modified to
incorporate revised RPFs proposed by EPA.

24.2 Results

Data from 11 different RODs were identified for inclusion in this analysis, including DoD installations
located in California, New York, New Jersey, Maryland, Florida, Virginia, Pennsylvania, Massachusetts,
and Wyoming. When screened against current EPA residential soil screening criteria, BaP was the
overwhelming driver for risks at the DoD sites that were included in this analysis. However, when
proposed EPA residential soil screening criteria were used, the results indicated that dibenz[a,h]anthracene
became the primary driver of human health risk because of the very conservative RPF value assigned to
that PAH in the proposed RPF approach. More than 70% of the sites identified in this RODs search
exceeded residential soil screening criteria for BaP, benz[a]anthracene, and benzo[b]fluoranthene,
independent of whether current or proposed EPA RPF values were used.

2.4.3 Conclusions and Implications for Human Health Risk Assessment/Implementation

This analysis indicates that the current primary human health risk drivers are the larger PAHS (i.e., four- to
six-ring) associated with cancer endpoints. Thus, BaP, benz[a]anthracene, benzo[b]fluoranthene,
indeno[1,2,3-cd]pyrene, and dibenz[a,h]anthracene will likely be risk drivers for human health risk
assessment at DoD sites.

25 Sources of PAHs at DoD Sites

25.1 Technical Approach

Two primary sources of information were used in this task. First, we reviewed DoD RODs to identify
areas of PAH contamination, activities conducted in those locations, and other information relating to

12
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sources of PAHSs. Second, we interviewed DoD site personnel, including site historians, to identify
activities conducted at DoD sites that could result in PAH contamination.

25.2 Results

During the review of DoD RODs, soil PAH data were collected for 18 exposure units at 11 sites. These
data indicate that PAHSs at DoD sites are found primarily in soils at landfills and general waste disposal
sites; areas where petroleum products were stored, used, spilled, or disposed of; vehicle staging and
cleaning areas; fire training facilities; and areas where ordnance, pesticides, and ores were stored. Total
PAH concentrations ranged from 0.53 to 37,900 mg/kg, with most exposure units (all but five) exhibiting
maximum total PAH concentrations below 40 mg/kg. Primary historical sources of PAHs at DoD sites are
combustion by-products and petroleum products. Skeet shooting ranges are an emerging concern for DoD
as a type of site where PAHSs are present in soil.

253 Conclusions and Implications for Human Health Risk Assessment/Implementation

Based on this evaluation of potential sources of PAHSs to DoD sites, it was concluded that source materials
for the research should include skeet, a fuel, and a combustion source. In doing so, the range of likely
sources to DoD sites would be captured in the study substrates, and the potential influence of different
sources on the bioavailability of PAHs from soil could be characterized.

254 Overall Conclusions and Future Research Needs

This task confirmed that incidental ingestion and dermal contact are the exposure pathways of relevance
for assessing potential risks from PAH-contaminated soils and that therefore the appropriate focus of our
study was on factors controlling bioavailability of PAHs from soil. The task results were also important in
focusing the work on the larger, four- to six-ring PAHs and for identifying the types of PAH source that
are most prevalent at DoD sites.

13
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3 Soil/PAH Interactions

For full details of this research, see Appendix B.

3.1 Problem Being Addressed/Background

PAH source materials and the way PAHSs interact with soil components influence how tightly PAHSs are
bound to the soil matrix. The goals of this portion of the project were to characterize 1) the interactions
between PAHSs and soil components across different PAH sources and soil compositions and 2) to define
the effect these interactions have on the solubility of PAHs from soil.

3.2 Technical Approach

To enable a rigorous and controlled evaluation of the effect of PAH source materials, soil compositions,
and PAH concentration on the soil-chemical interactions of PAH, a series of artificial soils were
constructed with a range of PAH concentrations, soil compositions, and different PAH source materials of
specific relevance to DoD sites (skeet fragments, soot and fuel oil). As described in the project Work Plan,
rather than attempt to select a representative soil from among the large array of soils available in the
environment, and then adjust characteristics by amending the soil, this project used a standardized ASTM
soil to serves as the “baseline.” Then, to achieve a range of PAH concentrations and to provide insights
into the impacts of soil composition on PAH bioavailability, soils were prepared with different
proportions and types of its respective components (peat, clay, and sand), and spiked with different
concentrations of PAH source materials (skeet, soot, fuel oil). Charcoal fines were also introduced into
some of the soil to allow the project to investigate the effect of increasing the sorptive capacity of the soil.
This ability to control these factors that might affect the soil-chemical interactions was identified as more
important to the project goals than a less-controlled study design using contaminated field soils. Table 1
summarizes the matrix of soils generated for the study, including the soil compositions evaluated and the
target PAH concentrations spiked to the soils.

The soils were weathered using wet-dry cycles in the laboratory to simulate the aging of soils in the
environment. The weathering and aging procedure was developed by the Environmental Toxicology
Branch lab at the U.S. Army Edgewood Chemical Biological Center, and has been used on previous
SERDP projects for artificial weathering of soils (Kuperman et al. 2005, 2006, and 2009). The process
involved exposing the spiked soils to alternating hydrating and air-drying cycles for two months at
ambient environmental conditions in a greenhouse. Each of the spiked soils was spread to a thickness of
2.5-4 cm thick in an open glass container and hydrated with ASTM type | water to 60 percent of the soil’s
water holding capacity, then placed in the greenhouse to dry. After each week, each soil container was
reweighed to determine moisture loss rehydrated to the original weight, and then thoroughly mixed by
hand. This process continued on a weekly basis for eight weeks, after which the soils were air dried,
disaggregated, sieved to <150 um, and returned to UMC for testing. These weathered soils were used for
several aspects of the project, including chemical evaluation and modeling of soil-PAH interactions,
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providing data to inform selection of samples for in vivo testing, and as study substrates for the
development of an initial PBET method.

Table 1. Test soil matrix for project research, including description of soil compositions evaluated, PAH
source materials, and target PAH concentrations.

Test Soil Matrix (ASTM synthetic soil; 70% sand, 20% clay, 10% peat)

Synthetic soil Synthetic soil Synthetic soil
Synthetic soil Synthetic soil y L. with kaolinite with peat
PAH . : - with kaolinite . .
Synthetic soil with 2 percent with peat content replaced with replaced with
Sources content reduced R
charcoal fines reduced to 1% to 2% montmorillonite humus
Solvent 0.1,1.0, 10, and 100 0.1,1.0, and 1.0 1.0 1.0 1.0
spike 10
Soot 0.1,1.0, 10, and 100 1.0 — — — —
Skeet 0.1,1.0°%, 1.0 — — — —
Particles 10, and 100
Fuel O 01,1010 | 01,10,and | 10 R - -
10

Aqueous equilibrium partitioning tests were conducted on the weathered soils, the source materials, and
the individual soil components. This enabled the calculation of partitioning constants (Kp) of PAHSs to
each of the soils and soil components, which served a number of purposes:

1.

2.

To quantify the importance of each component on overall PAH partitioning within the soil matrix.

To provide a basis for development of a predictive model that describes partitioning among the
different sorption domains within an agueous system.

To assess whether there were any sorptive interactions between soil components.

To evaluate the relationship between aqueous equilibrium partitioning of PAHs and PAH
solubility under simulated physiological conditions of the human gastro-intestinal tract (PBET).

To provide data to inform the evaluation of the relationship between aqueous equilibrium
partitioning and the RBA and dermal uptake of PAHSs investigated under other tasks of this
SERDRP research effort.

15
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3.3 Results

A summary of the log Ko and comparison against concentration in water for the different PAH sources
and PAHSs evaluated is provided in Figure 2. The results indicate that the source material (solvent, fuel oil,
soot, or skeet) had a greater impact on the aqueous equilibrium partitioning behavior of PAHSs than did
soil characteristics or PAH concentrations. Soils containing skeet generally exhibited the highest Kp
values, followed by soot-, fuel oil- and solvent-spiked soils. The difference in Kp values due to source
material spanned over an order of magnitude, confirming the importance of PAH source material on PAH
partitioning. Among all soil compositions, the addition of 2% charcoal to the soil had the largest
enhancement of Kp. The mineral components of soil, on the other hand, generally had a very small impact
on overall PAH partitioning.
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Figure 2. Comparison of measured partition coefficients (log Kp) for soil components and source materials.
Dark red squares represent skeet measured with minimal depletion. Orange squares represent Kp measured
with increasing depletion of PAHs from skeet. Soot and fuel oil were not evaluated for depletion (Xia et al.
2016).

PAH partitioning behavior in the weathered soils could not be predicted by traditional one carbon model

(organic carbon) or two carbon partitioning models (organic carbon and BC) (Figure 3). Including

independently measured partitioning behavior of the soil components and PAH sources allowed better

prediction but still suffered from issues of interaction (fuel oil absorption into peat) and highly nonlinear
16
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partitioning with depletion (for skeet). This highly nonlinear partitioning behavior with increasing
depletion in skeet was investigated further, and a 2-3 orders of magnitude increase in partitioning was
observed with only a small fraction loss of PAH from the skeets particles. This suggests that residual
PAHSs left in skeet following a small amount of PAH depletion are increasingly strongly bound.
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Figure 3. Comparison between predicted Kp from multidomain sorption model and observed Kp for soil with
different source materials. Solid Fill for each shape represents soils with addition of 2% charcoal (Xia et al.
2016).

3.4 Implications for Human Health Risk Assessment/Implementation

The results of this research indicate that the sources of PAH contamination in soil play the dominant role
in controlling PAH partitioning in PAH-impacted soils. Soil composition is also important, especially the
presence of BC. These results have a number of implications:

1. Identifying the probable PAH sources to a contaminated soil can provide some indication of the
strength of binding of PAHs in contaminated soils and, therefore, may serve as an indication of
whether bioavailability assessment may be warranted at a Site.
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2. The highly nonlinear partitioning with depletion for skeet observed suggests that initial weathering
of coal-tar derived PAH sources in the field, such as may occur for skeet, may have an important
influence on subsequent partitioning behavior for these sources in soil. Specifically, partitioning of
PAHSs out of the source material may decrease substantially after initial weathering effects in the
natural environment.

3.5 Future Research Needs/Suggested Follow-On Research

Further investigation of the partitioning behavior of PAHSs in soils weathered in the natural environment
may provide data to confirm that partitioning behavior changes rapidly over time with the binding within
the soil matrix becoming stronger, particularly for coal-tar derived PAH sources.To allow rigorous study
of soil properties that influence PAH sorption to soil (and associated effects on bioavailability), this
research utilized “constructed” soils that were subjected to accelerated “weathering” via 8 weeks of
weekly wet-dry cycles. Research by others has demonstrated that such aging can affect the sequestration
of PAH in soils, and there is some evidence (e.g., Northcott and Jones 2001) the sequestration process can
be fastest in early phases of weathering. Further weathering would be required to fully account for the
extensive weathering PAHs may endure in the field, and these effects may warrant future study, and
particularly whether the strong influence of PAH source on partitioning behavior remains constant over
time in soils from contaminated sites. However, the findings of this research indicate that PAH source is
likely to be important at all sites, outweighing other site-specific considerations, thus informing site
investigations.
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4 Initial In Vitro Testing

For full details of this research, see Appendix C.

4.1 Background

The implementation of bioavailability adjustments at contaminated PAH sites would benefit from the
development of a robust in vitro method that has a demonstrated ability to predict PAH bioavailability to
humans across the whole range of possible PAH-impacted soil types. The research conducted in this
project included two elements related to the development of in vitro methods to predict RBA. The initial
in vitro testing used the study soils constructed at UMBC that formed the basis for the aqueous
equilibrium partitioning tests. These initial tests are described here. A later task, described further below,
involved the comparison of in vitro extraction testing of soils against the RBA values for those same soils
that were derived from animal testing.

The goal of this initial in vitro extraction testing was to develop a PBET that yields reproducible and
repeatable results in the laboratory. This test was used to evaluate PAH bioaccessibility from different
PAH source materials and from the full suite of weathered test soils developed in earlier components of
the research project. This research expands on the prior work to assess partitioning behavior of PAHs
from soil with different PAH sources and soil characteristics and assesses whether that aqueous
partitioning behavior predicts the results from a PBET of the same soils.

4.2 Technical Approach

To select the most appropriate initial PBET to work with, an extensive literature review was conducted to
assess the most important parameters controlling PAH desorption in the mammalian gastrointestinal (GI)
tract. The initial in vitro extraction method developed for this research combines the end-over-end mixing
method of Drexler and Brattin (2007) with a simplified PBET modified from a method developed for
organic contaminants (Ruby et al. 2002) that included two “phases” (simulated gastric and simulated
intestinal phases), a lipid sink, and ingredients that favored micelle formation. These methods (Drexler
and Brattin 2007 and Ruby et al. 2002) are based on mammalian physiology, but rather than attempting to
completely mimic the conditions of the gastrointestinal tract, they incorporate what are believed to be the
most important factors for controlling the dissolution of PAHs from soil. The presence of micelles and a
lipid sink have been previously shown to enhance PAH dissolution into GI fluid. However, our research
identified that inclusion of these components in the PBET fluid also favors the formation of emulsions
when attempting to extract the PAHs from the PBET fluid with solvents, especially under the vigorous
agitation specified in the method. The emulsions prevented complete recovery of PAHs from the PBET
solution. Therefore, a comprehensive method development study was conducted to optimize the extraction
of PAHs from the PBET fluid.
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To enable a rigorous and controlled evaluation of the effect of PAH source materials, soil characteristics,
and soil compositions on PAH bioaccessibility, all the artificial soils described previously were extracted
with the PBET method. This also provided the data to allow an evaluation of the relationship between
PAH partitioning (as measured in earlier efforts of the project) and PAH bioaccessibility.

4.3 Results

As was found for PAH aqueous equilibrium partitioning (described above, in section 3), the initial PBET
indicated that PAH source materials had a large impact on PAH bioaccessibility (Figure 4, expressed as
individual PAHs and the same data expressed as BaP-equivalent concentrations). PAHSs introduced to the
soils in soot or skeet showed significantly lower solubility under the physiologic condition of these
extractions. PAHSs introduced to the soils in fuel oil demonstrated bioaccessibility in this system that was
equal to or higher than that observed for PAHSs spiked into soils with a solvent (Figure 4).
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Figure 4. Effect of PAH source materials (control, fuel oil, soot, and skeet particles) on percentage of individual
PAHs or BaP-equivalent concentration extracted by simulated gastrointestinal fluid from soils with 1mg/kg
target BaP (n = 3, error bars represent standard error).!

1 BaP-equivalent concentration was calculated using the RPF approach specified in Table 8 of U.S. EPA 1993. Data shown

represent the BaP-equivalent concentration of PAHSs in the simulated gastrointestinal fluid, relative to the BaP-equivalent
concentration of PAHs in the soil before extraction.
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The addition of charcoal to the soil also had a large effect on PAH bioaccessibility as it did with PAH
partitioning (Figure 5, expressed as individual PAHs and the same data expressed as BaP-equivalent
concentrations). This similarity between PAH partitioning and bioaccessibility is reflected in a strong
inverse relationship between Kp and bioaccessibility in the weathered soils (Figure 6), confirming PAH
partitioning has a strong effect on the observed PAH bioaccessibility.
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Figure 5. Reduction of PAH bioaccessibility after charcoal addition for soils spiked with different source
materials (data shown represent soils spiked to achieve 1mg/kg target BaP). Data reported for individual
PAHs and the BaP-equivalent concentration.
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4.4 Implications for Human Health Risk Assessment/Implementation

The results of this research indicate that PAH sources to soil play the dominant role in PAH
bioaccessibility as measured with this PBET system. It also demonstrates that the PAH
partitioning behavior is correlated with PAH bioaccessibility. These results have a number of
implications:

1. ldentifying the probable PAH sources for a contaminated soil can provide some
indication of how tightly the PAHSs are bound to the soil and the extent to which the
PAHSs can be solubilized in a PBET system. This information could be used to inform
decisions of whether a bioavailability investigation is warranted at a Site.

2. Aqueous equilibrium partitioning of PAHs may also provide an indication of whether a
bioavailability adjustment is likely to be significant at a Site.

3. The presence of charcoal substantially reduces PAH bioaccessibility, suggesting that
further investigation may be warranted to better understand the possibility of BC
amendments to reduce bioaccessibility (and ultimately bioavailability) for PAH-impacted
soils.

4.5 Future Research Needs/Suggested Follow-On Research

The results indicate that aqueous equilibrium partitioning is predictive of PAH solubility under
simulated physiological conditions. The relationships between PAH partitioning and oral
bioavailability or dermal absorption need to be further evaluated. Importantly these relationships
need to be tested against reliable in vivo methods. The results of these studies also indicate it may
be useful to conduct in vivo investigations to confirm whether the use of BC amendments for soil
remediation could reduce PAH absorption following incidental ingestion.
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5 In Vivo Assessment of the RBA of PAHSs from Soil

For full details of this research, see Appendix D.

5.1 Problem Addressed/Background

The objective of the in vivo studies is to develop an animal model for in vivo measurement of the
RBA of PAHSs from soil. Although there exist several reports in the literature regarding the
measurement of PAH bioavailability, our review indicates that nearly all suffer from one or both
of two primary deficiencies: 1) the method used to measure absorbed dose has not been
demonstrated as being valid or 2) the doses of PAHSs used in the studies are substantially larger
than those associated with exposure from environmental media. These, and other limitations of
the available literature, were published by our project research team (Ruby et al. 2015). Our
research sought to identify a reliable measurement endpoint for PAH-bioavailability
determination at environmentally-relevant PAH doses in a suitable animal model.

511 Technical Approach

The project Interim Report describes the various approaches evaluated for use in this component
of the research project. Ultimately, our investigations identified evaluation of RBA based on
concentrations of tritium-labeled BaP in blood as the most reliable measurement endpoint.
Although other measurement endpoints, such as urinary metabolites or lipid concentrations,
might in theory yield useful metrics of absorbed dose, those approaches did not result in reliable
results in our investigation.

Using a rat research model, the RBA of PAHSs from a library of soils was investigated. The soils
were constructed and weathered in a manner that paralleled the processes used at UMBC for the
development of constructed soils used in the assessment of soil-chemical interactions and which
served as the basis for the initial PBET extractions described above. The differences between the
soils constructed at UMBC and those developed at the University of Florida in Gainesville (UFI)
were primarily the presence of tritium-labeled BaP and the smaller amount of each soil created at
UFI. Contaminated soil samples were constructed using PAHs from three source materials—
solvent, soot, and fuel oil—to which *H-BaP (total BaP concentrations of 1, 10, and 100 ppm)
was added in a mixture of PAHSs. The soils were weathered for eight weeks using weekly wet-
dry cycles. To minimize enzyme induction that would affect BaP metabolism, each soil was
administered as a single dose to rats, and blood samples were taken over six days. A schematic
of this is provided in Figure 7. RBA of the BaP from soil was estimated by comparing the area
under the curve (AUC) for H concentration versus time in blood with the AUC observed from
the same PAH mixture dosed in a food matrix (food was identified as the appropriate reference
matrix for determining RBA because the studies upon which the toxicity values are based were
conducted using doses of BaP in food).
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Figure 7. Simplified schematic of study design for in vivo testing

5.1.2 Results
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Eighteen constructed soils were evaluated that varied in terms of total BaP concentration (1, 10,
and 100 mg/kg), PAH source material (solvent, soot, or fuel oil), and soil characteristics
(“baseline” soil; soil with reduced proportions of clay or peat, or the addition of charcoal fines)
(Table 2). RBA values were estimated for each of the 15 soils that did not show evidence of 3H-
BaP decomposition. Results indicated that RBA values were generally independent of BaP dose
when the source was solvent. When the source was soot, BaP RBA was decreased at the highest
BaP dose, while RBA values generally increased with BaP dose when fuel oil was the source. The
elimination of three soils from the study because of BaP degradation during weathering greatly
reduced the comparisons that could be made in BaP RBA from soils with different compositions.
The addition of charcoal to soil decreased BaP RBA by two-thirds or more regardless the PAH
source. Reducing the clay or peat content of the soil had little or no effect on BaP RBA.

Table 2. Relative Oral Bioavailability of BaP from Soils

source material

matrix BaP, ppm (ug dose) solvent soot fuel oil
ApcH RBA AucH RBA AUCH RBA
baseline synthetic soil 1{05) 455 + 30 0558 + 0082 M+ 27 0542 + 0074 5319 + 3 0648 + 0,008
10 (5) 413+ 8 0505 + 0021 550 + 26 0673 + 0072 THA £ 97 0961 + 0267
100 (50) 426 + 65 0552 + 0078 192 + 13 0235 £ 0035 869 + 119 LG4 + 0.325
baseline synthetic soil + charcoal 10 (5) 103 + 16 0126 + 0.020 171 + 4 0210 + 0013 249 + 24 0305 + 0,066
baseline synthetic soil-reduced day 10 (3) 335 + 49 0410 + 0.060 MA MNA" 698 + 40 0854 + 0.111
baseline synthetic soil-reduced peat 10 (5) - —* NA" NA" 621 + 70 0761 + 0.191
food “ 817 + 28

anCi-h/ml; mean £ SD, N=5

® NA = not determined per experimental design; see Table 1
¢Not evaluated due to evidence of BaP degradation during weathering
4 Average of AUCs obtained from animals receiving BaP in food in concentrations of 1, 10, and 100 ppm,
corresponding to doses of 0.5, 5, and 50 ug total BaP
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513 Conclusions and Implications for Human Health Risk
Assessment/Implementation

This research indicates that the source of PAH contamination in soils can have a significant
effect on the bioavailability of PAHs from soil measured in this animal model. The addition of
charcoal to the soil reduced RBA, but altering the amount of clay or peat in the soil had little
impact on RBA. Soils for which soot was the source of PAHs demonstrated lower RBA,
especially at higher PAH concentration. (Note, because the PAHs were introduced to the soil in
soot, higher PAH concentration in the soot soils means that more soot was also in the soils,
hence possibly providing greater sorption sites within the soil.) PAHSs introduced to soils in fuel
oil have the highest measured RBA, particularly at high concentrations where soil sorption sites
may have been saturated.

The RBA values derived in this study are based on the total BaP radioactivity present in the soil
doses given to the rats. At the conclusion of the weathering of soil, it was found that some
radioactivity present in the soil was intractable to extraction using an acetone-dichloromethane
with a modified Method 3550C. This method is among the most common for preparation of
environmental soil samples for PAH analysis. Among the soils for which RBA was measured,
there was no evidence from radiochromatography of biodegradation of the BaP or loss of the
label; essentially all of the radioactivity in extracted material was confined to a single peak
corresponding to BaP. This led to the conclusion that the radioactivity remaining in weathered
soil after solvent extraction was sequestered, non-extractable BaP. The formation of non-
extractable bound residues is a well-documented process during the weathering and ageing of
PAHs and other organic compounds in soils.

Although the use of radiolabeled BaP in this study allows for a unique perspective on the
behavior of BaP in the soil, the sequestration of BaP and other PAHSs that occurs during
weathering raises the question of the most relevant way to quantify administered dose—the total
amount present in soil that is ingested or only the amount liberated by standard EPA methods?
The RBA values above were derived based upon total BaP present in soil, which could be
directly measured in this study because radiolabeled BaP was used. Other methods that fail to
capture a sequestered fraction would result in different findings.

5.2 Overall Conclusions and Future Research Needs

The study here demonstrates that the RBA of BaP in soil can be significantly lower than the
default assumption of 100% and that the specific RBA will depend significantly on the source of
the BaP in the soil and to some extent on soil characteristics, especially the content of BC.
Another significant finding pertains to the importance of how “total concentrations” of PAHSs in
soil are characterized and to the fact that the gastrointestinal tract of mammals may be more
efficient at extracting BaP than some solvent extraction methods, at least for some soils.
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Opportunities to expand the understanding of the RBA of PAHs from soil could include:

1. Investigations of site soils: Despite the many advantages of using laboratory weathered,
constructed soil samples with radiolabeled BaP in exploring critical factors’ influences
bioavailability, it is possible that some differences from contaminated site soils may exist.
Thus, it will be important to confirm the findings reported herein, to the extent possible,
with PAH-contaminated site soils.

2. Sequestration processes: This research using radiolabeled BaP provided elucidation of
sequestration processes that may not be achieved using unlabeled soils. Further
characterization of the sequestration processes should be undertaken, and the use of
labeled material may provide a unique tool for better understanding the complex nature
of these processes.

3. Incorporating alternate comparison doses: All of the RBA values reported in this research
are based on food as the relevant comparison. Food is the appropriate basis for
comparison based on the existing cancer slope factor for BaP. EPA is considering
changing the slope factor to be derived from toxicity studies based on gavage exposures.
It may be appropriate to update the database and calculated RBA values for soil to reflect
gavage doses as the basis of comparison.
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6 In Vitro Method Development and Correlation to RBA Measured In
Vivo

For full details of this research, see Appendix E.

6.1 Background

The goal of one of the final phases of the project was to assess the ability of bench-top extraction
methods to predict the RBA as measured in animals. Although measurements conducted
following animal exposures serve as a “gold standard” for assessing bioavailability, the
significant costs and time requirements for animal testing can preclude the development of
bioavailability information for incorporation into human health risk assessments on a site-
specific basis. Additionally, as discovered in the development of the animal research model in
this project, the detection limits imposed in animal research models preclude the use of animal
research to develop RBA estimates for PAHSs in soil at concentrations of relevance to decision
making for contaminated sites; we found that a radiolabel was required to provide the necessary
detection limits, a condition that cannot be met with field-contaminated soils. These are some of
the many reasons that suggest the need for a robust, inexpensive laboratory method for
estimating the RBA of PAHSs at environmentally-relevant PAH concentrations (i.e., in the range
of 0.1-100 mg/kg).

6.2 Technical Approach

This component of the research draws on information generated in earlier efforts of the project,
most directly using information from the initial PBET extraction and the results from the in vivo
RBA testing to inform the development of an in vitro extraction method that predicts RBA.
Although physiologically-based methods have generally been the focus in the past for predicting
the RBA of organic compounds in soil to humans, this effort investigated both the use of PBET
systems and simpler extraction methods, under the concept that the effort was more focused on
predicting the RBA results from animal testing than on ensuring that the extractions specifically
mimic the mammalian gastrointestinal tract.

Five different types of extraction conditions were evaluated in this effort:

e Two mild-solvent extraction systems. One was “ScintiVerse” scintillation cocktail, which
is largely comprised of C10-13-alkyl derivatives of benzene (83%) and the
emulsifier/dispersant, dioctyl sulfosuccinate (13%). The other solvent system was n-
butanol (99+% purity), selected based on peer-reviewed publications conducted with this
method.
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e A simplified physiologically-based extraction system. The approach was simplified from
the initial PBET used in the earlier phases of this SERDP research project because the
initial PBET identified problems with emulsions forming that confounded the analyses of
the extraction fluid.

e EPA Method 3550C. This method is a standard EPA method for extracting nonvolatile
and semivolatile organic compounds from solids, including soils. Although the EPA
documentation for the method states that it “may not be as rigorous as other extraction
methods,” it is frequently used in characterizing concentrations of PAHSs in soils from
contaminated sites. As described above, our animal research revealed that the
gastrointestinal tract of the rat can be as or more efficient at extracting BaP from soils, so
we included this method to investigate whether a stable relationship existed between the
chemical extraction method and the animal RBA results, i.e., whether the BaP
concentration determined through Method 3550C can be used to predict, without any
further analysis, the relevant, orally bioavailable concentration in soil.

e Solid phase absorption sink. Recent studies have indicated that in vitro extraction
methods that include a solid matrix as an “infinite sink” can increase the bioaccessibility
of PAHSs. Therefore, to assess whether a solid phase sink affects the in vitro extraction
results for our soils, and also whether it might simplify chemical analyses, our efforts
include a trial with a silicone rod as an absorption sink.

All extractions were performed in replicate on the library of soils evaluated for RBA in rats.
Average results from the extraction testing were compared to the RBA results from animal
testing and evaluated for correlations in results.

6.3 Results

Initial trials with the extraction method that included the solid phase adsorption sink indicated
poor recovery of PAHs and poor reproducibility, so no further investigation with this method
was pursued.

Reproducibility in the results from the extraction testing with fluids indicated good
reproducibility across replicates and good recovery of spikes. Bioaccessibility results were
therefore averaged across replicates prior to comparison to RBA values.

Results of extraction of soils with ScintiVerse scintillation fluid showed little correlation with
RBA (R? values less than 0.1), indicating that this fluid does not provide a good prediction of
RBA.

Results of extraction of soils with the simplified PBET or extraction with n-butanol each showed
good correlation with RBA as measured in rats, R? of 0.57 and 0.74, respectively. With the
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simplified PBET method, one soil (the soil with fuel oil as the PAH source at a BaP
concentration of 100 mg/kg) appears to be an outlier. With that soil removed from the
evaluation, the R? value increases to 0.69.

Results of extraction of soils with EPA Method 3550C demonstrated lower correlation with the
animal RBA results (R? = 0.43). In some instances, the 3550C results over predict RBA by over
3-fold, while in other instances the extraction method under predicts RBA by nearly 2-fold. The
only patterns that appear to emerge in the relationship between 3550C results and RBA are that
3550C results are most likely to over-predict RBA at the highest concentrations of BaP (100
mg/kg) and that the percentage recovery of total BaP by 3550C increases with concentration.
The over prediction of RBA by 3550C was greatest for the soils with charcoal added, where the
ratio of 3550C/RBA ranged from 2.1 to 3.0.

Figure 8 presents the “in vitro to in vivo correlation” (IVIVC) for these extraction methods.

RBA results were also compared to the Ko values for similarly prepared soils evaluated in the
earlier phases of this research project. Because the Kp values were calculated based on
concentrations in soils as measured by EPA Method 3550C, the comparison of Kp against RBA
was performed both with the Kq values as reported in the investigation and with Kp calculated
based on the target concentration of BaP spiked into the soils. Little relation could be found
between Kqand RBA for Kp values calculated either on measured or target spike concentrations
of BaP.

6.4 Conclusions and Implications for Human Health Risk

6.4.1 Assessment/Implementation

The research conducted under this SERDP-funded project provides data on the most extensive
library of PAH-contaminated soils conducted to data, reflecting diverse PAH sources, several
soil characteristics, and a range of PAH concentrations. The results of this assessment of in vitro
and in vivo correlation (IVIVC) between bioavailability measurements demonstrate that
extraction methods exist that reasonably predict RBA as measured in rats. The two extraction
methods that show the best predictive relationship are a physiologically-based method and a
simple solvent extraction using n-butanol. The ability of these methods to predict the in vivo
results holds across most of the diverse soils tested, indicating that the extraction methods likely
capture the PAHs that are liberated from the soils during transit through the gastrointestinal tract
of the animals. These results form a strong basis for suggesting in vitro methods to estimate the
RBA of BaP from soils at contaminated sites.
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6.4.2 Overall Conclusions and Future Research Needs

Radiolabeling was used in the analysis of extraction tests because it was available for the soils
investigated and it allowed for more efficient analyses. It also allowed for quantitation of BaP
that was not extracted so that total mass of BaP could be followed. However analytical detection
limits should be adequate to characterize the concentrations of BaP in these extracts without the
label. It should be confirmed that conventional chemical methods yield the same results in these
in vitro extraction methods as was achieved using the radiolabel.

In both instances, for PBET and n-butanol, the in vitro extraction slightly under predicts RBA.
Although the correlation between in vitro and in vivo results is an important component in
assessing a predictive relation, our experience with regulatory agencies is that they may be more
comfortable with methods that over predict. Therefore, it may be prudent to make slight
adjustments to the methods used in this research to identify a method that provides slightly more
aggressive dissolution without detrimental effects to the correlation.
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Figure 8. Figures A, B, and C present the “in vitro to in vivo correlation” (IVIVC) for three
extraction conditions tested. In all cases, the results of the extraction tests are presented on the x-
axis, and the RBA values, as measured in rats, presented on the y-axis. Both x and y axes are
reported as the fraction of the total BaP from the soil (e.g., a value of 1 means 100%b).
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7 Evaluation of Dermal Absorption of BaP from Soil

For full details of this research, see Appendix F.

7.1 Problem being addressed/Background

Soil cleanup standards and assessment of human health risks at contaminated sites are based in
part on predicted human exposure to soil contaminants, including from direct skin contact.
Available investigations of dermal absorption from soil are relatively sparse and have been
conducted with a variety of different methods, many of which fail to account for important
physical and chemical drivers of skin permeation. To improve understanding of the soil-dermal
exposure pathway and the influence of soil characteristics on skin permeation, in vitro
assessments of BaP absorption through human epidermis were conducted.

7.2 Technical Approach

In vitro assessments of **C-benzo[a]pyrene (BaP) absorption through human epidermis were
conducted with the sub-63um fraction of four test soils containing different amounts of organic
and black carbon.

Table 3. Soils, source, and chemical characterization for soils used in assessment of dermal
absorption of BaP. Chemical characterization provided by UMBC.

CSuU Colorado agricultural soil 0.99 0.14
ISU lowa agricultural soil 3.13 0.23
MTSS Montana soil near smelter 3.91 1.23
Yolo Yolo County, California soil 0.97 0.09

The research design included:

e Small particles that adhere to skin (<63 um sieve fraction)

e Varying total organic carbon (TOC) content (1-4%) and varying BC content (0.1-1.2%)
(Table 3)

e Yolo soil chosen because EPA default absorption for BaP (13%) was measured using this
soil
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Soils were artificially weathered for eight weeks and applied to heat-separated epidermis at
nominal BaP concentrations of 3 and 10 mg/kg for 8 or 24 h. Experiments were also conducted
for 24 h with unweathered soils and with BaP deposited onto skin from acetone at a comparable
chemical load.

7.3 Any Deviations from the Work Outlined in the Interim Report

The original plan called for experiments to be conducted with both BaP and fluoranthene. The
14C-fluoranthene received from the vendor failed testing for required purity, which significantly
delayed and limited the corresponding experiments. Ultimately the limited fluoranthene results
were inadequate in number and scope to logically compliment the BaP experiments and were
excluded from the publication. The original plan was also for use of a target high-end
concentration of 30 ppm BaP in soil. Concern over potential soil supersaturation led to reduction
of that value to 10 ppm.

7.4 Results

A total of 126 trials were attempted, with four excluded due to probable membrane failures (n =
2; both from weathered soil trials) or having total radioactive recoveries below 50% (n = 2; both
from acetone vehicle trials). The average total radioactivity recovered was 101% (83-117%

range) for weathered soil, 89% (85-93%) for unweathered soil, and 80% (61-98%) for acetone.

For weathered soils, no significant differences were seen among the four soil types for any of the
endpoints measured (Figure 9). Absorption was independent of soil type, the mass in the receptor
fluid was proportional to exposure duration but independent of concentration, and the mass
recovered in the skin after washing was proportional to concentration and independent of
exposure time.
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Figure 9. Dermal absorption of benzo[a]pyrene from weathered soils.

Results from the weathered and unweathered soils were essentially similar, although in 10 mg/kg
trials, mass of BaP recovered in washed skin per area of skin (Msk/A) was larger in unweathered
vs. weathered soils by a statistically significant difference.

Although the cumulative absorption varied with time, the measured flux remained the same at
the different time points measured. It is plausible that this was caused by soil particles left on the
skin after washing.

Compared with the experiments on weathered and unweathered soil at similar BaP load (3-
mg/kg concentration), Msk/A for BaP delivered in acetone was between one and two orders of
magnitude greater (Figure 10). After 24 h, mass of BaP recovered in receptor fluid per area of
skin (Mr/A) was greater from the acetone-delivery experiments by approximately one order of
magnitude compared to soil experiments at both concentrations.
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Figure 10. Absorption of benzo[a]pyrene from soils was much lower than from solvent

75 Conclusions/Benefits

Taken together the results of this study suggest that BaP concentrations tested, although low,
may have exceeded the sorbent capacity of the soils used in this study and that the quantity of
BaP measured in the skin was primarily attributable to residual soil on the skin surface that was
not removed by the washing step. While alternative hypotheses can explain individual
observations (e.g., mass of BaP in the skin is proportional to the soil concentrations below
saturation), we were unable to identify other explanations that were consistent with all primary
observations. For example, BaP soil concentrations less than saturation can explain the observed
concentration dependence of the mass of BaP in the skin but not the absence of a concentration
effect in the mass of BaP in the receptor fluid.

Among the factors this research was designed to investigate was the influence of BC content on
the binding of BaP to the soil and the associated effect on dermal absorption. Other components
of the research conducted under this project (i.e., investigation of equilibrium partitioning of
PAHSs from soil, or RBA) showed the addition of 2% charcoal to the soil matrix resulted in
increased binding of the PAHSs to soil and lower bioavailability. Our findings in the study of
dermal absorption are in contrast to this observation of the impact of added charcoal but not
necessarily contradictory.

The four soils used in the evaluation of dermal BaP absorption were all field soils spiked with
BaP in the lab. Soils were characterized for BC content, which ranged from 0.9 to 1.2%. It is
possible the BC content of these soils was too low to influence the binding of BaP (the soils
constructed at UMBC and UFI contained 2% added charcoal). More likely, the lack of observed
effect of BC on dermal absorption in this limited study was due to the use of field soils where the
full nature of the BC in the soils was not characterized. The high carbon soil in the dermal
absorption study was from a smelter site, where the carbon could have been influenced by many
factors, whereas the BC added to soils for the equilibrium partitioning, bioavailability, and
bioaccessibility studies was a laboratory-grade, cleaned activated charcoal (S79959, Fisher
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Scientific), a form of BC that is likely more highly porous than BC generally found in soils.
Future controlled studies of the influence of the source and concentration of BC on dermal
absorption could elucidate these effects.

7.6 Implications for Human Health Risk Assessment/Implementation

BaP is the index chemical for PAH risk assessment. In 2013, EPA proposed, for the first time, a
dermal carcinogenic slope factor for BaP. That value is undergoing further review but will likely
substantially increase the importance of dermal exposures in evaluation of risks from PAH
contaminated sites. Review of the cancer bioassay studies upon which the proposed dermal slope
factor was derived suggests that estimates of cancer risk should be based on absorbed rather than
exposed dose, making the results of the experiments reported here directly relevant. The
presumed primacy of the Wester et al. (1990) in vivo soil experiment results is called into
question by their similarity to in vitro acetone-deposition results reported here. Evidence is also
presented for rapid adherence of a portion of soil-borne contaminant. Some of that rapidly
adhering mass may be on fine particles that are not easily removed. A health-protective
assumption would be that non-removable particle-bound material is functionally equivalent to
the same mass of neat compound in the outer layers of skin.

Results of this study also highlight the importance of soil concentration relative to sorption
capacity. Soils may be weak sorbents, with low mg/kg levels of BaP representing soil saturation.
BaP is routinely found in soils at or above concentrations used in this study, suggesting soils in
the environment might exist at super-saturated conditions with obvious implications for transfer
to skin. However, the apparent saturation limit of soils might be influenced by both the duration
of weathering and the source of the BaP, which were not evaluated in this preliminary
investigation. Sorption capacity might increase if soil is amended with partitioning phases in the
form of soot or other carbonaceous material. Soils in experiments reported here were spiked with
pure chemicals using a volatile solvent, a procedure that might have contributed to saturation
exceedance. Nevertheless, results reported here do suggest that uptake from saturated soil is
slower than uptake from a similar amount of BaP deposited from acetone.

7.7 Future Research Needs/Suggested Follow-On Research

This research highlights the potential for soil saturation at relatively low soil concentrations of
spiked PAHSs. The solubility of chemicals in soil can be assessed experimentally. If vapor
pressure of a soil contaminant is adequate, then thermodynamic activity can be assessed by
measuring contaminant concentration in the head space in equilibrium with the contaminated soil
compared with the pure contaminant. For less volatile compounds such as BaP, contaminant
uptake into a sorbent material from soil compared with the neat contaminant or differential
scanning calorimetry could be used. Because soil saturation was not anticipated, the scope of the
present study did not include such measurements. It would be useful to include soil saturation
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measurements in future studies of contaminated soils. Based on the results of other components
of the project research, it is important to assess the influence of source materials of PAHSs in soil
on the dermal absorption. It is likely that the factors that affect aqueous partitioning,
physiologically-based extraction testing, and oral bioavailability of PAHs will also affect
partitioning from soil to skin. Since source material has been identified as the primary
controlling factor for these other measurements evaluated in other tasks, it is likely that source
material will be important to controlling dermal absorption of PAHs from soil. Finally, for
reasons described above, in section 7.5, controlled studies of the influence of the type and
concentration of BC on dermal absorption could elucidate factors that are important to
understanding risk following human contact with soils.
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Appendix A

Identification of Relevant PAH
Sources, Mixtures, and
Exposure Pathways




This task was completed prior to submission of the Interim Report. Therefore,
this appendix presents the information as presented in the Interim Report. Itis
reproduced here in the final report to ensure that all major pieces of work product
are reflected in this Final Project Report.
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3 TASK: IDENTIFICATION OF RELEVANT PAH SOURCES,
MIXTURES, AND EXPOSURE PATHWAYS

3.1.1 Objective

The objective of this initial task is to provide background information that is important for
focusing the direction of the project research in a manner to ensure applicability to PAH
contamination at DoD sites. Specifically, the effort is intended to ensure that subsequent
research tasks are focused on the specific PAHSs that drive remedial decisions, that the soil
ingestion pathway is, in fact, an important exposure pathways for sites contaminated with PAHSs,
and finally, to provide insights into the types of contaminant sources responsible for introducing
PAHSs into contaminated DoD facilities.

This task has been completed, and findings were reported in the project Work Plan that was
finalized in March 2012. A summary is provided herein, and Appendix A to this report includes
the full complement of technical information that was communicated in the Work Plan.

The work performed under this task provides perspectives on current activities being conducted
by EPA with regard to characterizing toxicity of PAHSs, and provides a retrospective review of
Records of Decision (RODs) to assess which specific PAHs have previously driven remedial
decisions at DoD sites. These two components are then used together to provide an
understanding of which PAHSs are likely to drive remedial decisions in the future, and thereby to
identify the PAHSs of primary interest for this research project. The RODs were also evaluated
for information on sources of PAH contamination to soils at DoD sites. Together with
information gained from conversations with risk assessors from various military branches, this
provided a basis for selecting source materials of PAHSs for inclusion in the study.

3.1.2 Review of Regulatory Toxicology of PAHs

When present in environmental media, PAHSs invariably exist as mixtures. There are hundreds of
PAHSs potentially present as components of these mixtures (USEPA 2010), and to the extent
possible, the regulatory approach to health assessment of PAHSs considers the interactions among
the individual PAHSs in the mixture. Although there is limited dose-response information for
some sources of PAHSs (e.g., coke oven emissions, creosote, diesel engine exhaust, and coal tar
preparations), PAHSs in environmental media are highly variable and, in most cases, are too
dissimilar to the specific mixtures for which dose-response data are available to be directly
applicable. In this case, EPA guidance recommends evaluation of the individual components of
the mixture and adding together the risks from each component (USEPA 2000).

For PAH mixtures, EPA and other regulatory agencies (e.g., California Environmental Protection
Agency [CalEPA]) have used relative potency factors (RPFs) to assess the toxicity of individual
PAHs. Using RPFs, the doses of individual components acting through similar mechanisms of
action are summed after scaling to the relative potency of an index chemical in the group for
which the most complete dose-response characterization is available. For PAHSs, benzo[a]pyrene
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Based on this evaluation of potential sources of PAHs to DoD sites, it was concluded that source
materials for the research should include skeet, a fuel, and a combustion source. In doing so, the
range of likely sources to DoD sites would be captured in the study substrates, and the potential
influence of different sources on the bioavailability of PAHs from soil could be characterized.

3.2 CONCLUSIONS DERIVED FROM THIS TASK

This task confirmed that incidental ingestion and dermal contact are the exposure pathways of
relevance for assessing potential risks from PAH-contaminated soils, and should therefore
remain the focus of our study on factors controlling bioavailability of PAHs from soil. The task
results were also important in focusing the work on the larger, four- to six-ring PAHSs, and for
identifying the types of PAH source that are most prevalent at DoD sites and should be the focus
of this study.
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(BaP) has been selected as the index chemical, because: 1) it is typically present in
environmental settings where PAHSs are detected; 2) it has the most robust toxicological data set
among the PAHs, and a formal dose-response assessment has been conducted; 3) there is a large
database of in vivo and in vitro studies directly comparing the potency of various PAHs with
BaP; and 4) it is one of the most potent carcinogens of the PAHs tested.

Several modifications have been made to the approaches used by regulatory agencies for
addressing the potential toxicity following human exposure to PAHs. Table 3-1 provides a
summary of activities regarding PAH regulation by EPA and CalEPA from 1992 to the present.
Among the changes that are most relevant to assessing remedial decisions at DoD sites are the
implications of a RPF approach proposed by EPA in 2010. Prior to 2010, EPA provided RPF
values for cancer risks for seven individual PAHs. These were order-of-magnitude estimates of
potency relative to BaP, with no compounds ranked higher in toxicity than BaP. Under the
proposed approach, EPA provides RPF values for 25 individual PAHS, spanning values of
potency relative to BaP from 0.009 to 60, with six individual PAHs having potency values higher
than BaP. These are benzo[c]fluorene, benz[jJaceanthrylene, benz[l]aceanthrylene,
dibenz[a,c]anthracene, dibenz[a,h]anthracene, and dibenzo[a,l]pyrene, with RPF values of 20,
60, 5, 4, 10, and 30, respectively. Table 3-1 provides a comparison of the RPFs for PAHs under
the current paradigm and under the revised approach that was proposed by EPA in 2010. The
implications of the different RPF approaches are illustrated in Table 3-3, which provides a
summary of the health-based residential soil screening levels for the individual PAHSs using the
different RPFs. For comparison, Table 3-3 also provides information on background
concentrations of PAHSs in soil for rural and urban locations. In several instances, the
background concentrations are higher than the risk-based screening levels, which have important
implications for conducting risk assessment at “contaminated” sites.
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Table 3-1. Regulatory history of PAHs in the United States

Year Event Reference

1992 EPA derives current benzo[a]pyrene oral cancer slope factor of USEPA 1992
7.3 per mg/kg-day

1993 EPA releases Provisional Guidance for Quantitative Risk Assessment of USEPA 1993
PAHs

1993 CalEPA derives inhalation unit risk for benzo[a]pyrene of OEHHA 1993
1.1 x 10° per pg/m®

1993 CalEPA derives relative potency factors for PAHs OEHHA 1993

2004 EPA releases external peer review dravt of the Toxicological Review of USEPA 2004
Naphthalene with revised inhalation unit risk of 1 x 10 per ug/m3

2004 CalEPA derives inhalation unit risk for naphthalene of OEHHA 2004
3.4 x 10 per pug/m®

2010 CalEPA derives revised oral cancer slope factor for benzo[a]pyrene of 2.9 OEHHA 2010
per mg/kg-day

2010 EPA releases external review draft of Development of a Relative Potency USEPA 2010
Factor (RPF) Approach for Polycyclic Aromatic Hydrocarbon (PAH)
Mixtures

2012 Target date for finalization of EPA's Development of a Relative Potency IRIS Track?®
Factor (RPF) Approach for Polycyclic Aromatic Hydrocarbon (PAH)
Mixtures

2012 Target date for external peer review and finalization of EPA's updated IRIS Track?

Toxicological Review of Benzo[a]pyrene

@ EPA IRIS Track website: http://cfpub.epa.gov/ncealiristrac/

Notes:

CalEPA = California Environmental Protection Agency

EPA = U.S. Environmental Protection Agency
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Table 3-2. Comparison of relative potency factors for polycyclic aromatic hydrocarbons

USEPA 2010

USEPA 1993° CalEPA (2009)° Proposed®
Anthanthrene -- -- 0.4
Benzo(a)pyrene 1 1 1
Benzo[a]anthracene 0.1 0.1 0.2
Benz[b,c]aceanthrylene, 11H- -- -- 0.05
Benzo[b]fluoranthene 0.1 0.1 0.8
Benzo[c]fluorene -- -- 20
Benz[e]aceanthrylene -- -- 0.8
Benzo[g,h,i]perylene -- -- 0.009
Benz[jlaceanthrylene -- -- 60
Benzo[j]fluoranthene -- 0.1 0.3
Benzo[k]fluoranthene 0.01 0.1 0.03
Benz[llaceanthrylene -- -- 5
Chrysene 0.001 0.01 0.1
Cyclopenta[c,d]pyrene -- -- 0.4
Cyclopenta[d,e,flchrysene, 4H- -- -- 0.3
Dibenzola,e]fluoranthene - -- 0.9
Dibenz[a,j]acridine -- 0.1 --
Dibenz[a,h]acridine -- 0.1 --
7H-dibenzo(c,g)carbazole -- 1 --
Dibenzo[a,e]pyrene -- 1 0.4
Dibenz[a,c]anthracene -- -- 4
Dibenz[a,h]anthracene 1 0.34 10
Dibenzo[a,h]pyrene -- 10 0.9
Dibenzol[a,i]pyrene -- 10 0.6
Dibenzol[a,l]pyrene -- 10 30
Fluoranthene -- -- 0.08
Indeno[1,2,3-c,d]pyrene 0.1 0.1 0.07
Naphtho[2,3-e]pyrene -- -- 0.3
5-methylchrysene - 1 --
1-nitropyrene -- 0.1 --
4-nitropyrene -- 0.1 --
1,6-dinotropyrene -- 10 --
1,8-dinotropyrene -- 1 --
6-nitrochrysene -- 10 --
2-nitrofluorene -- 0.01 --
7,12-dimethylbenzanthracene -- 21 -
3-methylcholanthrene -- 1.8 --
5-nitroacenaphthene -- 0.01 --
Notes:

® USEPA. 2010. Development of a relative potency factor (RPF) approach for polycyclic aromatic hydrocarbon (PAH)
mixtures. Draft. February. EPA/635/R-08/012A. U.S. Environmental Protection Agency, Washington D.C.

4 USEPA. 1993. Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic Hydrocarbons. July.
EPA/600/R-93/089. U.S. Environmental Protection Agency, Washinton D.C.

® CalEPA. 2009. Technical Support Document for Describing Available Cancer Potency Factors: Methodologies for
derivation, listing of available values, and adjustments to allow for early life stage exposures. Appendix A: Hot Spots
Unit Risk and Cancer Potency Values. Office of Environmental Health Hazard Assessment, California Environmental
Protection Agency. May.

CalEPA RPFs calculated by dividing the oral slope factor listed for each chemical by the oral slope factor for
benzo[a]pyrene.

August 31, 2012
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Table 3-3. Polycyclic aromatic hydrocarbon soil background concentrations and health-based
screening levels derived using relative potency factors (ug/kg)?

Soil Background Concentrations® Residential Soil Screening Level®
Based on Based on

PAH Rural Urban USEPA 1993 USEPA 2010
Anthanthrene NA NA 38
Benzo(a)pyrene 2-1,300 165-220 15 15
Benz[a]anthracene 5-20 169-59,000 150 75
Benz[b,c]aceanthrylene, 11H- NA NA -- 300
Benzo[b]fluoranthene 20-30 15,000-62,000 150 19
Benzo[c]fluorene NA NA -- 0.75
Benz[e]aceanthrylene NA NA -- 19
Benzo[g,h,i]perylene 10-70 900-47,000 -- 1,667
Benz[jlaceanthrylene NA NA -- 0.25
Benzo[jlfluoranthene NA NA -- 50
Benzo[k]fluoranthene 10-110 300-26,000 1,500 500
Benz[lJaceanthrylene NA NA -- 3.0
Chrysene 38.3 251-640 15,000 150
Cyclopenta[c,d]pyrene NA NA -- 38
Cyclopenta[d,e,flchrysene, 4H- NA NA -- 50
Dibenzola,e]fluoranthene NA NA -- 17
Dibenzola,e]pyrene NA NA -- 38
Dibenz[a,c]anthracene NA NA -- 3.8
Dibenz[a,h]anthracene NA NA 15 15
Dibenzo[a,h]pyrene NA NA -- 17
Dibenzola,ilpyrene NA NA -- 25
Dibenzol[a,l]pyrene NA NA -- 0.5
Fluoranthene 0.3-40 200-166,000 - 188
Indeno[1,2,3-c,d]pyrene 10-15 8,000-61,000 150 214
Naphtho[2,3-e]pyrene NA NA -- 50

®EPA Regional Screening Levels available at: http://www.epa.gov/reg3hwmd/risk/human/rb-
concentration_table/Generic_Tables/index.htm

bBackground soil concentrations of polycyclic aromatic hydrocarbons measured in the United States (ATSDR
1995).

°‘Residential soil screening levels for PAHSs that are based on the a carcinogenic relative potency factor. Screening
levels based on USEPA 1993 are taken directly from EPA Regional Screening Levels table. Screening levels
based on USEPA 2010a were calculated by dividing the benzo[a]pyrene screening level by the proposed relative
potency factor.

Notes:
NA = background data not available
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Evolving approaches to health assessment of PAHs will affect how environmental assessment is
conducted and cleanup levels are derived in the future. The EPA’s draft RPF approach, when
finalized and incorporated into environmental policy, will potentially raise significant issues for
environmental assessment of PAHS, including:

e The need for new EPA-approved analytical methods for analysis of the 18 PAHs with
new RPF values, and detection limits sufficiently low to detect concentrations below soil
screening levels.

e Requirements for tracking of additional analytes that have, to date, not generally been
tracked in environmental characterizations.

e Treatment of undetected PAHSs could provide challenges and conceptually result in site
risks being driven by chemicals that are not detected in environmental samples (e.g., if
concentrations are assumed to be equal to one-half of the analytical detection limit).

e Changes to the RPFs could result in significant reduction to soil screening levels for
PAHSs that currently have screening levels (for all PAHs with the exception of
indeno[1,2,3-cd]pyrene) (Table 3-2). Current residential screening levels range from 15
to 15,000 ug/kg, and application of the new RPFs would result in screening levels from
1.5 to 500 ug/kg for these PAHs. When the 18 new PAHs with screening levels are
included, residential soils screening levels would range from 0.25 to 1,667 pg/kg.

e In the absence of background data for the 18 new PAHs with RPFs, it will be impossible
to assess whether the presence of these PAHSs on a site is attributable to site-related
activities or to normal background sources (Table 3-3).

The proposed modifications to PAH health assessment are fundamentally consistent with the
long-standing regulatory approach for assessing mixtures: using RPFs to evaluate the
carcinogenic risk of PAHs in mixtures and evaluating noncancer effects on a chemical-specific
basis. Nevertheless, the proposed changes could have significant effects on environmental
assessment of PAHSs, depending on how the new guidance is implemented. At a minimum, the
draft guidance from EPA on the RPF approach for PAHs will likely result in a requirement for
more analyses, lower cleanup levels, and a lag time before background data are available to
assess the larger list of individual PAHSs included.

Additional details regarding the regulatory toxicology of PAHSs are provided in the information
compiled in Appendix A.

3.1.3 Primary Exposure Pathways for PAHs
To ensure that the research is focused on generating information relevant to assessing potential

human risks from exposure to PAHs, an initial component of the project evaluated exposure
pathways to determine which ones were primary risk drivers in the assessment of PAH-
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contaminated sites. This effort was completed based on guidance regarding default risk
assessment approaches, and on review of the primary literature.

For PAHSs in soil, direct-contact risks are dominated by the ingestion route, followed by the
dermal route and, several orders of magnitude lower, the inhalation route. Applying standard
EPA default exposure values, ingestion accounts for 73 percent and dermal exposure accounts
for 23 percent of risks from direct contact with PAHSs in soil. Risks from inhalation exposures
are assumed by EPA to be negligible and therefore are not included as a topic of study in this
project. Dermal exposures are specifically addressed in this research project, because they
account for approximately one-fourth of exposures when applying default exposure assumptions
and also because they become relatively more important if estimates of oral exposure are
reduced. For example, if a site were determined to have an RBA of 0.2 (i.e., the absorption of
PAHSs from soil was only one-fifth the absorption of PAHs from rodent chow), then oral
exposure estimates would be reduced 5-fold and would be calculated to account for only 39
percent of risk from exposure to PAHs in soil at the site, and dermal exposures would account
for the remaining 61 percent of risk. Therefore, dermal absorption of PAHs from soil is included
in this research project to address all of the relevant exposure pathways.

In literature from the 1980s and 1990s, some published studies suggested that dietary intake of
PAHSs can be a significant route of exposure to the general population where vegetables and
grains are a major source of dietary PAHs. However, opposite suggestions were also published.
If PAHSs are taken up into plant tissues, this could present a pathway for human exposures to
PAHSs, and understanding whether uptake into plants is a predominant pathway of exposure to
PAHSs in soil is therefore essential to determining the value of bioavailability research that
assesses absorption from exposures to soil (i.e., if PAHSs in plants provide the predominant
pathway of exposure to PAHSs in soils, then understanding the RBA of PAHSs from soil ingestion
becomes less relevant).

The weight of evidence from available studies indicates that, although crops and vegetation may
be contaminated with PAHSs, this contamination results from direct soil contact and from
atmospheric deposition of PAHSs onto plants, rather than from uptake of PAHs from soil into
plant tissues. Overwhelmingly, research indicates that the roots of plants create microbial
conditions that are conducive to dissipating PAHs from soil, as opposed to taking PAHs up into
the roots and shoots. Therefore, uptake of PAHSs directly from soil into the edible portion of
crops is not a significant exposure pathway for humans and is not a subject of further
investigation in this project.

3.1.4 Review of DoD Records of Decision

The overall goal of this research project is to understand the soil/chemical interactions and the
extent of human exposure to PAHSs in soil. Defining those objectives, however, is complicated
by the fact that the term “PAHSs” refers to a class of compounds composed of more than 100
individual chemicals of varying chemical characteristics and toxicity. EPA has historically
regulated 16 PAHSs as Priority Pollutants, of which only seven have RPFs and are therefore
considered carcinogens. At this writing, EPA is considering expanding the list of PAHs with
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RPFs to include a total of 25 PAHSs (the original 7 plus an additional 18) (this topic is
summarized above and discussed in detail in Appendix A). To best focus this research effort on
creating a useful tool for decision making at DoD sites, an initial effort has been undertaken to
ensure that we understand which specific PAHSs are driving risks at DoD sites, and if possible, to
anticipate which PAHs may be risk drivers in the future. This was accomplished by compiling
available data from the most recently evaluated DoD sites where PAHs were identified as
requiring remediation, and combining this site-specific information regarding the concentration
of individual PAHSs in contaminated site soils with toxicity information, to assess which
chemicals are the risk drivers at DoD sites. In all cases, the specific PAHs analyzed are included
in the list of 16 Priority Pollutant PAHs, sometimes with the addition of 2-methylhaphthalene.

The methods used in this evaluation and results are provided below, followed by a brief
discussion of the implications of the analysis. Additional details of this evaluation are provided
in Appendix A.

3.1.4.1 Methods

The RODS database is maintained by EPA, and contains full-text RODs. A ROD provides the
justification for the remedial action (treatment) chosen at a Superfund site. The RODs database®
was searched for information on reported PAH concentrations at DoD sites. Search criteria
included all states for fiscal years 2009 and 2010. Each ROD was reviewed to find information
on individual (as opposed to total) PAH concentrations in either surface or subsurface soil media.
If the ROD contained PAH data, the data were extracted into tables. Sometimes both surface and
subsurface soil concentrations were reported, and in those cases, both types of data were
extracted. Average and minimum concentrations were not always reported in the RODs;
therefore, only maximum soil concentrations were used. These data were then subjected to the
screening process discussed in Appendix A.

3.1.4.2 Results

Data from 11 different RODs were identified for inclusion in this analysis, including DoD
installations located in California, New York, New Jersey, Maryland, Florida, Virginia,
Pennsylvania, Massachusetts, and Wyoming.

When screened against current EPA residential soil screening criteria, BaP was the
overwhelming driver for risks at the DoD sites that were included in this analysis. However,
when proposed EPA residential soil screening criteria were used, the results indicated that
dibenz[a,h]anthracene became the primary driver of human health risk because of the very
conservative RPF value assigned to that PAH in the proposed RPF approach (Table 4). The
other major change was that chrysene replaced indeno[1,2,3-cd]pyrene as one of the top five risk
drivers when the proposed RPF values were used. More than 70 percent of the sites identified in
this RODs search exceeded residential soil screening criteria for BaP, benz[a]anthracene, and
benzo[b]fluoranthene, independent of whether current or proposed EPA RPF values were used.

! See http://www.epa.gov/superfund/sites/rods/
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Figures 3-1 and 3-2 present a synthesis of the findings for the magnitude of current risk-based
screening criteria exceedances and the percentage of sites that exceed those criteria for individual
PAHS, respectively. In summary, this analysis indicates that the current primary human health
risk drivers are the larger PAHSs (i.e., four- to 6-ring) associated with cancer endpoints of
toxicity:

e BaP

e Benz(a)anthracene

e Benzo(b)fluoranthene

e Indeno[1,2,3-cd]pyrene

e Dibenz(a,h)anthracene.
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When available, the actual soil clean-up goals used at each site were extracted from the RODs
and are presented in Table 3-4. Residential (unrestricted use) soil clean-up goals for BaP range
from 0.062 to 1.1 mg/kg.

Table 3-4. Summary of PAH clean-up goals and DoD sites

Soil Cleanup Goal

ROD# Site Name PAHs (mg/kg)
FL6170024412  Naval Air Station Jacksonville, FL Benzo(a)pyrene equivalent 0.7
NJ3210020704  Picatinny Arsenal, NJ
Residential Soil Clean-up Criteria Benz(a)anthracene 4
Benzo(a)pyrene 0.66
Benzo(b )fluoranthene 4
Benzo(k)fluoranthene 4
Dibenz(a,h)anthracene 0.66
Indeno(1,2,3-c,d)pyrene 4
NY0213820830 Seneca Army Depot, NY
Residential Use Soil Cleanup Objectives Acenaphthene 20
Acenaphthylene 100
Anthracene 100
Benzo(a)anthracene 1
Benzo(a)pyrene 1
Benzo(b)fluoranthene 1
Benzo(ghi)perylene 100
Benzo(k)fluoranthene 0.8
Chrysene 1
Dibenz(a,h)anthracene 0.33
Fluoranthene 100
Fluorene 30
Indeno(1,2,3-cd)pyrene 0.5
Phenanthrene 100
Pyrene 100
Commercial Use Soil Cleanup Objectives Acenaphthene 500
Acenaphthylene 500
Anthracene 500
Benzo(a)anthracene 5.6
Benzo(a)pyrene 1
Benzo(b)fluoranthene 5.6
Benzo(ghi)perylene 500
Benzo(k)fluoranthene 56
Chrysene 56
Dibenz(a,h)anthracene 0.56
Fluoranthene 500
Fluorene 500
Indeno(1,2,3-cd)pyrene 5.6
Phenanthrene 500
Pyrene 500
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Soil Cleanup Goal

ROD# Site Name PAHs (mg/kg)

Industrial Use Soil Cleanup Objectives Acenaphthene 1000
Acenaphthylene 1000
Anthracene 1000
Benzo(a)anthracene 11
Benzo(a)pyrene 1.1
Benzo(b)fluoranthene 11
Benzo(ghi)perylene 1000
Benzo(k)fluoranthene 110
Chrysene 110
Dibenz(a,h)anthracene 11
Fluoranthene 1000
Fluorene 1000
Indeno(1,2,3-cd)pyrene 11
Phenanthrene 1000
Pyrene 1000

WY5571924179 F.E. Warren Air Force Base, WY
Residential Preliminary Remediation Goal = Benzo(a)pyrene 0.062

Notes:
= PAHSs of greatest importance at DOD sites based on current RPF values (see Table 4).

3.1.5 Sources of PAHs at DoD Sites

PAHs are generally released into the environment either as by-products of combustion and
pyrolysis processes (pyrogenic PAHS), or as spills of petroleum products, like crude oil, fuel oil,
or diesel (petrogenic PAHSs). Pyrogenic PAHSs are found in the environment in the form of coal
tar, creosote, coke, soot, and char, while petrogenic PAHSs are released within a non-agqueous-
phase liquid (NAPL) matrix. Table 3-5 lists the dominant sources of PAHS to soils, broken
down as natural, industrial, and non-industrial types of sources. PAHSs in soils at DoD sites
originate from non-industrial sources, because DoD has not conducted the types of industrial
operations that produce extensive PAH contamination at industrial sites (e.g., wood treating,
coking, or refining of petroleum products). Discussions with various DoD personnel, including
site historians, have not produced any indications that DoD operated manufactured gas plants at
their facilities in the early part of the 20th century, which is the only industrial activity that DoD
might reasonably have conducted that would have produced extensive PAH contamination of
soils.

During the review of DoD RODs, soil PAH data were collected for 18 exposure units at 11 sites.
These data indicate that PAHSs at DoD sites are found primarily in soils at landfills and general
waste disposal sites; areas where petroleum products were stored, used, spilled, or disposed of;
vehicle staging and cleaning areas; fire training facilities; and areas where ordnance, pesticides,
and ores were stored. Total PAH concentrations ranged from 0.53 to 37,900 mg/kg, with most
exposure units (all but five) exhibiting maximum total PAH concentrations below 40 mg/kg.
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Table 3-5. Sources of carcinogenic PAHSs to soils®

Type of source PAH source Primary PAH-bearing materials
Natural Forest fires Soot, char
Grass fires Soot, char
Volcanic eruptions Soot, char
Oil seeps Weathered crude oil
Industrial Manufactured gas plants Coal tar, pitch, chars, soot
Coking operations Coal tar, coke, soot
Aluminum production Coal tar pitch (making and disposing of anodes)
Foundries Coal tar pitch, soot, creosote, fuel oil (used in making
sand casts at some facilities)
Wood treating Creosote
Refineries Soot, various NAPLs (crude oil, fuel oil, diesel, etc.)
Carbon black manufacture Soot, oil tar
Various NAPLs (crude oil, fuel oil, waste oil, diesel, jet
Fuel spills and/or disposal fuel, etc.)
Non-industrial
sources Skeet Coal tar pitch or bitumen (used as binder in targets)
Asphalt sealants Coal tar
Landfills Creosote (treated wood), soot, char
Incinerators (municipal, hospital) Soot
Open burning Soot, char
Fire training Soot
Fires Soot, char
Auto/truck emissions Soot

# Includes both current and historical sources of PAHSs to soils

A review of DoD site work and conversations with DoD personnel have indicated that skeet
shooting ranges are an emerging concern for DoD as a type of site where PAHSs are present in
soil. Historically, skeet’ were made of a mixture of crushed limestone (70 percent) and coal tar
(30 percent; used as a binder). Some ranges are still using limestone and coal tar skeet, while
others are using “environmentally friendly” skeet. Maximum total PAH concentrations across
six U.S. Navy skeet sites sites (202 samples) was 2,823 mg/kg, with average and geometric mean
concentrations of 109 mg/kg and 2.1 mg/kg, respectively. Adjusting the geometric mean
concentrations of each PAH by its respective RPF (if it has one) yields a value of 0.32 mg/kg
BaP equivalents for these skeet sites. The BaP equivalents were dominated by BaP,
dibenz[a,h]anthracene, and benzo[b]fluoranthene. These data indicate that soils at skeet sites
contain significant concentrations of PAHs. Based on comparison to other types of DoD sites,
soils at skeet sites appear to contain total PAH concentrations on the high end of DoD site types
(an average of 109 mg/kg total PAHs for all six skeet sites, versus a maximum of <40 mg/kg for
most other DoD sites).

2 The clay targets (“clay pigeons”) used in skeet shooting are referred to herein as “skeet.”
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APPENDIX A
REGULATORY TOXICOLOGY OF POLYCYCLIC AROMATIC
HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic chemicals consisting of two
or more fused, unsubstituted aromatic hydrocarbon rings and their alkyl-substituted
derivatives. The chemical class does not include heterocyclic compounds containing
oxygen, nitrogen, or sulfur as part of the ring structure, or PAHSs substituted with oxygen,
nitrogen, or sulfur. Some example PAHs include:

Naphthalene Benzo[a]pyrene 5-Methylchrysene
(unsubstituted) (unsubstituted) (alkyl-substituted)

This technical memorandum summarizes the current regulatory approach to health
assessment of PAHs, proposed modifications to the regulatory approach, and the
implications of those modifications to future health-based assessment of PAHs. Table A-1
provides a summary of key milestones in the regulatory history of PAHs.

REGULATORY APPROACHES

When present, PAHs invariably exist in the environment as mixtures. Although the total
number of PAHs is unknown, there are hundreds of PAHs present as components of
mixtures (USEPA 2010a). To the extent possible, the regulatory approach to health
assessment of PAHs considers the interaction between the individual PAHs in the mixture.
U.S. Environmental Protection Agency (EPA) (1986; 2000) guidance for risk assessment of
chemical mixtures recommends three approaches for evaluation of chemical mixtures,
depending on the available data. In order of preference, the three approaches are:

1. Use of dose-response data for the mixture of interest

2. Use of dose-response data for a “sufficiently similar” mixture
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3. Use of dose-response data for the individual components.

EPA has evaluated and developed dose-response assessments for three chemical mixtures
that include PAHs formed through pyrolysis: coke oven emissions, creosote, and diesel
engine exhaust.! Cancer bioassay data also exists for manufactured gas plant residue
(Weyand et al., 1995) and coal tar preparations (Culp et al., 1998); two PAH-containing
mixtures. Complex mixtures of PAHs in the environment, however, are highly variable; in
most cases too dissimilar to the specific mixtures for which dose-response data are
available to be directly applicable. In this case, EPA guidance recommends evaluation of
the individual components of the mixture and, when those components are believed to act
through a similar mechanism of action, adding together the risks from each component
(USEPA 2000). For PAH mixtures, EPA (1993; 2010a), California Environmental Protection
Agency (CalEPA) (OEHHA 2009), and others have utilized relative potency factors (RPFs)
to assess the toxicity of individual PAHs. In the RPF approach, the doses of individual
components acting through a similar mechanism of action are summed after scaling to the
relative potency of an index chemical in the group for which the most complete dose-
response characterization is available. For PAHs, benzo[a]pyrene (BaP) has been selected
as the index chemical because: 1) it is typically present in environmental settings where
PAHs are detected; 2) it has the most robust toxicological dataset among the PAHs and a
formal dose-response assessment has been conducted based on chronic rodent bioassays;
3) there is a large database of in vivo and in vitro studies directly comparing the potency of
response of various PAHs with BaP; and 4) it is one of the most potent carcinogens of
PAHs tested.

Cancer Assessment

EPA initially derived RPFs in 1993 for six PAHs, in addition to BaP, calling the approach
the estimated order of potential potency (EOPP) (USEPA 1993). The EOPPs were based
solely on skin tumor formation data from four mouse skin painting studies. Therefore,
unlike the toxicity equivalence factors (TEFs) developed by EPA (2010b) for dioxins and
furans, EOPPS are applicable only to carcinogenic potency and not noncancer endpoints.
EPA defines TEFs as RPFs supported by enough data to conclude a specific mode of action
is relevant for all health effects and relevant to all exposure routes and durations. EPA
(1993; 2010a) notes that existing PAH toxicology studies have largely focused on
metabolism, genotoxicity, and cancer, and there are inadequate data available to identify a
mechanism(s) of action relevant to noncancer endpoints. EPA (1993) also indicated the
EOPPs should only be applied to oral exposures using the oral slope factor for the index
chemical, BaP, because at the time there was no inhalation unit risk for BaP, no data to

1 Coke oven emissions — http://www.epa.gov/iris/subst/0395.htm; creosote —

http://www.epa.gov/iris/subst/0360.htm; diesel engine exhaust — http://www.epa.gov/iris/subst/0642.htm.
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support a conclusion of dose equivalency between oral and inhalation exposures, and
inadequate data to judge the accuracy of the EOPPs for inhalation exposures.

CalEPA developed RPFs (termed potency equivalency factors, PEFs) for 20 PAHs, in
addition to BaP, for regulating PAHs under its toxic air contaminants program (OEHHA
1993; 1994). Unlike EPA (1993), CalEPA assumed that relative cancer potency was
equivalent across exposure routes and did not limit data selection to studies using only one
protocol (i.e., the skin painting studies). CalEPA also derived unit risks for four additional
PAHs or PAH derivatives (dibenz[a, h]anthracene, 7,12-dimethylbenzanthracene, 3-
methylcholanthrene, and 5-nitroacenaphthene) and calculated RPFs for those PAHs based
on the ratio of their unit risk to that of BaP. CalEPA continues to evaluate new data and
modify the RPFs when they conclude the data support a revision. The most recent CalEPA
RPFs are applied in the agency’s latest cancer potency factor guidance (OEHHA 2009).

EPA (2010a) recently released a draft RPF approach guidance that proposes RPFs for 24
PAHs (in addition to BaP) based on carcinogenic potency. Unlike the EOPPs described in
USEPA (1993), the new RPFs are intended to apply to all exposure routes (oral, inhalation,
dermal). A EPA Scientific Advisory Board reviewed the draft RPF approach guidance and
provided final comments in March of 2011 (USEPA 2011) and the final assessment is
scheduled to be completed in the first quarter of fiscal year 2012 (October-December 2011).2

EPA (2010a) evaluated unsubstituted PAHs with three or more fused aromatic rings
containing only carbon and hydrogen; the PAHs likely to act through a mode of action
similar to BaP. For each compound they considered oral, inhalation, and dermal exposure
studies that tested one or more PAH simultaneously with BaP in rodent carcinogenicity
bioassays and in vivo or in vitro assays for cancer-related endpoints (e.g., DNA adduct
formation, mutagenicity, and other genotoxicity or tumor endpoints). Beginning with a
target list of 74 PAHSs that have been identified in environmental media, EPA conducted a
comprehensive literature search encompassing studies from the 1950s through 2009, and
identified studies with relevant dose-response data for 51 PAHs. RPFs were calculated for
each study as the ratio of the slope of the dose-response curves for the subject PAH and
BaP. Sixteen of the 51 PAHs evaluated were excluded because only one in vitro study was
available. A weight of evidence evaluation for potential carcinogenicity was conducted for
the remaining 35 PAHs, giving the greatest weight to in vivo tumor bioassays. Of these 35
PAHs, EPA concluded there was adequate evidence for lack of carcinogenicity for three
PAHs, inadequate data to evaluate carcinogenicity in eight PAHs, and adequate evidence
to conclude the remaining 24 PAHs (in addition to BaP) are carcinogenic and to derive final
RPFs. The final RPF for each PAH was calculated as the arithmetic mean of RPFs from the
available cancer bioassays or, in the absence of a cancer bioassay, from the available cancer-

2 http://cfpub.epa.gov/ncea/iristrac/index.cfm?fuseaction=viewChemical.showChemical&sw_id=1062
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related endpoint studies. Only studies with positive outcomes were included, which
would tend to bias the final RPF estimate high. For most PAHs, three or fewer studies
formed the basis of the final RPF. In addition, EPA assigned a relative confidence rating to
the estimate based on the number and quality of cancer bioassays, the number and quality
of supporting cancer-related endpoint data, and the availability of data for multiple routes
of exposure, both sex, and multiple species.

The RPFs currently in use by EPA (1993) and by CalEPA (OEHHA 2009), along with the
new proposed RPFs by EPA (2010a), are summarized in Table A-2.

Benzo[a]pyrene

BaP is the index chemical for all PAH RPF approaches. EPA identifies BaP as a probable
human carcinogen, based on adequate evidence from animal studies and inadequate
evidence in humans. The current EPA oral cancer slope factor was derived in 1992, a
correction to the estimate from the previous year’s Dose-Response Analysis of Ingested
Benzo[a]pyrene.® The slope factor of 7.3 per mg/kg-day is the geometric mean of the range
of slope factors (4.5 to 11.7 per mg/kg-day) derived based on forestomach tumors in two
strains of mice, and forestomach, laryngeal, and pharyngeal tumors in rats. BaP is currently
being reassessed under EPA’s IRIS program. An updated BaP toxicological review
document is scheduled to be completed and released for external peer review in the second
quarter of fiscal year 2012 (January—-March 2012).4

In the updated Public Health Goal for Benzo(a)pyrene in Drinking Water, CalEPA derived a
new oral slope factor of 2.9 per mg/kg-day for BaP based on forestomach and oral cavity
tumors in female mice (from Culp et al., 1998), after adjustment for potential in utero early
life exposures (OEHHA 2010). This new value attributes less than one-quarter the
carcinogenic potency to BaP as the previous CalEPA slope factor of 12 per mg/kg-day
(OEHHA 2009). CalEPA decided not to derive slope factors for the older studies on which
both U.S. EPA’s slope factor and CalEPA’s earlier slope factor were based because of
deficiencies in study design. CalEPA (OEHHA 1993) also derived an inhalation unit risk of
1.1x10° per pug/m? for BaP based on respiratory tract tumor incidence in male hamsters
(from Thyssen et al., 1981).

Naphthalene

Naphthalene is a PAH composed of two unsubstituted aromatic rings. Because it has only
two aromatic rings, the type of metabolic activation in the so-called “bay region” that can

3 http://www.epa.gov/iris/subst/0136.htm

4 http://cfpub.epa.gov/ncea/iristrac/index.cfm?fuseaction=viewChemical.showChemical&sw_id=1007
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occur in certain PAHs with >3 rings, a molecular step that is critical for the mechanism of
action assumed in the RPF approach cannot occur. The National Toxicology Program first
listed naphthalene as reasonably anticipated to be a human carcinogen in the 11th Report on
Carcinogens (NTP 2004) based on an increased incidence of invasive nasal tumors in rats
and lung tumors in female mice exposed to naphthalene by inhalation in chronic bioassays
(NTP 1992; 2000). The IRIS file for naphthalene indicates that EPA considers naphthalene a
possible human carcinogen, based on inadequate data in humans and limited data in animals
for carcinogenicity by the inhalation route.> However, EPA concluded there are
inadequate data to quantify carcinogenicity (i.e., to develop a cancer potency value)
because of the lack of a chronic oral study and the weakness of the evidence from the
inhalation studies. In 2004, EPA released an external review draft of the updated
toxicological review and IRIS summary, which includes an inhalation unit risk for the
carcinogenicity of naphthalene by the inhalation route (1 x 10+ per pg/m?) (USEPA 2004)
based on nasal tumors in rats and mice following 2-year bioassays (Abdo et al. 2001; NTP
1992, 2000). They continued to conclude there are inadequate data to determine
carcinogenicity by the oral route. Although the final report from the external reviewers is
available, the 2004 toxicological review was never finalized. IRIS Track indicates that the
next milestone is “Draft Development” and the next milestone due date is to be
determined.

CalEPA has derived an inhalation unit risk for naphthalene of 3.4 x 10~ per pg/m* (OEHHA
2004) based on increased nasal tumor incidence in male rats (NTP 2000).

Age-Dependent Adjustment Factors (ADAFS)

BaP is considered to be a “complete” carcinogen, meaning it likely both initiates tumor
formation by directly damaging DNA and promotes tumor growth (USEPA 2010a).
Therefore, because it is likely carcinogenic by a mutagenic mode of action, according to
EPA (2005) guidance for assessing early life exposures to carcinogens, any assessment that
includes BaP exposures prior to the age of 16 years should incorporate the appropriate
ADAFs. By extension, assessment of PAH mixtures using the RPF approach should apply
the appropriate ADAFs to the entire mixture of PAHs because use of an RPF assumes that
all the individual PAHs act through the same mechanism as BaP. Application of ADAFs
will depend on the specific exposure scenario and age group being assessed: a 10-fold
adjustment factor is used when children less than 10 years of age may be exposed, and a 3-
fold adjustment factor is used for children 2-15 years of age. The use of ADAFs for PAHs
not included in the RPF approach should be evaluated on a case-by-case basis. For
example, naphthalene is not considered to be mutagenic and so an ADAF is not applied.

5 http://www.epa.gov/iris/subst/0436.htm
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Noncancer Health Effects

As noted above, the RPFs derived for PAHs are applicable only to carcinogenic potency.
Data are not available to support a single mechanism of action relevant to the various
noncancer health effects associated with different PAHs. The approach to evaluating the
noncancer health effects of PAHs is the same as for other individual chemicals: use of a
chemical-specific RfD or RfC derived based on animal or human studies for the specific
PAH of interest.

EPA has derived oral RfDs for seven PAHs (acenaphthene, anthracene, fluoranthene,
fluorene, 2-methylnaphthalene, naphthalene, and pyrene) and an inhalation RfC for
napthalene. EPA does not, however, have either an oral reference dose (RfD) or an
inhalation (RfC) for BaP. CalEPA evaluated noncancer toxicity of BaP and derived an oral
RfD of 0.0017 mg/kg-day based on kidney toxicity in rats (from Knuckles et al., 2001).

IMPLICATIONS FOR ENVIRONMENTAL ASSESSMENT OF PAHS

Evolving approaches to PAH health assessment will affect how environmental assessment
is conducted and cleanup levels derived as part of that assessment. The practical
implications of PAH potential changes in regulatory toxicology are discussed in this
section.

Pending Revisions to Dose-Response Assessments

EPA currently lists only noncancer toxicity values for naphthalene in IRIS, an RfD of

0.02 mg/kg-day and an RfC of 0.003 mg/m?.° But the EPA Regional Screening Level tables
use the inhalation unit risk developed by CalEPA (3.4 x 10~ per pg/m?®) to derive a
residential soil screening level based on cancer risk following dust inhalation. The cancer-
based soil screening level (3.6 mg/kg) is less than the screening level for combined
ingestion, dermal, and inhalation exposure based on the noncancer toxicity (140 mg/kg).
Therefore, the cancer risk-based, dust inhalation-only screening level is also the overall
residential soil screening level. If the proposed EPA inhalation unit risk of 1 x 10 per
ug/m?d is finalized without modification, the resulting residential soil screening level would
be decreased to 1.2 mg/kg, reflecting cancer risks from dust inhalation exposures.

The revised EPA toxicological assessment for BaP has been in internal review draft since
2004. Evaluation of the practical implications of the revised assessment will not be possible
until the external peer review draft is released (scheduled for 2012).

6 http://www.epa.gov/iris/subst/0436.htm
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Draft RPF Approach

EPA’s draft RPF approach, when finalized and incorporated into environmental policy, will
raise significant issues for environmental assessment of PAHSs, including:

Additional analytes-the draft guidance increases the number of carcinogenic PAHs
with RPFs from seven to 25, including BaP. Taken at face value, this would mean
an additional 18 chemicals to analyze and evaluate, many of which have not
commonly been analyzed in the past.

Treatment of undetected PAHs-depending on how PAHs that are not detected are
treated in the risk assessment process, undetected PAHs could contribute
significantly to total PAH risk estimates. If half the detection limit is used for
undetected chemicals, as is common practice when applying a TEF approach to
calculate TCDD toxic equivalence, PAHs that may not be present could potentially
drive risk estimates. In particular, detection limits for PAHs with high RPFs but
which have not typically been analyzed in the past and may not be present at all,
could drive risk estimates. For example, benz[jlaceanthrylene and
dibenzo[a,l]pyrene have RPFs of 60 and 30, respectively.

Changes to existing RPFs — of the six carcinogenic PAHs with existing RPFs
(excluding BaP), the proposed RPF has increased for five and decreased for one. An
increased RPF corresponds to an increased risk estimate, a decreased screening
level, and potentially, a decreased cleanup level. Whereas the residential screening
levels currently range from 15 to 15,000 ug/kg, application of the new RPFs would
result in screening levels from 1.5 to 500 pg/kg for these PAHs. Screening levels
would range from 0.25 to 1,667 ug/kg for all 25 PAHs with RPFs in the EPA (2010)
proposed guidance (Table A-3).

Background concentrations — Assessing site-related PAHs is challenging because of
the presence of both anthropogenic, non-point source impacts and “natural”
background levels (e.g., fires). It’s a particularly important issue in urban and/or
industrialized settings. Background data exist for a few cPAHs, primarily for those
that have traditionally been evaluated, but generally lacking for most of the cPAHs
for which EPA has developed new RPFs (USEPA 2010a). There will be a lag time
before implementation of the new guidance, with an increased number of chemicals
to analyze, and the availability of background data for those chemicals. In urban
areas, background levels of cPAHs in soil typically exceed health-based screening
levels. Table A-3 compares typical rural and urban soil background levels for
cPAHs (ATSDR 1995) to current EPA regional screening levels for residential soil
and screening levels that incorporate the proposed RPFs from EPA (2010a).
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CONCLUSIONS

Proposed modifications to PAH health assessment are fundamentally consistent with the
long-standing regulatory approach: use of RPFs to evaluate the carcinogenic risk of PAHs
in mixtures and evaluation of noncancer effects on a chemical-specific basis. Nevertheless,
the proposed changes could have significant effects on environmental assessment of PAHs,
depending, to some degree on how the new guidance is implemented. Ata minimum, the
draft EPA (2010a) guidance on the RPF approach will likely result in increased analysis,
lower cleanup levels, and a lag time before background data are available to assess the
larger list of chemicals.
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Table A-1. Regulatory History of PAHSs in the United States
Year Event Reference
1992 EPA derives current benzo[a]pyrene oral cancer slope factor of USEPA 1992
7.3 per mg/kg-day

1993 EPA releases Provisional Guidance for Quantitative Risk Assessment USEPA 1993

of PAHs
1993 CalEPA derives inhalation unit risk for benzo[a]pyrene of OEHHA 1993
1.1 x 10°° per ua/m®
1993 CalEPA derives relative potency factors for PAHs OEHHA 1993
2004 EPA releases external peer review dravt of the Toxicological Review of USEPA 2004

Naphthalene with revised inhalation unit risk of 1 x 10 per pg/m*

2004 CalEPA derives inhalation unit risk for naphthalene of OEHHA 2004
3.4 x 10° per pg/m®

2010 CalEPA derives revised oral cancer slope factor for benzo[a]pyrene of OEHHA 2010
2.9 per mg/kg-day

2010 EPA releases external review draft of Development of a Relative USEPA 2010
Potency Factor (RPF) Approach for Polycyclic Aromatic Hydrocarbon
(PAH) Mixtures

2011 Target date for finalization of EPA's Development of a Relative IRIS Track?
Potency Factor (RPF) Approach for Polycyclic Aromatic Hydrocarbon
(PAH) Mixtures

2011 Target date for external peer review and finalization of EPA's updated |R|S Track?
Toxicological Review of Benzo[a]pyrene

2 EPA IRIS Track website: http://cfpub.epa.gov/ncealiristrac/

Notes:
CalEPA = California Environmental Protection Agency

EPA = U.S. Environmental Protection Agency

1of3
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Table A-2. Comparison of Relative Potency Factors for Polycyclic Aromatic Hydrocarbons
USEPA 2010
USEPA 1993% CalEPA (2009)° Proposed®

Anthanthrene - - 0.4
Benzo(a)pyrene 1 1 1
Benzo[a]anthracene 0.1 0.1 0.2
Benz[b,c]aceanthrylene, 11H- -- -- 0.05
Benzolb]fluoranthene 0.1 0.1 0.8
Benzo[c]fluorene -- -- 20
Benz[elaceanthrylene -- -- 0.8
Benzolg,h,i]perylene -- -- 0.009
Benz[jJaceanthrylene -- -- 60
Benzo[j]fluoranthene -- 0.1 0.3
Benzo[k]fluoranthene 0.01 0.1 0.03
Benz[lJaceanthrylene -- -- 5
Chrysene 0.001 0.01 0.1
Cyclopentalc,d]pyrene -- -- 0.4
Cyclopentald,e,flchrysene, 4H- -- -- 0.3
Dibenzo[a,e]fluoranthene -- -- 0.9
Dibenz[a,jlacridine -- 0.1 --
Dibenz[a,h]acridine -- 0.1 --
7H-dibenzo(c,g)carbazole -- 1 --
Dibenzo[a,e]pyrene -- 1 0.4
Dibenz[a,c]anthracene -- -- 4
Dibenz[a,h]anthracene 1 0.34 10
Dibenzo[a,h]pyrene -- 10 0.9
Dibenzo[a,i]pyrene -- 10 0.6
Dibenzo[a,l]pyrene -- 10 30
Fluoranthene -- -- 0.08
Indeno[1,2,3-c,d]pyrene 0.1 0.1 0.07
Naphtho[2,3-e]pyrene -- -- 0.3
5-methylchrysene - 1 -
1-nitropyrene -- 0.1 --
4-nitropyrene -- 0.1 --
1,6-dinotropyrene -- 10 --
1,8-dinotropyrene - 1 -
6-nitrochrysene -- 10 --
2-nitrofluorene -- 0.01 --
7,12-dimethylbenzanthracene -- 21 --
3-methylcholanthrene -- 1.8 --
5-nitroacenaphthene -- 0.01 --
Notes:

& USEPA. 1993. Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic Hydrocarbons. July.
EPA/600/R-93/089. U.S. Environmental Protection Agency, Washinton D.C.

P CalEPA. 2009. Technical Support Document for Describing Available Cancer Potency Factors: Methodologies for
derivation, listing of available values, and adjustments to allow for early life stage exposures. Appendix A: Hot Spots
Unit Risk and Cancer Potency Values. Office of Environmental Health Hazard Assessment, California Environmental
Protection Agency. May.

CalEPA RPFs calculated by dividing the oral slope factor listed for each chemical by the oral slope factor for
benzo[a]pyrene.

© USEPA. 2010. Development of a relative potency factor (RPF) approach for polycyclic aromatic hydrocarbon
(PAH) mixtures. Draft. February. EPA/635/R-08/012A. U.S. Environmental Protection Agency, Washington D.C.
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Table A-3. Polycyclic Aromatic Hydrocarbon Soil Background Concentrations and Health-Based Screening
Levels Derived Using Relative Potency Factors (ug/kg)®

Soil Background Concentrations”

Residential Soil Screening Level®

based on based on
PAH Rural Urban USEPA 1993 USEPA 2010
Anthanthrene NA NA 38
Benzo(a)pyrene 2-1,300 165-220 15 15
Benz[a]anthracene 5-20 169-59,000 150 75
Benz[b,claceanthrylene, 11H- NA NA -- 300
Benzol[b]fluoranthene 20-30 15,000-62,000 150 19
Benzolc]fluorene NA NA -- 0.75
Benz[elaceanthrylene NA NA -- 19
Benzo[g,h,i]perylene 10-70 900-47,000 -- 1,667
Benz[jlaceanthrylene NA NA -- 0.25
Benzolj]fluoranthene NA NA -- 50
Benzol[K]fluoranthene 10-110 300-26,000 1,500 500
Benz[l]aceanthrylene NA NA -- 3.0
Chrysene 38.3 251-640 15,000 150
Cyclopental[c,d]pyrene NA NA -- 38
Cyclopental[d,e,flchrysene, 4H: NA NA -- 50
Dibenzo[a,e]fluoranthene NA NA -- 17
Dibenzo[a,e]pyrene NA NA -- 38
Dibenz[a,c]anthracene NA NA -- 3.8
Dibenz[a,h]anthracene NA NA 15 15
Dibenzo[a,h]pyrene NA NA -- 17
Dibenzo[a,i]pyrene NA NA -- 25
Dibenzo[a,l]pyrene NA NA -- 0.5
Fluoranthene 0.3-40 200-166,000 - 188
Indeno[1,2,3-c,d]pyrene 10-15 8,000-61,000 150 214
Naphtho[2,3-e]pyrene NA NA -- 50

®EPA Regional Screening Levels available at: http://www.epa.gov/reg3hwmd/risk/numan/rb-

concentration_table/Generic_Tables/index.htm

bBackground soil concentrations of polycyclic aromatic hydrocarbons measured in the United States (ATSDR 1995).

°Residential soil screening levels for PAHs that are based on the a carcinogenic relative potency factor. Screening
levels based on USEPA 1993 are taken directly from EPA Regional Screening Levels table. Screening levels based on
USEPA 2010a were calculated by dividing the benzo[a]pyrene screening level by the proposed relative potency factor.

Notes:

NA = background data not available
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PAH UPTAKE BY PLANTS

INTRODUCTION

More than 90 percent of PAHs in the environment reside in surface soil (Zhan et al. 2010).
As a result, concerns have arisen that plants grown in PAH-contaminated soils can become
contaminated with PAHs due to absorption processes (Zhan et al. 2010). If PAHs are taken
up into plant tissues, this could present a pathway for human or animal exposures to
PAHs. Understanding the predominant pathways for plant uptake is therefore essential to
protect human and ecological health when exposure to contaminated soil occurs (Gao and
Collins 2009). This document provides a review of available information regarding the
relation between soil concentrations of PAHs plants grown in those soils, to understand
whether this is potentially a meaningful exposure pathway that should be considered in
the risk assessment process.

In literature from the 1980s and 1990s, some published studies suggested that dietary
intake of PAHs can be a significant route of exposure to the general population where
vegetables and grains are a major source of dietary PAHs (Menzie et al. 1992; Phillips 1999).
However, opposite suggestions were also published. For example, as stated in Wild and
Jones (1992): “It is known that PAHs are not readily taken up by plants. The chemical
properties of PAHs dictate that they are strongly adsorbed onto soil organic matter, and
uptake via foliar and or root mechanisms is inefficient. Several laboratory experiments
have shown that some PAHs may have the propensity to move, albeit inefficiently, from
the soil environment into plant tissues. However, several uncertainties remain.”

In the 2000s, the literature was dominated by studies evaluating the efficiency and
usefulness of some plants as phytoremediation tools for PAHs. For some chemicals, it has
been established that phytoremediation is a promising alternative approach to soil
remediation, due to its cost effectiveness, convenience, and environmental acceptability
(Cheema et al. 2010).

Although plants have been shown to take up some contaminants from soils, as in the case
of metals, the research on PAH-contaminated soils suggests that plant species considered
for phytoremediation may actually not “take up” PAHs, but instead, may “transform”
them. Plants may contribute to the dissipation of PAHs through various mechanisms, such
as plant uptake and accumulation, increase of microbial activities, improvement of physical
and chemical conditions of soils, and adsorption of pollutants in the rhizosphere (Cheema
et al. 2010).

The objective of this summary is to review recent papers (published since 2000) that
describe research conducted to determine whether plants accumulate PAHs from soil into

1
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vegetation (or crops). This summary document is divided into two sections. The first
focuses on papers that examine plant uptake of PAHs with regard to human or wildlife
health concerns, and the second focuses on papers that examined plant uptake of PAHs for
phytoremediation potential.

PAH Uptake in Plants: Crop Uptake Studies

Plant uptake of organic pollutants is important when considering the transfer of pollutants
from soils into the food chain. PAHs are detected frequently in agricultural and urban soils
and can therefore raise concern (Lu and Zhu 2009). In general, contaminants may enter
plants via several pathways: root uptake from the contaminated soil, vapor uptake from
the atmosphere, and particle-phase deposition onto the waxy cuticle of the leaves (Lu and
Zhu 2009). Lu and Zhu (2009) suggested that toxic organic contaminants could enter
vegetables cultivated on the contaminated soils and may threaten the product quality, as
well as human health (Fismes et al. 2002; Gao and Zhu 2004; Khan et al. 2008; Samsoe-
Petersen et al. 2002; Wennrich et al. 2002; Wild and Jones 1992). Understanding the
occurrence and predominant pathways for plant uptake is therefore essential to protect
human and ecological health when exposure to contaminated soil occurs (Gao and Collins
2009).

e Samsoe-Petersen et al. (2002) examined vegetables grown in two contaminated soils
and in a reference soil. They also collected fruits from both uncontaminated and
contaminated private gardens. For PAHs, linear regression did not show good
correlation between soil and crop concentrations, but results did show elevated
levels of several trace elements and PAHs in the vegetables grown in contaminated
soil. Samsoe-Petersen et al. (2002) demonstrated that the main route of exposure to
PAHs for leaf crops was via direct contact the leaves being in direct contact with the
soil, not from translocation from the soil to the edible portion of the plant. No
correlations were found between concentrations in the soil and concentrations in
the fruits (Samsoe-Petersen et al. 2002). However, the authors did suggest that
berries growing close to the soil surface may be contaminated via direct uptake
from soil deposited on their surface.

e Fismes et al. (2002) collected PAH-contaminated soils from a gasworks and
conducted greenhouse studies with lettuce, potatoes, and carrots. These authors
reported that concentrations of PAHs in peeled potatoes were very low and were
not correlated with the PAH concentrations in soils. Lettuce roots had higher PAH
concentrations than the leaves. The PAH levels in whole tubers were higher than
those in peeled tubers. They suggested that this was likely because the peels have
higher lipid contents than the pulp. The authors also reported that the
bioconcentration factors from soil to plants were very low, and probably
overestimated, because pot experiments can exaggerate the availability of
pollutants.
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¢ Residues of PAHs in soils from organic farms, and their uptake by four varieties of
organically produced potatoes and three varieties of organic carrots from England,
were investigated by Zohair et al. (2006). Samples of soils and crops (with and
without peels) were analyzed. PAH concentrations were more than two orders of
magnitude lower in shoots than in soils. PAHs were more abundant in the peels of
potatoes and carrots than in the cores. Peeling carrots and potatoes was found to
remove 56%-100% of the PAH residues, depending on the crop variety and the
properties of the contaminants.

e Khan et al. (2008) reported that leafy vegetables, particularly lettuce grown on
wastewater-contaminated soils, contain PAHs at elevated concentrations. The low-
molecular-weight PAHs (LMW-PAHs) dominated in shoots and roots due to their
higher water solubility than high-molecular-weight PAHs (HMW-PAHs), resulting
in greater uptake and translocation of PAHs into plants. The concentrations of
LMW-PAHs and HMW-PAHs in the roots were two to three times lower than the
soil concentrations. LMW-PAH concentrations in shoots were four to five times
lower than the respective soil concentrations. The authors suggested that soil-to-
plant transfer is one of the major pathways of PAH transport into shoots and roots
of plants grown in wastewater-contaminated soils.

e Suand Zhu (2008) investigated the distribution and transport mechanisms of three
PAHs (naphthalene, phenanthrene, and pyrene) in rice-seedling/water/ soil
systems. They also investigated the observed effect of rice rhizosphere on PAH
removal from soils. The PAH concentrations in soils exhibited little toxicity to rice
seedlings, as both root and shoot biomasses did not show significant changes when
seedlings were exposed to increasing concentrations of the three PAHs, in
comparison to the control. Concentrations of PAHs in rice roots were higher than
those in shoots. The ratios of PAH concentrations in roots to those in soils or
external solutions increased with increasing log Kow values of the compounds. The
authors suggested that the transport of contaminants from roots to shoots through
xylem contributed little to the accumulation of PAHs in shoots. PAH uptake by rice
shoots appeared to occur mainly via direct uptake from the atmosphere. Results
from the study indicated that contributions of plant uptake and rhizosphere effects
are relatively insignificant in removing naphthalene, phenanthrene, and pyrene
from soils. The authors concluded that rice roots have a lesser rhizosphere effect on
PAH removal than other plant species such as ryegrass or white clover.

PAH Uptake in Plants: Phytoremediation Studies

The successful application of plants to clean up soils and sediments contaminated with
petroleum compounds has been well documented in the published literature (Lu et al.
2010). A variety of plant species, including sorghum (Nedunuri et al. 2000), ryegrass
(Nedunuri et al. 2000; White et al. 2006), fescue (Hutchinson et al. 2001; White et al. 2006),
Bermuda grass (Hutchinson et al. 2001), pine (Palmroth et al. 2006), and poplar (Palmroth


agoodwin
Rectangle


APPENDIX A TO INTERIM REPORT

PAH Uptake by Plants March 27, 2012

et al. 2006), increase the degradation of hydrocarbons (Lu et al. 2010). Harvey et al. (2002)
described the ready adsorption of all PAH congeners on the root surface, but absorption
into the root is extremely limited and highly variable, depending on the species and
environmental conditions. HMW-PAHs are extremely water-insoluble and partition
preferentially into the humic fraction of soils rather than the aqueous phases. The authors
noted that degradation of certain PAHs occurs in the rhizospheres of the various plants.
They concluded that plants both stimulate microbial degradation and have the ability to
mobilize and accumulate hydrophobic pollutants from the rhizosphere soils through the
transpiration stream. Additional studies are summarized below.

e Early research on phytoremediation was conducted by Aprill and Sims (1990).
They examined the beneficial effects of eight prairie grasses on biodegradation of
PAHs (benzo(a)pyrene, benz(a)anthracene, chrysene, and dibenz(a,h)anthracene) in
a greenhouse experiment. All eight plant species were present in each pot, except in
unvegetated controls. The removal of PAHs was significantly greater from
vegetated soils than from unvegetated soils after 150 days of incubation, and the
rate of disappearance was related directly to water solubility.

o Reilley et al. (1996) investigated the effect of vegetation on anthracene and pyrene in
the soil environment. They reported significantly enhanced dissipation (probably
through biodegradation) of anthracene and pyrene in the presence of plants. They
suggested that this is most likely the result of carbon exudation from plant roots
into the rhizosphere, which supports an increased microbial population. Enhanced
degradation of the four-ring PAH, pyrene, in vegetated soils suggested that
degradation of other PAHs with four or more rings, such as the carcinogens
benz(a)anthracene and benzo(a)pyrene, may also be enhanced in rhizosphere soils.

¢ Binet et al. (2000) investigated the fate of PAHs in the rhizosphere and
mycorrhizosphere of plants, via mechanisms that included biodegradation, uptake,
and adsorption. Experiments were conducted with ryegrass (inoculated with or
without mychorrizae) cultivated in pots filled with soil spiked with anthracene or a
mixture of eight PAHs. In both experiments, 36%—66% of the initial extractable
PAH concentrations were dissipated, 0.006%-0.11% were adsorbed to roots,
0.003%-0.16% were found in root tissue, and 0.001% were found in shoot tissue.
The authors stated that the major portion of the PAH dissipation in rhizosphere soil
was due to biodegradation or biotransformation. For non-mycorrhizal plants,
anthracene and PAH phytoextraction was accomplished mainly through
adsorption. Accumulation in root tissue was limited, and only traces were found in
shoot tissue. In mycorrhizal plants, anthracene and PAH were less adsorbed to
roots, and shoot tissue concentrations were lower than in non-myccorhizal plants.

¢ Gao and Ling (2006) studied the uptake of phenanthrene and pyrene by ryegrass
from either soil or water. Root concentrations of phenanthrene and pyrene for
ryegrass uptake were larger than shoot concentrations, regardless of the system
(soil/plant or water/plant). However, root and shoot concentrations for ryegrass
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uptake from culture solution were always much higher than those for ryegrass
uptake from soils, indicating that PAHSs in culture solution are more available for
uptake by plants than those in interstitial water in soil (Gao and Ling 2006).

e Uptake of three PAHs (naphthalene, phenanthrene, and pyrene) from soils by
ryegrass, white clover, and soybean were invested in an 8-week pot experiment by
Yang et al. (2007). They observed that vegetation had no significant effect on the
naphthalene and phenanthrene concentrations in soil, and suggested that the major
dissipative pathway for those two PAHs was likely evaporation into air, because it
was demonstrated that both mineralization of PAHs and transport from roots to
shoots in plants were minimal and slow. In contrast to naphthalene and
phenanthrene, vegetation significantly enhanced the dissipation of pyrene. Pyrene
accumulation by ryegrass, soybean, and white clover was small compared to the
pyrene decreases in soils (<0.01% of total dissipation). The authors suggested that
pyrene dissipation occurs mainly via microbial degradation or mineralization.
Plants could stimulate microbial activity by releasing root exudates, which may
lead, in turn, to the enhanced degradation of persistent organic chemicals such as
PAHs.

e Xuetal. (2009) suggested that translocation of pyrene from roots to shoots is still
ambiguous and that the impact of these processes has not been clearly established.
These authors conducted a pot experiment to investigate the potential for
phytoremediation of pyrene from spiked soils using white clover. Results indicated
that white clover showed no sign of stress, and treatments and controls produced
similar biomass. The authors reported that the residual pyrene concentrations in
the contaminated soils were much lower than the initial values. Also, pyrene
remaining in the vegetated soils was significantly lower than that in the non-
vegetated soils. They suggested that plant-enhanced dissipation of soil pyrene may
be predominantly the result of plant-promoted microbial degradation, whereas
direct uptake and accumulation of pyrene by white clover was very small compared
to the microbial degradation pathway.

e Cheema et al. (2010) investigated the capability of four plant species (tall fescue,
ryegrass, alfalfa, and rape seed) to degrade phenanthrene and pyrene in spiked soil.
After 65 days of plant growth, results showed that the presence of vegetation
significantly enhanced the dissipation of phenanthrene and pyrene from
contaminated soils. Higher PAH degradation rates were observed in the combined-
plant cultivation compared to single-plant cultivation. According to Cheema et al.
(2010), the contribution of direct plant uptake and accumulation of phenanthrene
and pyrene was very low compared to the plant-enhanced dissipation. These
authors concluded that plant-promoted biodegradation was the predominant
contribution to the removal of PAHs from soil.

e Luetal. (2010) performed a 5-month greenhouse study to evaluate the effectiveness
of goosegrass in phytoremediation of petroleum-contaminated soils and to
investigate the fate of hydrocarbons in soil and plant tissue. In the planted
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treatments, 32% of PAHs were removed. In contrast, only 5% of the PAHs were
dissipated in the unvegetated treatment. In this study, there was no significant
uptake of PAHs by goosegrass; the accumulation of total measured PAHs in the
plant tissue was 1.4% of that present in the soil, suggesting that the major part of
PAH dissipation in the rhizosphere soil was due to biodegradation or
biotransformation.

¢ Gao and Zhu (2004) reported that shoot concentrations in plants grown in soils
treated with phenanthrene or pyrene were much lower than root concentrations.
Although shoot accumulation of phenanthrene and pyrene consistently increased
with increasing soil concentrations, the concentrations of the compounds were
statistically far lower than in the roots. Plant off-take of phenanthrene and pyrene
accounted for less than 0.01% of dissipation enhancement for phenanthrene, and for
0.24% for pyrene, in planted versus unplanted control soils. Gao and Zhu (2004)
suggested that plant-promoted biodegradation was the predominant contribution
to enhanced remediation of soil.

CONCLUSIONS

The objective of this literature review was to determine whether PAHs are taken up from
soils into vegetation. Published studies that examined the usefulness of plants for
phytoremediation of PAH-contaminated soils were reviewed, as well as studies that
examined the potential contamination of crops such as vegetables and fruits via uptake of
PAHs from soils.

The majority of studies related to the transfer of PAHs from soils to crops suggested that
root crops, such as potatoes and carrots, adsorb PAHs from the soil onto the root. Results
indicate that crop roots are more likely to contain PAHSs than the shoot portions; generally,
the peels of root crops contain higher concentrations than the cores. This suggests that
direct contact with soil is responsible for PAH concentrations in crops, and not
translocation from soil to the edible portions. In addition, rice crops appear to be take up
PAHs in their shoots via direct uptake from the atmosphere, not from the soil.

With regard to uptake of PAHs into leafy crops such as lettuce research has indicated that
PAH concentrations in the leafy tissues are related to direct contact of crops with PAH-
contaminated soil and not from direct uptake from soil into the plants. As Collins et al.
(2006) described, uptake of PAHs in leafy portions is more likely due to atmospheric
deposition than to root uptake from soil. Hydrophobic organic compounds (HOCs) are
strongly bound to soil, and in particular with soil organic matter, and only a very limited
fraction would be expected to be available for plant uptake (Tao et al. 2009). After uptake
by roots, these compounds partition strongly onto the root epidermis and are therefore
poorly translocated to shoots (Tao et al. 2009). As a consequence, HOCs in above-ground
plant tissues are considered to be derived mainly from the atmosphere (Tao et al. 2009).
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This conclusion corresponds with the findings of Wild et al. (2005). These authors used
excitation microscopy to visually track the uptake and movement of anthracene and
phenanthrene from a growth medium into living roots of maize and wheat over a 56-day
period. They suggested that the longitudinal movement of both compounds was not
observed to extend beyond the root base into the stem or vegetative parts of the plant.
Wild et al. (2005) observed that the degradation of anthracene to partial breakdown
products occurred directly in the zones of root elongation.

The second part of this review focused on published papers regarding bioremediation
potential. A variety of greenhouse experiments were conducted using soils contaminated
with PAHs, wherein some were planted with vegetation and others were not. The results
of this type of research suggest that the amount of PAHs taken up by roots and shoots is
minimal, and instead of removing PAHs from soils through uptake into plant tissues,
concentrations of PAHs in the soils decrease or dissipate through biodegradation or
biotransformation processes in the rhizosphere.

In conclusion, crops and vegetation are more likely contaminated with PAHs due to direct
soil contact or atmospheric deposition of PAHs onto plants. A large body of research
indicates that the roots of plants create microbial conditions that are conducive to
dissipating PAHs from soil through biotransformation or biodegradation, as opposed to
taking PAHs up into the roots and shoots.
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REVIEW OF U.S. DEPARTMENT OF DEFENSE
RECORDS OF DECISION

The goal of this research project is to understand the soil-chemical interactions and the
potential for human exposure to polycyclic aromatic hydrocarbons (PAH) in soil. Defining
those objectives, however, is complicated by the fact that the term “PAHs” refers to a class
of compounds comprised of over 100 individual chemicals of varying chemical
characteristics and toxicity. The U.S. Environmental Protection Agency (EPA) has
historically regulated 16 PAHs as priority pollutants, of which only 7 have relative potency
factors (RPFs) and are considered carcinogens. EPA is currently considering expanding the
list of PAHs with RPFs to include 18 additional PAHs (refer to Appendix A for details). To
best target this research effort for decision-making at U.S. Department of Defense (DOD)
sites, an initial effort was undertaken to identify the specific PAHs that are driving human
health risks at DOD sites, and (if possible) to anticipate which PAHs may be future risk
drivers. This was accomplished by compiling data on PAH concentrations in soil at DOD
sites from recent records of decision (RODs) and screening these data against residential
soil screening criteria, which then enabled the extent to which individual PAHs are risk
drivers at DOD sites to be assessed.

The methods used in this evaluation and the results are provided below, followed by a
discussion of the implications of the analysis. As an additional analysis, the data compiled
for this effort were evaluated to identify the types of site activities that have led to PAH
contamination in soils.

METHODS

The record of decision system (RODS) database is maintained by EPA and contains full-text
RODs. A ROD provides the justification for the remedial action (treatment) chosen at a
Superfund site. It also contains site history, site description, site characteristics, community
participation, enforcement activities, past and present activities, contaminated media, the
contaminants present, scope and role of response action, and the remedy selected for
cleanup'.

! See http://www.epa.gov/superfund/sites/rods/
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On January 11, 2011, the RODS database? was searched for information on reported PAH
concentrations at DOD sites and included search criteria for all states for fiscal years 2009
and 2010.

Eleven RODs were identified that contained data on PAH concentrations in surface soils,
subsurface soils, or both. The 11 corresponding DOD installations are located in California,
New York, New Jersey, Maryland, Florida, Virginia, Pennsylvania, Massachusetts, and
Wyoming. Some RODS contained more than one exposure area (typically termed exposure
points in the RODs). For the purposes of this analysis, each exposure area was treated as a
separate location, and therefore 22 separate locations were included. However, when only
surface soil data were considered, the data set included only 18 separate locations.

Each ROD was reviewed to find information on individual (as opposed to total) PAH
concentrations in either surface or subsurface soil media. If the ROD contained PAH data,
then the data was extracted into tables. Sometimes both surface and subsurface soil
concentrations were reported, and in those cases both types of data were extracted.
Average and minimum concentrations were not always reported in the RODs, and
therefore only maximum soil concentrations were used in this analysis. A flow chart of the
screening process is depicted in Figure C-1.

Screening Conducted Using Current Criteria

The soil concentrations were compared to health-based soil screening criteria specific to
PAHs, available from EPA’s regional screening levels (RSL) for chemical contaminants at
superfund sites® and are presented in Table C-1. The residential soil screening levels from
the regional screening levels summary table were used. Three of the PAHs that were
reported in the DOD RODs did not have available screening criteria (acenapthylene,
benzo[g,h,i]perylene, and phenanthrene), therefore screening was not conducted on those
PAHs.

The maximum soil concentrations for individual PAHs reported for each DOD site were
divided by the current residential screening criteria presented in Table C-1 to assess the
magnitude of exceedance. Both surface and subsurface soil concentrations were evaluated
(e.g., one screening was performed using only surface soil data and another was performed
using both surface and subsurface soil data). Values less than 1 were excluded because
only those results that are greater than 1 indicate a PAH concentration that is of potential

% See http://www.epa.gov/superfund/sites/rods/
® Available at http://www.epa.gov/region9/superfund/prg/index.html
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concern for human health risk. Based on maximum soil concentrations, the results were
averaged across all sites and are presented in Figures C-2 and C-3. The results are also
presented as the percent of sites where the maximum soil concentration exceeded the soil
screening criteria for individual PAHs (Figure C-4 for surface and subsurface soil and
Figure C-5 for surface soil only).

Screening Conducted Using Proposed Criteria

Additional screenings, similar to those described above, were conducted using EPA’s
proposed residential soil screening values, which are discussed in Section 2.1 of the Work
Plan and reviewed in detail in Appendix A. These proposed residential screening criteria
are more conservative than the current screening criteria and are listed in Table C-2.

As with the screening against current criteria, one screening was performed using only
surface soil data, while another screening was performed using both surface and
subsurface soil data. Figures C-6 and C-7 illustrate the magnitude of proposed screening
criteria exceedances for the individual PAHs averaged across all sites (surface and
subsurface versus surface soils only, respectively), while Figures C-8 and C-9 illustrate the
percent of sites exceeding the proposed residential soil screening criteria.

RESULTS

The location of the 11 sites for which PAH data were found, and the general types of
activities conducted at those locations are as follows:

e F.E. Warren Air Force Base, ROD #WY5571924179.—The spill Site 8-wash rack area
was used for cleaning vehicles. Site EAOF04 was established as a demilitarization
and disposal area for ordnance, equipment, and chemical warfare agents, white
phosphorus, chlorinated solvents, and metals.

e Naval Weapons Industrial Reserve Plant, ROD #MA6170023570.—Site 4 BTEX
Plume contamination is due to a combination of the former transportation building
operations and a 7600 gallon leaking underground storage tank. The building was
used for equipment storage and vehicle maintenance. Some waste petroleum may
have been released to the ground from garage operations.

e Site 8, Ore Storage Area used for Naval Support Activity, ROD #PA3170022104.—
This area was used for storage of various ore piles including chromium, manganese,
kyanite, and aluminum oxide.

e South Base, Edwards Air Force Base, ROD #CA1570024504.—Site 14 was used as a
tire-fighting training facility, Site 29 was an abandoned sanitary landfill, and Site 5
was a former waste storage area for petroleum, oil, and lubricants.

3
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e Seneca Army Depot, ROD #NY021320830. —SEAD-59 was used for disposal of
construction debris and oil sludge. The SEAD-59 Stockpile was where vehicles and
materials were staged, including roads and grounds debris. SEAD-71 was an
alleged paint disposal area. SEAD-71 Fenced Area Excluded was an area that
contained construction debris, including sheet metal, asphalt, chain-link fencing,
stone, piping, railroad ties, wood, and cinders.

e Naval Air Station, Patuxent River, ROD #MD7170024536.—Operable Unit 2 (Area
4b) was a former fire-fighting training area. Operable Unit 3 (Area 4c) encompassed
former disposal trenches. Site 4 was a waste and debris disposal area between 1943
and 1960. Throughout the site, waste and debris were placed either on the ground
surface or in long narrow trenches. Waste included miscellaneous station waste,
construction debris, sewage sludge, petroleum, oil, and lubricant products, paints,
thinner, solvents, pesticides, and laboratory wastes.

e Langley Air Force Base, ROD #VA2800005033.—Site LF-01 was a former waste
disposal area; Site LF-05 is an abandoned landfill; Site LF-18 is a former disposal
area located adjacent to NASA property, near the Munitions Storage Area; Site LF-
22 is a former waste disposal area; and Site FT-41 is a former fire-training area.

e Naval Air Station Jacksonville, ROD #F1.6170024412.—The site consists of a former
pesticide mixing, usage, and storage area, and a former pesticide underground
storage tank.

e Andrews Air Force Base, ROD #MD0570024000.—Site FT-03 was used for fire-
training activities from 1959 until 1972. Hazardous flammable materials such as
waste oil, jet fuel, paint thinner, and other liquid wastes were stored in drums.

e Picatinny Arsenal, ROD #NJ3210020704.—Site 61 was originally used for
photographic laboratory, laboratory equipment storage, and ammunition sampling.
Site 104 was used for propellant and ammunition analyses.

e U.S. Army Garrison, Aberdeen Proving Ground, ROD #MD2210020036. —New O-
Field was an active site from the 1950s through the late 1970s as a destruction,
demilitarization, disposal, and training area. Burning operations were conducted in
trenches in the northern portion of the open field.

Screening Results Based on Current Screening Values

The average screening results for all sites using current residential soil screening criteria
indicate that benzo[a]pyrene (BaP) had the greatest magnitude of criteria exceedances.

This was true when subsurface soils were either included or excluded (Figures C-2 and C-3,
respectively). Dibenz[ah]anthracene exceeded current screening criteria to the second
greatest extent, followed by benz[a]anthracene, indeno[1,2,3-c,d]pyrene, and
benzo(b)fluoranthene (Figures C-2 and C-3).
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Based on the DOD sites for which PAH data were available in the RODS database for fiscal
years 2009 and 2010, the average percentage of sites where current residential screening
criteria were exceeded was greatest for BaP, followed by benz[a]anthracene,
benzo(b)fluoranthene, indeno(2,3-c,d]pyrene, and dibenz[a h]anthracene (Figure C-4). For
each of those PAHs, the screening criteria were exceeded at more than 50 percent of the
sites. The rank ordering of PAHs were identical when subsurface soils were included in
the analyses and when they were not (Figures C-4 and C-5, respectively).

Screening Results Based on Proposed Screening Values

The average screening results for all sites using proposed screening criteria indicate that
dibenz[a,h]anthracene had the greatest extent of criteria exceedances. This was true when
subsurface soils were included or excluded in the screening (Figures C-6 and C-7,
respectively). BaP exceeded current screening criteria to the second greatest extent,
followed by benzo[b]fluoranthene, benz[a]anthracene, chrysene, and indeno[1,2,3-

¢, d]pyrene (Figures C-6 and C-7, respectively). Again, the results were similar when
subsurface soils were included and when they were excluded from the analyses.

Based on the DOD sites for which PAH data were available for fiscal years 2009 and 2010,
the average percentage of sites where proposed residential screening criteria were
exceeded was greatest for BaP and benzo[b]fluoranthene, followed by benz[a]anthracene
and indeno[1,2,3-c,d]pyrene (Figure C-8). For each of those PAHs, the screening criteria
were exceeded at more than 50 percent of the sites. The rank ordering of PAHs were

identical when subsurface soils were included or excluded from the analyses (Figures C-8
and C-9).

DISCUSSION

The rank ordering of PAHs identified using the surface soil screening results were identical
to the trends when both surface and subsurface soil data were used. Therefore, for
simplicity, from this point forward, this analysis will not distinguish between surface and
subsurface soils.

When screened against current EPA residential soil screening criteria, BaP was the
overwhelming driver for risks at the DOD sites that were included in this study. However,
when proposed EPA residential soil screening criteria were used, the results indicated that
dibenz[a h]anthracene became the primary driver of human health risk, due to the very
conservative RPF value assigned to that PAH in EPA’s proposed set of criteria.
Benzol[b]fluoranthene becomes a larger risk driver under the proposed criteria, whereas it
was less of a driver when the current screening criteria were used. Chrysene and
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benzo[b]fluoranthene become risk drivers when the proposed criteria are used, but were
virtually absent as a driver when the current criteria were used.

Over 70 percent of the sites identified in this ROD search exceeded residential soil
screening criteria for BaP, benz[a]anthracene, and benzo[b]fluoranthene, independent of
whether current or proposed EPA RPF values were used.

Figures C-3 and C-5 present a synthesis of the findings for the magnitude of current risk-
based screening criteria exceedances and the percentage of sites that exceed those criteria
for individual PAHs. In summary, this analysis indicates that the current primary human
health risk drivers are:

e BaP

Benz[a]anthracene

Benzo[b]fluoranthene

Indenol[1,2,3-c,d]pyrene

Dibenz[a,h]anthracene
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Table C-1. Current Regional Screening Levels for PAHs at Superfund Sites

Screening

PAH Concentration (mg/kg) Endpoint
Acenaphthene 3400 Noncancer endpoint
Anthracene 17000 Noncancer endpoint
Benz(a)anthracene 0.15 Cancer endpoint
Benzo(a)pyrene 0.015 Cancer endpoint
Benzo(b)fluoranthene 0.15 Cancer endpoint
Benzo(k)fluoranthene 15 Cancer endpoint
Chrysene 15 Cancer endpoint
Dibenz(a,h)anthracene 0.015 Cancer endpoint
Fluoranthene 2300 Noncancer endpoint
Fluorene 2300 Noncancer endpoint
Indeno(1,2,3-cd)pyrene 0.15 Cancer endpoint
1-Methylnaphthalene 22 Cancer endpoint
2-Methylnaphthalene 310 Noncancer endpoint
Naphthalene 3.6 Cancer endpoint
Pyrene 1700 Noncancer endpoint

Tof1
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Table C-2. Proposed Residential Screening Criteria

Screening

PAH Concentration (mg/kg) Endpoint
Acenaphthene 3400 Noncancer endpoint
Anthracene 17000 Noncancer endpoint
Benz[a]anthracene 0.075 Cancer endpoint
Benzolg,h,i]perylene 1.7 Cancer endpoint
Benzo[a]pyrene 0.015 Cancer endpoint
Benzolb]fluoranthene 0.019 Cancer endpoint
BenzolKk]fluoranthene 0.5 Cancer endpoint
Chrysene 0.15 Cancer endpoint
Dibenz[a,h]anthracene 0.0015 Cancer endpoint
Fluoranthene 0.19 Noncancer endpoint
Fluorene 2300 Noncancer endpoint
Indeno[1,2,3-c,d]pyrene 0.21 Cancer endpoint
1-Methylnaphthalene 22 Cancer endpoint
2-Methylnaphthalene 310 Noncancer endpoint
Naphthalene 3.6 Cancer endpoint
Pyrene 1700 Noncancer endpoint

Tof1
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Figure C-1.

Methods Used in Screening Data to Identify Which
Individual PAHs are Risk Drivers at PAH-contaminated DOD Sites
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INTRODUCTION

Evolving regulatory approaches

to assessing potential health
effects of polycyclic aromatic
hydrocarbons (PAHSs) in the
environment could substantially
affect site assessments and the
resulting cleanup levels. The U.S.
Environmental Protection Agency
(EPA) has historically regulated 16
PAHs as priority pollutants, seven of
which are considered carcinogenic
and have relative potency factors
(RPFs). However, EPA is currently
considering expanding the list of
PAHs with RPFs to include 18
additional PAHSs.

This study was completed as part
of an ongoing project under the
auspices of the U.S. Department
of Defense (DoD) environmental
research program known as the
Strategic Environmental Research
and Development Plan (SERDP).
The overall project goals are to

e Combine research on soil-PAH
chemistry with in vivo measures of
bioavailability across diverse soil
types and contaminant sources

e Better understand PAH
sequestration in soil

e Support the development of an
inexpensive assay to estimate
bioavailability on a site-specific
basis.

This poster reports an initial effort
to identify the specific PAHs that are
currently driving (and historically
have driven) human health risks at
DOD sites. PAHs that may drive
regulatory decision making in

the future under EPA’s proposed
revisions for PAH risk assessment
were identified.
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METHODS

The process used to identify and review Records of Decision (RODs) for DoD
sites is presented in Figure 1. Table 1 presents RPFs for PAHs that are in
current use and those proposed by EPA.

Figure 1. Evaluating which PAHs drive remedial decisions

Searched RODS database for DoD sites
with reported PAH concentrations

|

11 sites found from 2008—2010

Y Y

Surface soil data only Subsurface soil data included

! L

18 separate operable units 22 separate operable units

Screened maximum
concentrations using
residential soil screening levels
with proposed RFPs

Screened maximum
concentrations using
residential soil screening levels and
with current RPFs

l |

Percentage of sites exceeding
soil screening level for
each PAH

Average magnitude of exceedance
of soil screening level for
each PAH

Table 1. Comparison of relative potency factors for PAHs

U.S. EPA (1993)

CalEPA (2009)

U.S. EPA (2010)

Proposed

Anthanthrene - 0.4
Benzo(a)pyrene 1 1 1
Benz[a]anthracene 0.1 0.1 0.2
Benz[b,c]aceanthrylene, 11H- -- 0.05
Benzo[b]fluoranthene 0.1 0.1 0.8
Benzo[c]fluorene - 20
Benz[e]aceanthrylene - 0.8
Benzo[g,h,i]perylene - 0.009
Benz[jlaceanthrylene - 60
Benzo[j]fluoranthene 0.1 0.3
Benzo[k]fluoranthene 0.01 0.1 0.03
Benz[lJaceanthrylene - 5
Chrysene 0.001 0.01 0.1
Cyclopenta[c,d]pyrene - 0.4
Cyclopenta[d,e,flchrysene, 4H- - 0.3
Dibenzo[a,e]fluoranthene - 0.9
Dibenz[a,j]acridine 0.1 =
Dibenz[a,h]acridine 0.1 =
7H-dibenzo(c,g)carbazole 1 -
Dibenzo[a,e]pyrene 1 0.4
Dibenz[a,c]anthracene = 4
Dibenz[a,h]anthracene 1 0.34 10
Dibenzo[a,h]pyrene 10 0.9
Dibenzo[a,i]pyrene 10 0.6
Dibenzola,l]pyrene 10 30
Fluoranthene - 0.08
Indeno[1,2,3-c,d]pyrene 0.1 0.1 0.07
Naphtho[2,3-e]pyrene - 0.3
5-methylchrysene 1 -
1-nitropyrene 0.1 =
4-nitropyrene 0.1 =
1,6-dinotropyrene 10 =
1,8-dinotropyrene 1 =
6-nitrochrysene 10 =
2-nitrofluorene 0.01 -
7,12-dimethylbenzanthracene 21 -
3-methylcholanthrene 1.8 =
5-nitroacenaphthene 0.01 =

Notes:

U.S. EPA. 2010. Development of a relative potency factor (RPF) approach for polycyclic aromatic hydrocarbon (PAH) mixtures. Draft. February. EPA/635/

R-08/012A

U.S. EPA. 1993. Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic Hydrocarbons. July EPA/600/R-93/089.

CalEPA. 2009. Technical Support Document for Describing Available Cancer Potency Factors: Methodologies for derivation, listing of available values,
and adjustments to allow for early life stage exposures. Appendix A: Hot Spots Unit Risk and Cancer Potency Values. Office of Environmental Health

Hazard Assessment, California Environmental Protection Agency. May. CalEPA RPFs calculated by dividing the oral slope factor listed for each chemical

by the oral slope factor for benzo[a]pyrene.

RESULTS

Figure 2. Percentage of DoD sites with
surface soil exceeding residential soil
RSLs for individual carcinogenic PAHs

Table 2. PAH soil background concentrations and health-based screening

levels derived using relative potency factors (ug/kg)
NOTE: Naphthalene has a different mode of action
for carcinogenesis than B(a)P and pyrene is not
carcinogenic. They are included for comparison
and to show that evaluation of some PAHs will not

Residential Soil

Soil Background

be affected by the proposed RPFs. Concentrations?® Screening Level®
& PAH Based on Based on
@ g E3 Current Rural Urban US.EPA | US.EPA
ﬁ 3 Proposed (1993) (2010)
a Anthanthrene NA NA 38
Q &0 _ Benzo(a)pyrene 2-1,300 165-220 15 15
© 50 Benz[a]anthracene 5-20 169-59,000 150 75
O
2 4 Benz[b,c]aceanthrylene, 11H- NA NA -- 300
‘g % - Benzo[b]fluoranthene 20-30 | 15,000-62,000 150 19
g Benzo[c]fluorene NA NA - 0.75
a Benz[e]aceanthrylene NA NA - 19
10 Benzo[g,h,iJperylene 10-70 900-47,000 - 1,667
—~ . Benz[jlaceanthrylene NA NA = 0.25
Benz(a) Benzo(b) Benzo(k) Dibenz(a,h) Indeno Pyrene -
anthracene | fluoranthene | fluoranthene anthracene |(1,2,3-cd)pyrene Benzo[j]fluoranthene NA NA - 50
Benzo(a) Benzo(g;h,i) Chrysene Fluoranthene  Naphthalene Benzo[k]fluoranthene 10-110 300-26,000 1,500 500
pyrene perylene
Benz[lJaceanthrylene NA NA -- 3.0
Chrysene 38.3 251-640 15,000 150
Figure 3. Percentage of DoD sites with subsurface and surface soil RSLs for individual Cyclopentalc,d]pyrene NA NA - 38
carcinogenic PAHs Cyclopentald,e,flchrysene, 4H- NA NA - 50
Dibenzo[a,e]fluoranthene NA NA -- 17
90 Dibenzola,e]pyrene NA NA - 38
OcC t .
g o — Pfg;ged Dibenz[a,clanthracene NA NA . 38
N 70 Dibenz[a,h]anthracene NA NA 15 1.5
S 5 Dibenzo[a,h]pyrene NA NA - 17
a _ - Dibenzo[a,ijpyrene NA NA - 25
0 .
g ° Dibenzo[a,l]pyrene NA NA -- 0.5
8 Fluoranthene 0.3-40 | 200-166,000 - 188
§ 30 Indeno[1,2,3-c,d]pyrene 10-15 8,000-61,000 150 214
E, 20 Naphtho[2,3-e]pyrene NA NA - 50
Notes:
10 ” NA - background data not available
@Background soil concentrations of polycyclic aromatic hydrocarbons measured in the United States (ATSDR 1995).
L rl:l— °Residential soil screening levels for PAHs that are based on the a carcinogenic relative potency factor. Screening levels based on U.S. EPA (1993) are
Benz(a) Benzo(b) Benzo(k) Dibenz(a,h) Indeno Pyrene taken directly from EPA Regional Screening Levels table. Screening levels based on U.S. EPA (2010) were calculated by dividing the benzo[a]pyrene
anthracene fluoranthene | fluoranthene anthracene |(1,2,3-cd)pyrene screening level by the proposed relative potency factor.
. ATSDR. 1995. Toxicological Profile for Polycyclic Aromatic Hydrocarbons. Agency for Toxic Substances and Disease Registry. August.
Benzo(a) Benzo(g,h,i) Chrysene Fluoranthene Naphthalene U.S. EPA. 2010. Development of a relative potency factor (RPF) approach for polycyclic aromatic hydrocarbon (PAH) mixtures. Draft. February. EPA/635/
pyrene perylene R-08/012A.

Figure 4. Magnitude of exceedance of residential soil RSLs for individual carcinogenic

PAHs in surface soil at DoD sites

40,000
3

U.S. EPA. 1993. Provisional Guidance for Quantitative Risk Assessment of Polycyclic Aromatic Hydrocarbons. July. EPA/600/R-93/089.
EPA Regional Screening Levels available at: http:/www.epa.gov/reg3hwmd/risk/numan/rb-concentration_table/Generic_Tables/index.htm.

Figure 5. Magnitude of exceedance of residential soil RSLs for individuals
carcinogenic PAHSs in subsurface and surface soils at DoD sites
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CONCLUSIONS

* When screened against current
EPA residential soil screening
levels for PAHs, BaP was the
overwhelming risk driver at the
DoD sites included in this study.

¢ Using the proposed RPFs,
the number of sites exceeding
screening levels increased for
five PAHs: benz[a]anthracene,
benzo(b)fluoranthene, benzo[k]
fluoranthene, chrysene, and
dibenz[a,h]anthracene.

e Two additional PAHs without
current RPFs also triggered
exceedances using the proposed
RPFs: benzo[g,h,i]perylene and
fluoranthene.

* The magnitude of exceedance
would increase for all sites.

IMPLEMENTATION
CHALLENGES

¢ Additional analytes—
The draft guidance increases the
number of carcinogenic PAHs with
RPFs from 7 to 25, including BaP.

¢ Treatment of undetected
PAHs—
Undetected PAHs could
contribute significantly to total
PAH risk estimates. If one-half
the detection limit is used for
undetected chemicals, as is
common practice, PAHs that may
not be present could potentially
drive risk estimates.

* Background concentrations—
Assessing site-related PAHs
is challenging because of the
presence of both anthropogenic,
non-point-source impacts and
“natural” background levels (e.qg.,
fires). Background data exist for
a few PAHSs, but are generally
lacking for most of the PAHs
for which EPA has developed
new RPFs. In urban areas,
background levels of PAHs in soil
typically exceed health-based
screening levels.
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ABSTRACT: The bioavailability of polycyclic aromatic hydrocarbons
(PAHs) in soils can be influenced by the source material they are emitted T
within, the properties of the receiving soil, weathering processes, and the

concentration of PAHs. In this study 30 contaminated soils were -
constructed with common PAH sources (fuel oil, soot, coal tar based
skeet particles) and direct spike with a solvent added to different types and
contents of soil organic matter and minerals to achieve PAH
concentrations spanning 4 orders of magnitude. Source material had the
greatest impact on PAH partitioning. Soils containing skeet generally
exhibited the highest Ky, values, followed by soot, fuel oil, and solvent
spiked soils. Among all soil compositions, the presence of 2% charcoal had

fuel
oil

PAH dermal uptake

the largest enhancement of Kp. Partitioning behavior could not be Sorption Capacity

predicted by an organic carbon and black carbon partitioning model.
Including independently measured partitioning behavior of the soil
components and PAH sources allowed better prediction but still suffered from issues of interaction (oil sorption in peat)
and highly nonlinear partitioning with depletion (for skeet). Dermal absorption of PAHs measured using pig skin was directly
related to the freely dissolved aqueous concentration in soil and not the total concentration in the soil. Overall, we show that
PAH source materials have a dominating influence on partitioning, highlighting the importance of using native field soils in
bioavailability and risk assessments.

B INTRODUCTION hence, bioavailability, therefore depends not only on soil
geochemical properties (e.g, NOM and BC content), but also
on the source of PAH contamination which challenges the
development of uniform cleanup criteria based on total
concentration of PAHs in soils. For example, Stroo et al®
demonstrated for lampblack impacted soils that the estimated
cancer risk was reduced by 97% when accounting for measured
dermal absorption of native PAHs.

Since PAH adsorption to BC such as soot and char is
nonlinear, in soils with lower PAH concentrations, sorption is
more likely to be dominated by BC while higher PAH
concentrations can result in adsorption site saturation on
carbonaceous materials, thereby increasing absorption into
NOM phases."”” Hong et al.° found that for oil and lampblack
soot-impacted soils at low PAH concentrations sorption
behavior was dominated by binding to soot, while at high
PAH concentrations, the soot phase was overwhelmed and the

Polycyclic aromatic hydrocarbons (PAHs) are often released
into soils either as byproducts of combustion and pyrolysis
processes such as coal tar, pitch, char, and soot or as spills of
petroleum products such as crude oil, fuel oil, or other
petroleum distillates. These matrices, especially the black
carbons (BC) such as soot or char, have been shown to
provide strong sorption domains for hydrophobic organic
compounds (HOCs) like PAHs,'™> resulting in partition
coefficients that are several orders of magnitude higher than
sorption to natural organic matter (NOM)."® The HOC
fraction reversibly absorbed to natural organic matter or weakly
adsorbed onto mineral surfaces can be released rapidly and is
regarded as potentially available for biodegradation or uptake
by organisms. The HOCs strongly adsorbed to the porous
surfaces or occluded within BC exhibit slow desorption
behavior and low bioavailability to organisms." However,

PAH source materials described above such as pitch have PAH binding was dominated by the residual oil phase.
sorption characteristics that may be difficult to describe as While there is general understanding that PAH bioavailability
either NOM or BC and are difficult to model based on a simple in soil can be influenced by many factors including PAH
two domain carbon model.* For example, particle scale

partitioning studies of soil from former manufactured gas Received: December 17, 2015

plant (MGP) sites have demonstrated that source coal tar pitch Revised: ~ March 8, 2016

particles dominate PAH sorption, not absorption into natural Accepted: March 10, 2016

organic matter or adsorption onto BC.”” PAH sorption and,
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Table 1. Composition of Experimental Soils and Their Respective PAH Concentrations” (as target B(a)P levels)

PAH baseline synthetic BSS-peat content
sources soil (BSS) BSS-2% charcoal reduced to 1%
solvent 0.1, 1, 10, 100 0.1, 1, 10 mg/kg 1 mg/kg BaP

mg/kg BaP BaP

soot 0.1, 1, 10, 100 1 mg/kg BaP

mg/kg BaP

skeet 0.1, 1, 10, 100 1 mg/kg BaP

particles mg/kg BaP
1 mg/kg BaP

fuel oil 0.1, 1, 10 mg/kg BaP 0.1, 1, 10 mg/kg
BaP

“Concentrations shown above are target values before weathering.

BSS-kaolin content
reduced to 2%

1 mg/kg BaP

BSS-kaolin replaced with
nontmorillonite

1 mg/kg BaP

BSS-peat replaced
with humus

1 mg/kg BaP

1 mg/kg BaP

sources, soil properties, PAH concentration, and soil aging, the
relative importance of each of these factors and how they
interact with each other is not well understood. To address this
knowledge gap, we constructed a library of 30 weathered
artificial soils to have a better control of the different factors
likely to affect PAH bioavailability. These factors include the
effects of typical PAH source materials (fuel oil, soot, and coal
tar based skeet particles), different forms of organic matter in
soil (peat and humus), different PAH concentrations across 4
orders of magnitude, and other soil components such as clay,
sand, and native black carbon. PAH sorption to the different
PAH sources and soil components were measured in isotherm
studies, and different modeling approaches were tested to
explain the PAH partitioning behavior. Finally, an in vitro
dermal uptake study was performed to illustrate the effect of
PAH partitioning on a key exposure pathway for humans.

B MATERIALS AND METHODS

Construction of PAH Contaminated Soils. A baseline
synthetic soil (BSS) was used as the basis for all the soils
constructed. The composition of this soil was adapted from an
artificial ASTM soil used for toxicity testing'® and consisted of
10% peat moss (Miracle-Gro, Enriched Sphagnum Peat Moss),
20% kaolin clay (ACROS Organics, CAS:1332-58-7), and 70%
silica sand (quality ground silica, SIL-CO-SIL). Calcium
carbonate (0.4% by mass) was added to the soil mixture to
adjust the pH to around 7. Since human exposure was part of
the focus of this study, all individual soil components were
ground and sieved down to <150um, which simulated the size
fraction that easily adheres to human skin."'

Thirty 1 kg batches of BSS were prepared with different
formulations as described in Table 1. These different
formulations encompassed different amounts of PAH source
materials including field weathered coal tar based skeet
(shooting target) particles obtained from a Navy skeet range,
Jacksonville, FL (provided by John Schoolfield, Naval Facilities
Engineering Command), lampblack soot particles (from Fisher
Scientific [Catalog No. 1333-86-4]), and fuel oil No. 6 (from
Chevron) to obtain a wide range of PAH concentrations. A
series of soils were also spiked directly with a stock solution of
PAHs in solvent (dichloromethane). PAH concentrations in
this solution are given in Table S1. Due to the relatively low
PAH levels in the fuel oil and soot, these source materials were
also spiked with this stock solution to a target concentration of
200 mg/kg benzo(a)pyrene (B(a)P). Soot was spiked by
adlsgrption from water using the method described in Rust et
al.

Changes were also made to the composition of the BSS in
select soils as shown in Table 1. These included reduced peat
content to 1%, reduced clay to 2%, substituting humus for peat,

or increased black carbon content by the addition of 2%
charcoal (579959, Fisher Scientific). Changes in the mass
fraction of each soil ingredient were compensated by replacing
it with silica sand. PAH source materials (solvent spike, fuel oil,
soot, and skeet particles) were then introduced, and different
PAH concentrations (as 0.1, 1, 10, and 100 mg/kg B(a)P) were
targeted by spiking 0.1, 1, 10, and 100 mL of solvent stock
solution; 0.5, 5, 50, 500 g of spiked soot particles; 0.022, 0.22,
2.22, 22.2 g of skeet particles (unspiked), and 0.5, S, S0 g of
spiked fuel oil, respectively, into the amended soils. Solvent
spiked soils were left under the fume hood overnight for
solvent dissipation after spiking. Deionized water was then
added into the constructed soils at 4:1 mass ratio of water to
soil in glass jars to create slurries, and were then placed on a
roller for 3 weeks to ensure a homogeneous distribution of
PAH within the soils and weathered'® for 8 weeks as described
in the Supporting Information.

PAH Concentration in Soils and Source Materials.
Approximately 2 g of each weathered soil/source material
samples were extracted in triplicate following EPA method
3550B (Test Methods for Evaluating Solid Waste, Physical/
Chemical Methods) with three volumes of 40 mL each of
acetone—hexane mixture (50:50) and sonicating the slurry for 6
min (pulsing for 30 s on and 30 s off). Silica gel cleanup was
performed on the soil extracts following EPA Method 3630C,
and PAHs were analyzed using an Agilent GC (Model 6890)
with a mass spectrometer detector following EPA method
8270. Surrogate recovery was measured using deuterated [D-
10] phenanthrene and was generally acceptable within the
range of 85% to 110%.

TOC and BC Content in Soils. Total organic carbon
(TOC) was measured using a Shimadzu TOC analyzer with a
solids sample module (TOC-S000A and SSM-S000A) by
combustion at 900 °C after removal of inorganic carbon with
hydrochloric acid. BC content in each soil was measured using
a chemo-thermal oxidation method (CTO-375)."*

Soil/Source Material Aqueous Equilibrium Experi-
ment. The freely dissolved PAH concentrations in each test
soil and source material was determined by equilibrating the
soils/sources in a sterile aqueous solution (containing 100 mg/
L sodium azide) with 76-um-thick polyoxymethylene (POM)
strips (CS Hyde Company, IL, USA). The mass of POM used
was adapted to each soil to ensure negligible depletion of the
matrix or porewater concentration when equilibrium is reached
(Table $6)."° The mixtures were placed on a shaker at a speed
of 150 rpm and agitated for a month. POM strips were then
removed, rinsed with DI water, cleaned with tissue paper, and
extracted in an acetone:hexane (50:50) mixture (3 X 24 h, with
sequential extracts pooled). The POM extracts were then
cleaned up and analyzed in the same way as the soil extracts.
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Figure 1. PAH concentrations after weathering in baseline synthetic soil prepared with different PAH source materials targeted to achieve 1 mg/kg

B(a)P (n = 3, error bars represent +1 standard deviation).
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Figure 2. Comparison of measured partition coefficients (log Kp, [L/kg]) for soil components and source materials for PHE, PYR, B(a)P, and
B(ghi)P. The dark red square represents Ky, for skeet measured with minimal depletion (at POM/skeet mass ratio of 0.125), while the orange
squares represent Kp, measured with increasing depletion of PAHs from skeet (by increasing POM/skeet mass ratio). For soot and fuel oil, K, was

measured at only one POM/source mass ratio.

Freely dissolved PAH concentrations (Cy,) were calculated
using experimentally determined PAH partition coefficients for
POM (KPOM): Cw = Cpowm/ KPOM}16

coefficients (Kp) for each soil were calculated using Kp

equilibrium partition

Csor/Cw- The partition coefficients of the source materials

(Kyeeetr Keoory and Kieon) were calculated similarly.

Sorption Isotherms for Soil Components. Partitioning
of four representative PAHs with different numbers of aromatic
rings (phenanthrene (PHE), pyrene (PYR), B(a)P, and
benzo(gh,i)perylene (B(ghi)P)) was investigated in four soil
components including kaolin clay, sand, peat moss, and
charcoal. A slurry was made by mixing soil components with
sterile water (containing 100 mg/L sodium azide) at a mass
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ratio of 1:4 for sand, clay, and peat and a mass ratio of 1:1000
for charcoal. POM strips were added into the slurries to
measure the aqueous PAH concentrations. PAHs were spiked
into the slurry in an acetone solution (the volume of the
acetone spike was always <1% to avoid cosolvent effects). The
mixture was then sealed and placed on an orbital shaker for a
month to allow for equilibrium. For each soil component, PAH
equilibrium concentrations across 4 orders of magnitude were
created by varying the amount of PAH stock spiked and the
mass of POM used (Table S7). The concentration range
selected was based on aqueous PAH concentrations for the
solvent spiked soils in the previous aqueous equilibrium
experiment. PAH concentrations in the soil components were
calculated by mass balance assuming no PAH losses.
Equilibrium partition coefficients (K;) for each soil component
“i” (sand, clay, peat) was calculated as the ratio of PAH
concentration in soil component divided by concentration in
water. Adsorption data for charcoal were fitted using a
Freundlich equation: Cg,ycoa = Kr.charcosl Covy Where Ciiarconl 18
the PAH concentration in charcoal, and Freundlich sorption
coefficient K g,rc0n @and 1 were estimated by fitting the model
to the measured adsorption isotherm.

Dermal Uptake of PAHs from Soil. PAH dermal uptake
was measured in vitro using pig skin as described in detail in the
Supporting Information.

B RESULTS AND DISCUSSION

PAH Levels in Source Materials and Weathered Soils.
The sum of the 16 EPA priority pollutant PAHs in skeet was
54900 mg/kg, which was the highest level of native PAHs
among the source materials (Figure S1). Soot and fuel oil were
spiked with additional PAHs to reach target B(a)P concen-
tration of 200 mg/kg, and the achieved B(a)P concentrations
were 273 + 134 mg/kg and 197 + 3 mg/kg in soot and fuel oil,
respectively (Figure S1). After introducing the source materials
and weathering for 8 weeks, each soil was analyzed for PAHs.
As shown in Figure 1, the B(a)P concentrations in weathered
soils were lower than the target concentration of 1 mg/kg in all
soils, and this trend was also observed for other PAH
compounds and in soils with different target concentrations
(0.1, 10, and 100 mg/kg; Supporting Information Table S2).
The soils spiked with PAHs in solvent had the largest PAH
losses (e.g, over 70% loss of B(a)P), as these PAHs were
introduced freely into the soil and were therefore more prone
to both biotic and abiotic losses. There was also considerable
PAH losses from the fuel oil soils, indicating that PAHs are
available for losses in the degradable fuel oil matrix. For the
skeet and soot spiked soils, the final concentration of B(a)P was
close to 0.8 mg/kg compared to the target of 1 mg/kg for these
soils. The smallest losses of PAHs were observed in skeet soils,
which was likely because PAHs are known to be strongly bound
in the pitch matrix contained in skeet, especially after long-term
field weathering.” PAH concentrations in the soot soils showed
higher variability compared to other source materials (Figure 1)
despite multiple attempts to further homogenize these soils. It
is likely that the soot particles were heterogeneous in PAH
content and potential agglomeration of the hydrophobic soot
particles during the wetting and drying cycles produced soot
aggregates that were difficult to rehomogenize fully at the scale
of samples taken for PAH analysis.

PAH Partition Coefficients for Soil Components and
Source Material. Measured partition coefficients for soil
components and PAH source materials are reported for four

representative PAHs (Figure 2 and Table S3). As expected, soil
mineral components (sand and clay) showed the weakest
sorption of PAHs compared to the organic components.
Compared to sand and clay, PAH sorption to peat was nearly 3
orders of magnitude stronger and sorption to charcoal was
nearly 5 orders of magnitude stronger. Despite some reports in
the literature on the relevance of PAH sorption to clays,'” it is
abundantly clear that in the presence of typical organic matter
content of a few percent by weight, the influence of the mineral
components is going to be negligible. The reduction of clay
content has no influence on overall soil K, (Figure S2). The
K, ..« values measured in this study were in line with those

P
reported by Gidley et al. (e.g, log K, of 3.85 and 4.82 for

phenanthrene and pyrene from Gilzlley et al).'® All soil
components exhibited linear sorption except charcoal.

Sorption nonlinearity was observed with stronger sorption at
lower PAH concentration in charcoal as shown in Figure 2. The
observed sorption coefficients for charcoal in this study (e.g,
log Kaarcos = 540—7.10 for phenanthrene) were in line with
the findings on coal carbon (e.g, log K., = 6.3—6.8), fusinite
charcoal (e.g., 10g Kiyrcom = 5-57), and biochar (e.g., log Kyiochar
= 5.38—6.60) in other literature'”~>" but lower than those for
activated biochar (e.g., log Kyiochar = 7-52) and activated carbon
(e.g, log Kyc = 8.71) reported by Gomez-Eyles et al.”'

While the sorption experiments with soil components were
performed as isotherm studies with new PAHs being added, the
studies with the source materials were performed based on
desorption equilibrium of native PAHs. The PAH partition
coefficients for the source materials were all high and
comparable to charcoal (Figure 2). The log Kgoor values
ranged from 5.4 to 9.3 for different PAH compounds, which is
within the range of those reported in other studies.” Coal tar
pitch based skeet particles also exhibited high sorption for
PAHs with log Kggger ranging from 5.1 to 8.6 for phenanthrene
(with minimal depletion at lowest POM/skeet mass ratio of
0.125), which are much higher than those reported for coal tar
pitch in the literature (e.g, log value of 4.55 to 5.08 for
phenanthrene)‘z’7 (Figure 2). These elevated partition coef-
ficients are most likely the result of specific processing and
extensive weathering in the field.” In addition, exceptionally
high partition coefficients (from log value of 5.4 to 9.3) were
also observed for fuel oil which was a dense, viscous phase
consisting of petroleum hydrocarbons.”” Previous studies also
found high sorption capacity for PCBs and PAHs in light gasoil
(Distillate Marine grade A) and light crude oils (Arabian Crude
Light), which were even superior to soot particles (e.g., log Ko
values close to 7.0 for PHE in both oils).”*** The Koy
measured in this study was in the range of what would be
estimated using Raoult’s law for most PAH compounds (Table
S3).

TOC and BC Contents in Weathered Soils. The
measured TOC content in BSS (about 2.6%) is consistent
with the mass fraction of peat (10%) and its approximate 30%
carbon content (Supporting Information Table S4)."® Some
peat in the prepared soils may have been degraded or lost
during the weathering process. The lowest TOC and BC were
observed in the solvent spiked soil of 1 mg/kg target B(a)P
concentration with reduced peat while the highest TOC and
BC were observed in soot spiked soil of 100 mg/kg target B(a)
P concentration (mostly coming from the added soot).

Effect of Source Materials on Soil Kp. The PAH source
materials had a dominating influence on the overall Ky, of the
soils. As shown in Figure 3 for the spike level of 1 mg/kg
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Figure 3. Comparison of measured and predicted soil Kp using a
single domain model (Kp, = focKoc; using generic K,** or coal tar
K,.”7) and dual domain model (Kp = focKoc + 35fpcKscC,"'; using
generic Kpc>). Soils presented in the figure are BSS soils spiked with
solvent (blue), fuel oil (black), soot (green), and skeet (orange) at a
target B(a)P concentration of 1 mg/kg.

B(a)P, solvent spiked soils had the lowest measured Ky, and the
skeet soils had the highest measured Ky, (nearly 2 orders of
magnitude higher). The fuel oil and soot soils showed
intermediate Ky, values. This trend was also observed among
soils of other PAH concentrations (0.1, 10, and 100 mg/kg as
target B(a)P concentration) (Figures S3—S5). The only
exception to this general trend was the soils at the highest
PAH level that showed a higher K, for soot-spike than the soils
spiked with skeet (Figure SS). The high Ky, observed in soot
spiked soils is consistent with the reported high sorption
capacities for black carbons in the literature.”*> Compared to
soot spiked soils, the skeet spiked soils surprisingly exhibited
even higher Kj, in the concentration range of 0.1 to 10 mg/kg
of target B(a)P, even at the extremely low amount of skeet
spiked into the BSS (up to 0.2% by mass). The fact that the
soot was freshly spiked before weathering and the skeet
particles were not spiked and had weathered for a much longer
period in the field likely contributed to this phenomenon. The
weathered coal-tar component of pitch is known to contain
black carbon in the form of soot, coke, and cenospheres that get
included in the tar during the production process.” As the tar is
further processed and weathers in the field and degradable
components are lost, the residual matrix becomes enriched in
the black carbon residue and takes the appearance of a hard
coke-like substance. Similar enhanced sorption capacity for
weathered coal tar 6pitch in soil/sediment has been documented
in other studies.”*® Thus, PAH bioavailability assessments need
to use field soils with natively weathered source materials to
adequatelgr characterize exposure and risk, as also suggested by
Arp et al.”’ As illustrated in the Supporting Information Figure
S6, further weathering in the laboratory of soils prepared with
source materials did not greatly impact partitioning, especially
for the high molecular weight PAHs.

Effect of Soil Composition on PAH Partitioning in
Weathered Soils. As expected based on the relative sorption
capacity for PAHs, the mineral components had a small impact
on overall partitioning and the biggest impact was from the
presence of charcoal (Figure S2). The replacement of kaolinite
with montmorillonite in solvent-spiked soils increased Ky, by a
factor of 2 to 24, with a more pronounced effect observed for
lighter (3-ring) PAHs, but still noteworthy for the larger (S-

and 6-ring) PAHs. This is in line with a study by Chai et al,
where montmorillonite addition was found to reduce the
desorption of hexachlorobenzene from soils by 17%.”® The
higher adsorption capacity for HOCs on montmorillonite
relative to kaolinite may be attributed to the higher surface area
and expandable interlayer structure associated with montmor-
illonite. Conversely, replacing peat with humus caused a
decrease in overall soil Ky, which was likely due to the lower
organic carbon content found in humus (26.3% in peat and
42% in humus). The effects of mineral components are
expected to be even lower when PAHs are introduced with a
strong sorbing source (not studied).

To evaluate the effect of elevated native black carbon
content, soils with all four PAH source materials were altered
with 2% charcoal. The charcoal effect was larger for lighter
PAH compounds; e.g., 151-fold increase in Ky, was observed for
PHE and 54-fold increase for B(a)P in the solvent spiked soil.
The effect of charcoal was the greatest in the solvent spiked
soils where the native soil K was the lowest, and the effect was
lowest for the fuel oil and soot-spiked soils (Supporting
Information Figure S7). In the fuel oil spiked soils, we
hypothesize that the charcoal surface was fouled by the excess
oil hydrocarbons rendering it less effective at increasing the K,
as greater fouling effect was observed at higher oil levels
(Supporting Information Figure S8). Similar fouling effects of
oils on black carbons have been reported previously.””*" In the
soot spiked soils, the sorption capacity of the source material
was already high and the presence of charcoal had a smaller
impact (Kp decrease by a factor of 3 to 18). For skeet spiked
soils, an overall K, increase of more than a factor of 10 was
observed for most PAHs.

The extensive sorption of HOCs in black carbons such as
charcoal has been widely documented in other studies,”” and
black carbon amendment has been shown to reduce pollutant
bioavailability in soils.”’ ~>* We show here for the first time that
PAH source material sorption capacity influences the observed
effectiveness of soil black carbon in increasing partitioning.

Modeling Partitioning Based on TOC and BC. As
shown in Figure 3, the model predictions based merely on
natural organic carbon (OC) partitioning (Kp = focKoc)™
under-predicts sorption in the soils. The BC-inclusive dual
domain model (Kp = focKoc + facKscCy'™)*" appears to
predict reasonably for some cases, especially phenanthrene and
pyrene for solvent/soot/oil spiked soils, but greatly under-
predicts partitioning for all compounds for skeet-spiked soils.
Thus, the traditional approach for modeling HOC partitioning
in soils and sediments using a OC + BC sorption model is not
able to describe the observed behavior, especially in the
presence of weathered source materials. When assuming all the
carbon (OC + BC) in skeet and soot spiked soils sorb similarly
to coal tar as done by Arp et al,”” the predicted Ky, values are
improved for soot and skeet spiked soils, and fall within 1 order
of magnitude of the measured Ky, (see Supporting Information
for modeling details). However, the coal-tar model is not able
to predict the observed partitioning for B(a)P for solvent or
fuel-oil spiked soils within an order of magnitude.

Soil Components and Source Material Inclusive
Sorption Model. An alternative model was constructed
using the measured partition coefficients of the soil
components and source materials and assuming all components
come to a thermodynamic equilibrium:
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Figure 4. Comparison between predicted Kp, from multidomain sorption model and observed Ky, for soils with different source materials shown for
PHE, PYR, B(a)P, and B(ghi)P). Solid fills for each shape represent soils with addition of 2% charcoal.

Cs = fclayKdawa + fsanszandCW + fpeatheatCW
+ -fcharcoﬂI{charcoalC\r/lv + fs I<SCW (1)

where Cg is the PAH concentration in soil; fuu, fand fpeaw
Seharcoan and f; are the mass fractions of clay, sand, peat, charcoal,
and source material in soil, respectively; K., King Kpeaw
Karoay @and K are the partition coeflicients for clay, sand, peat,
charcoal, and source material, respectively. PAH aqueous
equilibrium concentration Cy was calculated using eq 1 and
the overall soil K, was predicted for each case and compared
with measured values (Figure 4).

For the solvent spiked soil the overall soil sorption capacity
for PAHs was estimated within an order of magnitude by the
addition of each individual contributing component. The
observed high K. ... explained the elevation of overall Ky, in
solvent spiked soils containing charcoal. The model generally
underestimated soil Ky, (by little over one log unit) for the case
where peat content was reduced to 1%.

For the fuel oil spiked soils, the model generally over-
estimated soil K, except for the lightest PAHs (PHE). Model
overestimation of Kp increased with increasing fuel oil
concentrations (Supporting Information Figure S9). Based on
the measured partition coefficients, fuel oil would dominate
PAH sorption relative to sorption to peat especially for the high
molecular weight compounds. However, previous studies have
shown that, at low oil fraction in soil, a distinct oil phase is
absent as the individual hydrocarbons in oil are absorbed into
sediment organic matter, leaving the organic matter as the
dominant sorption domain in the system. Jonker et al.** found
that a separate oil phase was not present when oil accounted for
less than 15% of the organic carbon in soils. This is confirmed
by the similarity in Kp between the fuel oil and solvent spiked
soils in this study except at the highest oil dose (10 mg/kg

target BaP), where fuel oil accounted for 50% of the TOC
(Supporting Information Figure S10).

For the soils spiked with PAH-laden soot, the model
predictions of Ky are within an order of magnitude of the
measured values (generally on the higher side). As shown in
Figure 4, no general trend was observed for the model
performance with increasing Kgy. Based on the high Ksoor
values (Table S3), soot would be the dominating sorption
phase over peat, sand, and clay for soils with soot mass fraction
above 0.5%.

Using Kggppr presented in Table S3 (with minimal
depletion), the modeled soil Ky, was often more than one log
unit lower for most skeet spiked soils (Figure 4). For PHE and
PYR, the only observed soil Kp’s that fell within an order of
magnitude of our prediction were from the soil with charcoal
addition at 1 mg/kg target B(a)P. In this case, our model
predicted charcoal to dominate the sorption for PHE and PYR
when the mass of skeet was low (as 0.02%). When charcoal was
not present, peat was predicted to dominate the PAH sorption
in all skeet soils for all PAHs investigated until the PAH
concentration increased up to 100 mg/kg (as target B(a)P). At
the high PAH concentration, the domination shifted from peat
to skeet due to its increased mass fraction of up to 2.2% skeet,
and a reasonable prediction was observed for B(a)P and
B(ghi)P.

PAH Distribution among Source and Soil Compo-
nents. To better understand some of the observed deviations
in the model predictions for soot and skeet, the PAH mass
distribution between source material and soil components at
thermodynamic equilibrium was calculated based on eq 1
(Table SS). Using the Kp values measured at minimal
depletion, at equilibrium up to 97% of the PAHs are predicted
to redistribute from the skeet into the peat. However, previous
studies with weathered pitch suggest such a large redistribution
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of PAHs is very unlikely.”® Ghosh et al.*° found that under
strong extraction conditions (using Tenax beads as an infinite
hydrophobic sink), the PAH mass fraction released from coal
tar pitch materials in sediment did not exceed 40% to 70%.
Therefore, it is unlikely that PAH redistribution of 97% from
weathered skeet into peat would take place in our study, and
the skeet impacted soils are either far from equilibrium or the
Ksygpr values are increasing drastically as PAHs are being
desorbed into the soil matrix.

To test the latter hypothesis, a modified equilibrium study
was performed using a range of skeet to passive sampler mass
ratios to create different levels of PAH depletion from skeet. As
shown in Supporting Information Figure S11, with only 0.3% of
B(a)P mass extracted from skeet (at POM:skeet mass ratio of
500), the Kggppr value increased by 3 orders of magnitude. The
model predictions for skeet soils are generally within an order
of magnitude of the observed values when Kgygpy is assumed to
increase by 2—3 orders of magnitude as a result of depletion
(Figure S12). Previous studies have shown that PAHs in
geosorbents may reside in different fractions that have different
affinities and undergo different rates of desorption."”” What is
remarkable and demonstrated for the first time for weathered
skeet is the drastic 2—3 orders of magnitude increase in
partitioning with only a small fraction loss of PAHs. The
residual PAHs after a small depletion appear to be very strongly
bound resulting in increasing Kggggr values with depletion. The
PAH redistribution from skeet to soil is much less after
considering the highly nonlinear behavior of Kgyger with PAH
depletion. This highly nonlinear partitioning behavior of native
PAHs in skeet (and likely other weathered coal-tar pitch
materials) needs to be taken into account in predictive models
where they serve as the source of PAHs.

Implications for Potential Human Exposure. We show
that PAH sources to soil play a dominating role in PAH
partitioning, followed by soil composition, especially the
presence of native black carbon. Previous studies have
demonstrated that freely dissolved concentrations of PAHs in
soils are good indicators of bioavailability to soil organisms.”>*”
Dermal uptake of PAHs in animals and humans should also be
driven by the freely dissolved concentration exposed to the
external skin surface. A dermal exposure study was performed
using pig skin to evaluate how the absorption rate is influenced
by PAH sources in soil (see Supporting Information). As
shown in Figure 5a, the dermal uptake flux for soils with PAHs
introduced with solvent, fuel oil, soot, and skeet ranged over an
order of magnitude which could not be explained based on
PAH concentration differences in soil. When the dermal flux is
plotted against equilibrium aqueous concentration for the
PAHs, a strong correlation is evident (Figure Sb). Thus, we
demonstrate for the first time that dermal uptake is directly
related to freely dissolved aqueous concentration in soil and not
the total concentration in the soil. While this would make
theoretical sense, most dermal uptake studies relate uptake to
concentration in soil and do not measure or correlate to
aqueous concentration or partitioning.40

Based on the results from the present study, the
bioavailability of B(a)P in soils with skeet or soot as the
PAH source material may be nearly 2 orders of magnitude
lower than soils freshly spiked with PAHs in a solvent (even
after 8 weeks of artificial weathering). Many studies on soil
PAH bioavailability in the toxicology literature have used
radiolabeled B(a)P spikes in solvent to assess PAH exposure
from oral ingestion and dermal uptake.*'”* Even in the
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Figure 5. PHE and B(a)P flux through pig skin as a function of
concentration in soil (A) and equilibrium aqueous concentration (B).

presence of original source material, spiking with a fresh
radiolabeled compound results in a 5—10-fold increase in
observed absorption in skin.® The present results highlight the
importance of using weathered field soils with native PAH
source materials for bioavailability assessment of soil. This
challenges traditional approaches for PAH toxicity and
bioavailability studies with animals and human cadaver skin
that have relied largely on solvent spiked soils, not accounting
for PAH source material effects.
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Soil Weathering. Weathering of the soils used in the present study was conducted at the U.S. Army
Edgewood Chemical Biological Center (Roman Kuperman, ECBC, Aberdeen Proving Ground, MD), and
consisted of two-months of hydrating and air-drying cycles at ambient environmental conditions in a
greenhouse.! Briefly, each of the spiked soils (1 kg) was spread from 2.5 to 4 cm thick in an open glass
container and hydrated with ASTM type I water to 60 percent of the soil’s water holding capacity. The
container with hydrated soil was weighed and placed in a greenhouse before the drying process. After one
week, the container was reweighed to determine moisture loss and rehydrated to the original weight and
thoroughly mixed This process continued on a weekly basis for eight weeks, after which the soils were

air-dried, disaggregated and sieved to < 150um, and stored at 4°C till use.
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Figure S1. Average PAH concentrations in source materials before introduction into soils (n=3, error
bars represent standard error).
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Figure S2. Effect of soil composition on PAH partitioning in solvent and fuel oil spiked weathered soils
with 1mg/kg target BaP (n= 3, error bars represent standard error).
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Figure S4. Kp in BSS spiked with different source materials targeted to achieve 10 mg/kg target BaP
concentration (n= 3, error bars represent standard error).
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Figure S5. Kp in BSS spiked with different source materials targeted to achieve 100 mg/kg target BaP
concentration (n= 3, error bars represent standard error).

Effect of Aging on Soil Kp. To investigate the effect of aging on PAH partitioning, a separate aqueous
equilibrium study was carried out on soils that were freshly constructed with no weathering and Kp
values were compared to that of weathered soils (Figure S6). The weathering process had the largest
impact on lighter PAHs especially for fuel oil and soot where additional PAHs were added to the source
materials. For example, soot and fuel oil soil Kps for phenanthrene and anthracene increased after
weathering by a factor of 6 compared to a factor of 1.5 for B(a)P. Very small change in Kp was observed
for pyrene and higher molecular weight PAHs for soils with fuel oil, soot, or skeet as PAH source
materials.

Overall, the 8-week accelerated weathering process seem to have a much smaller impact on PAH
partitioning relative to other factors like the type of PAH source material. Previous studies have reported
a strong effect of ageing on PAH bioavailability 2, but those studies involved fresh spiking of soils with
PAHs in solvent that are likely to be impacted more strongly by weathering processes.
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S9



180

H solvent H fuel oil soot M skeet

160
_|®
8|S 140 -
Olm
815 120 -
°ls
£(2 100 -
s(x
n2 80 -
oz
eS8 60 -
=S
X zo 40 -

20 -

0 -
e e e e e e e e e e e e
QO N N Q QO QO N N
0’0&0 (\’5\@ J RN o o"b& o'z’\* c&& (&\\@ '\\é
Q\(\e e <<\\) \'b\'b \g\\\) \g\\\) e((\, ’1,?)‘ “ \‘?o\‘(\‘
(\1' (0 0% ) \ \o' ,‘,0
ol z(\"’ e(\'\’ (\\ ‘0?’(\1’ o
2
K2 ® \(\6 Q
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Figure S8. Ratio of Kb in fuel oil spiked soils with/without 2% charcoal addition at different PAH
concentrations (as Target BaP).
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Modeling details for Figure 3 (OC & OC+BC models)

The single domain model (Kb = foc*Koc) only accounts for sorption into natural organic carbon (OC)
and the dual domain model (Kb = foc*Koc + fac*Ksc*Cw ™) accounts for both linear sorption to OC and
non-linear sorption to black carbon (BC). foc and fsc are the measured TOC and BC content in the soils
(Table S4); Koc (from Xia G. S. 1998) and Ksc (from Koelmans et al.2006) are generic organic carbon
and black carbon partitioning constants for PAHs from the literature *4; n is the nonlinearity coefficient *
and Cw is the measured aqueous PAH concentration at equilibrium.. The coal tar model (Kp = foc*Kcoal
tar) assumes that all the carbons (OC+BC), especially in the skeet and soot soils, have the same sorption
capacity as coal tar (Kcoattar from Arp et al. 2014)°; and the foc is the measured TOC content.
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Figure S9. Model predicted Kb against observed Kb in fuel oil spiked soils at different PAH
concentrations (as target BaP).
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a well-mixed system.
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Table S1. PAH concentrations in stock spiking solution.

PAH Concentration in Stock
(mg/1)
Naphthalene 10
Acenaphthylene 0
Acenaphthene 18
Fluorene 12
Phenanthrene 280
Anthracene 177
Fluoranthene 626
Pyrene 461
Benz(a)anthracene 367
Chrysene 359
Benzo(b)fluoranthene 414
Benzo(k)fluoranthene 173
Benzo(a)pyrene 1000
Indeno(1,2,3,-cd)pyrene 297
Dibenz(a,h)anthracene 94
Benzo(g,h,i)perylene 357
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Table S2. Summary of PAH concentrations (as BaP) in experimental soils after 8 weeks of

weathering (n=3).

BaP concentrations in weathered soils

Synthetic soil- Synthetic Synthetic soil- sSz:‘Et;t::
s o Synthetic soil- peat content soil- kaolinite kaolmlte. replaced
ynthetic soil 2 percent reduced to 1 content replaced with with
charcoal fines ercent reduced to2 | montmorillonite humus
P percent
0.05, 0.12, 2.6, and 0.02 and 0.32 0.42 mg/kg BaP 0.15 mglkg 0.26 mg/kg BaP | 0.27 mg/kg
18.1 mg/kg BaP mg/kg BaP BaP BaP
0.04,0.75,5.1,and | 0.41 mg/kg BaP - - - -
58.9 mg/kg BaP
0.11,0.85, 0.93 0.89 mg/kg BaP - - -
13.2 mg/kg BaP
0.1,0.11, 0.09 and 0.1,0.46, and 1.0 mg/kg BaP 0.59 mglkg - -
3.7mg/kg BaP 9.7 mg/kg BaP BaP
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Table S3. Measured PAH partition coefficients for soil components and source materials.

K GHARCOAL KrueL Raoult's law
Krear Kcray  Ksanp (at Cw =1 ng/L) KrueL (Mwiz‘t(l)rgzt/emme) Ksoor

Kskeet (with
minimal depletion)

PAH Compound

Phenanthrene 3.82 <dl <dl 7.03 5.41 5.27 5.44 5.13
Pyrene 4.82 2.00 1.55 7.67 6.35 6.27 6.52 6.00
B(a)P 6.51 3.91 3.45 8.77 8.54 8.29 9.27 7.85
Benzo(g,h,i)perylene  6.70 3.70 3.48 8.57 9.32 9.12 9.14 8.66

note:<dl = below the detection limit
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Table S4. Total organic carbon and black carbon contents in experimental soils after 8 weeks of
weathering (n=3, error bars represent standard deviation).

PAH Source

Control
Control
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent

Solvent

Soot
Soot
Soot
Soot
Soot
Skeet
Skeet
Skeet
Skeet
Skeet
Skeet
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil

Target BaP

concentration

(mg/kg)
0
0
0.1
1
10
100
0.1
1
10

0.1

10
100

0.1

10
100

0.1

10
0.1
1
10
1
1

Composition

BSS

BSS+2% charcoal

BSS
BSS
BSS
BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

BSS+ clay replaced by
Montmorillonite

BSS+ peat replaced by

Humus
BSS
BSS
BSS
BSS

BSS+2% charcoal

BSS
BSS

BSS_duplicate

BSS
BSS

BSS+2% charcoal

BSS
BSS

BSS_duplicate

BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

Total Organic Carbon

(%)

average * stdv

2.63+0.01
2.84+0.01
2.37 +£0.02
2.45+0.01
2.39+0.01
2.48+0.01
2.51+0.01
2.55+0.01
2.51+0.02
0.33*0
2.73+0.12
3.01+0.05

0.42+0.01

2.09+0.01
2390
5.37+0.05
43.00*0
3.50+0
2.98+0
3.01+0.01
3.14+0.05
2.80+0.05
3.59+0.03
3.16 £ 0.02
2.94 +£0.06
2.72£0.06
2.89+0.04
4.85+0.01
2.61+0.04
2.95+0.03
4.46 +0.04
0.51+0
2.95+0.82

Black Carbon (%)

average  stdv
0.36 +£0.03
0.41+0
0.24 +0.02
0.31+0.01
0.44 +0.01
0.34+0
0.34 +0.01
0.38+0.03
0.48+0
0.02+0
0.35+0.03
0.26 £ 0.01

0.02+0

0.33+0.04
0.77 £0.02
0.98 £0.06
34.52+1.26
3.29+0.20
0.46 + 0.06
0.38+0.03
0.38+0.01
0.40+0.01
0.62 +0.06
0.52£0.02
0.21+0.01
0.35+0.04
0.42+0.01
0.64 £0.03
0.29+0.05
0.38+0.01
0.26+0.03
0.06 £0.01
0.52+0.12

Note: BSS consists of 10% peat moss, 20% kaolin clay and 70% sand.
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Table S5. Mass fraction of PAH redistribution into peat under equilibrium (between source
materials and soil components) and non-equilibrium conditions.

PAH mass fraction in

PAH Target BaP peat based on

Source concentration(mg/kg) equilibrium partitioning
phenanthrene

Skeet 1 96%

Skeet 10 69%

Skeet 100 18%

Soot 0.1 83%

Soot 1 32%

Soot 10 4.60%

Soot 100 0.30%

benzo(g,h,i)perylene

Skeet 0.1 97%

Skeet 1 83%

Skeet 10 33%

Skeet 100 4.70%

Soot 0.1 42%

Soot 1 6.80%

Soot 10 0.72%

Soot 100 0.05%
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Table S6. Average masses of POM and soil used for the soil equilibrium partitioning
experiment and their respective percent depletion of PAHs at equilibrium.

PAH
Source

Control
Control
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent
Solvent

Solvent

Solvent

Soot

Soot

Soot

Soot

Soot

Skeet
Skeet
Skeet
Skeet
Skeet
Skeet
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil
Fuel oil

Note: BSS consists of 10% peat moss, 20% kaolin clay and 70% sand.

Target BaP
concentration

(mg/kg)

0
0
0.1
1
10
100
0.1
1
10

1

0.1
1
10
100
1
0.1

1
10
100
1
0.1

1
10
0.1
1
10
1
1

Composition

BSS
BSS+2% charcoal
BSS
BSS
BSS
BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal
BSS+1% peat
BSS+2% clay
BSS+ clay replaced
by Montmorillonite
BSS+ peat replaced
by Humus
BSS
BSS
BSS
BSS
BSS+2% charcoal
BSS
BSS
BSS_duplicate
BSS
BSS
BSS+2% charcoal
BSS
BSS
BSS_duplicate
BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal
BSS+1% peat
BSS+2% clay

Mass of
soil (g)

40.2
40.1
40.1
40.6
40.3
40.1
40.0
6.1
6.0
40.3
40.1

39.9

41.4

41.8
42.2
40.7
7.2
41.4
39.8
40.3
39.6
39.7
39.8
6.0
39.8
39.9
39.6
40.5
40.1
40.0
39.8
40.3
40.5

Mass of
POM (g)

1.003
0.947
0.025
0.026
0.028
0.027
4.953
1.007
0.205
0.026
0.027

0.026

0.025

0.532
0.510
0.502
0.510
1.980
0.025
0.026
0.025
0.026
0.205
1.058
0.026
0.025
0.025
0.026
5.013
1.031
0.208
0.027
0.025

depletion
of pyrene

0.33%
0.89%
0.70%
0.19%
1.21%
2.84%
3.80%
0.14%
0.70%

0.16%

0.44%

5.43%
3.54%
3.32%
1.72%
4.19%
0.02%
0.02%
0.02%
0.001%
0.03%
0.47%
1.54%
0.38%
0.26%
0.09%
4.67%
1.68%
4.40%
0.65%
0.51%

depletion
of B(a)P

0.10%
0.88%
0.90%
0.32%
3.18%
4.47%
3.31%
0.44%
0.83%

0.28%

0.98%

3.01%
1.46%
0.26%
0.06%
0.57%
0.01%
0.02%
0.02%
0.006%
0.11%
0.43%
0.40%
0.32%
0.19%
0.06%
3.60%
1.25%
3.61%
0.64%
0.43%

depletion
of total
PAHs

0.26%
0.96%
1.09%
0.39%
2.59%
3.61%
3.80%
0.44%
1.10%

0.26%

1.59%

5.29%
6.33%
4.85%
0.80%
1.69%
0.02%
0.03%
0.03%
0.01%
0.11%
0.52%
0.97%
0.47%
0.34%
0.14%
4.12%
7.40%
6.53%
1.20%
0.73%
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Table S7. Masses of POM and soil components used for sorption isotherm study.

Corresponding solvent spiked

Soil component . .
P soil target B(a)P concentration

Mass of component (g) Mass of POM (g)

Sand 0.1 mg/kg 0.52 50
Sand 1 mg/kg 0.052 9.68
Sand 10 mg/kg 0.055 5.56
Sand 100 mg/kg 0.021 5.61
Peat 0.1 mg/kg 0.53 0.22
Peat 1 mg/kg 0.2 0.11
Peat 10 mg/kg 0.11 0.051
Peat 100 mg/kg 0.023 0.012
Clay 0.1 mg/kg 0.51 50.1
Clay 1 mg/kg 0.053 5.04
Clay 10 mg/kg 0.053 4.98
Clay 100 mg/kg 0.049 4.93
Charcoal 0.1 mg/kg 0.89 0.0034
Charcoal 1 mg/kg 0.85 0.0027
Charcoal 10 mg/kg 0.74 0.0026
Charcoal 100 mg/kg 0.88 0.0023
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Table S8. Percent depletion of PAHs from skeet into POM in source material equilibrium

experiment.

Percentage of PAH depleted from skeet into POM

Mass ratio of POM/Skeet 0.15 5 50 200 500
Phenanthrene 0.33% 0.82% 1.16% 1.32% 1.38%
Anthracene 0.05% 0.13% | 0.17% | 0.24% | 0.32%
Fluoranthene 0.13% 0.32% | 0.48% | 0.53% | 0.65%
Pyrene 0.23% 0.64% 0.83% 1.02% 1.24%
Benz(a)anthracene 0.12% 0.17% | 0.18% | 0.20% | 0.27%
Chrysene 0.08% 0.10% | 0.11% | 0.14% | 0.19%
Benzo(b)fluoranthene 0.03% 0.08% | 0.12% | 0.15% | 0.21%
Benzo(k)fluoranthene 0.02% 0.03% | 0.04% | 0.05% | 0.07%
Benzo(a)pyrene 0.09% 0.14% | 0.18% | 0.21% | 0.34%
Indeno(1,2,3,-cd)pyrene 0.01% 0.03% | 0.04% | 0.05% | 0.09%
Dibenz(a,h)anthracene 0.02% 0.04% | 0.05% | 0.06% | 0.10%
Benzo(g,h,i)perylene 0.01% 0.03% | 0.05% | 0.09% | 0.15%
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Dermal uptake of PAHs

Pig skin was used as a surrogate for human exposure through dermal uptake due to the similarity
in histological and physiological characteristics and permeability properties.® In the past, full-
thickness skin from a variety of receptors (e.g. rat, pig and humans) has been applied in
percutaneous absorption studies for a diversity of organic contaminants. 7 * 1 In this test, 5 cm?
of full-thickness pig skin (of 2mm thickness) was excised using scissors and scalpel and
transferred onto an evaporating dish. Soils spiked with different PAH source materials (solvent,
fuel oil, soot and skeet) were sieved down to less than 150 um,!! and 100 mg of each dry soil
was evenly distributed onto the skin surface to reach a soil loading of 20 mg/cm?.!? After
spreading the soil evenly, 10 drops of DI water was evenly placed across the skin surface to
provide moisture as suggested by Turkall et al,'* and was subsequently mixed gently with the
soil using a spatula. After that, the evaporating dish was sealed with parafilm and placed in the
dark at 25 °C for 16 hours.

After 16 hours of exposure, the skin was rinsed with DI water and gently wiped with tissue paper
to remove any soil residuals. Then the skin was sliced into small pieces and transferred into a 50
ml Teflon vial to undergo saponification using a method modified from Hy®tyldinen et al.'*
Briefly, 25 ml of 0.5M KOH in methanol/water 1:3 was added into the vial and PAH surrogates
were spiked into the mixture. The vial was capped and placed into a water bath at 100 °C for four
hours for saponification. After cooling, 20 ml of hexane was added into the vial and extracted for
30 minutes on an orbital shaker at 60 rpm. After extraction, the vial was centrifuged at 3000 rpm
for 2 mins and the hexane was transferred into another 60 ml vial using a glass pipette. The
solvent extraction was repeated twice and the three aliquots were combined for further cleanup
and PAH analysis.

Our measured dermal fluxes for PAHs are in the range of those reported in literature. For
example, for phenanthrene the measured flux into skin from solvent spiked soil is 0.28 + 0.04
ng/(cm**hour)(normalized to soil concentration) in this study, which is within the range of 0.22
to 0.40 ng/(cm?**hour)(normalized to soil concentration) observed in an in vitro pig skin study by
Abdel-Rahman et al.'> Also, for benzo(a)pyrene, our observed flux of 0.028 + 0.00
ng/(cm**hour) from solvent spiked soils is consistent with the range of 0.024 to 0.22
ng/(cm?*hour) reported by Wester et al for human and monkey skin. !¢
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Appendix: Raw Data for Figures

Data for Figure 1. PAH concentrations after weathering in baseline synthetic soil prepared with
different PAH source materials targeted to achieve 1 mg/kg B(a)P (n=3, error bars represent £1

standard deviation):

PAH Source

Phenanthrene
Anthracene
Fluoranthene

Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Indeno(1,2,3,-cd)pyrene
Dibenz(a,h)anthracene
Benzo(g,h,i)perylene

solvent
mg/kg SE
0.01 0.00
0.01 0.00
0.03 0.01
0.04 0.00
0.10 0.03
0.11 0.02
0.11 0.02
0.04 0.01
0.23 0.07
0.08 0.01
0.02 0.00
0.08 0.01

fuel oil
mg/kg
0.09
0.09
0.09
0.59
0.21
0.28
0.07
0.02
0.11
0.02
0.01
0.03

SE
0.00
0.00
0.01
0.03
0.01
0.01
0.00
0.00
0.01
0.00
0.00
0.00

soot
mg/kg
0.1
0.1
0.2
0.2
0.2
0.2
0.3
0.1
0.8
0.2
0.1
0.3

SE
0.02
0.02
0.06
0.06
0.05
0.05
0.07
0.06
0.33
0.06
0.02
0.07

skeet
mg/kg
0.46
0.11
1.61
1.52
0.96
0.87
0.80
0.67
0.85
0.54
0.09
0.35

SE
0.02
0.01
0.05
0.04
0.02
0.02
0.04
0.01
0.03
0.02
0.00
0.02
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Data for Figure 2. Comparison of measured partitioning coefficients (log Ko [L/kg]) for soil
components and source materials for PHE, PYR, B(a)P and B(ghi)P). The dark red square
represents Kp for skeet measured with minimal depletion (at POM/skeet mass ratio of 0.125)
while, the orange squares represent Kp measured with increasing depletion of PAHs from skeet
(by increasing POM/skeet mass ratio). For soot and fuel oil, Kp was measured at only one
POM/source mass ratio:

phenanthrene pyrene benzo(a)pyrene Benzo(g,h,i)perylene
source/soil log Cw log Kd log Cw log Kd log Cw log Kd log Cw log Kd
component  (mg/L) (L/kg) (mg/L) (L/kg) (mg/L) (L/kg) (mg/L) (L/kg)
charcoal -5.06 7.1 -5.67 7.8 -6.81 8.86 -7.53 8.8
-3.54 6.1 -4.16 7.2 -5.57 8.61 -6.23 8.4
-2.40 5.4 -2.98 6.9 -4.41 8.38 -5.16 8.3
-1.46 5.4 -1.91 6.5 -3.29 7.86 -4.16 8.2
skeet -1.64 5.1 -2.04 6.0 -4.14 7.9 -5.20 8.6
-3.74 7.2 -4.21 8.2 -6.02 9.7 -7.14 10.5
-4.29 7.8 -4.39 8.3 -6.67 104 -7.75 11.1
-4.86 8.3 -4.83 8.8 -7.21 10.9 -8.12 11.5
-5.34 8.8 -5.24 9.2 -7.44 111 -8.26 11.6
sand -4.70 1.3 -6.25 3.7 -6.99 3.39
-3.79 1.8 -5.28 3.5 -6.18 3.77
-3.07 1.7 -4.52 3.4 -5.29 3.16
-1.97 14 -3.45 3.2 -4.39 3.62
clay -4.93 2.1 -6.39 3.7 -7.2 3.85
-3.94 2.1 -5.64 4.2 -6.3 3.97
-2.91 2.0 -4.52 4.0 -5.1 3.24
-1.95 1.9 -3.45 3.7 -4.3 3.77
peat -4.36 3.6 -4.94 4.8 -6.48 6.5 -7.4 6.80
-3.61 3.9 -4.21 4.9 -5.75 6.5 -6.7 6.85
-2.62 3.8 -3.15 4.8 -4.67 6.4 -5.5 6.51
-1.67 3.9 -2.20 4.8 -3.73 6.4 -4.6 6.64
fuel -2.80 5.4 -4.00 6.2 -6.37 8.67 -7.45 9.2
soot -3.66 5.4 -4.04 6.3 -6.85 9.29 -7.62 9.2
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Data for Figure 3. Comparison of measured and predicted soil Kp using both single domain
model (Kp = foc*Koc) and dual domain model (Kp = foc*Koc + fac*Kac*Cw ™) 4. Soils
presented in the figure are BSS soils spiked with solvent (blue), fuel oil (black), soot (green) and
skeet (orange) at target B(a)P concentration of 1mg/kg:

Source

measured soil Kp
Koc model

oct+ sc model

measured soil Kp
Koc model

oct sc model

measured soil Kp
Koc model

oct+ sc model

measured soil Kp
Koc model

oct sc model

solvent fuel soot
phenanthrene
2.79 £0.01 3.42 £0.02 3.59 +0.03
2.60 2.64 2.58
3.49 3.54 3.85
pyrene
3.49 £0.01 3.76 £0.01  3.91 10.02
3.00 3.05 2.99
3.80 3.85 4.15
benzo[a]pyrene
4,91 +0.02 5.23 £0.02 5.87 £0.04
4.22 4.26 4.20
4.75 4.80 5.06
benzo[ghi]perylene
5.41 £0.02 5.59+0.02  6.58 +0.03
4.77 481 4.76
5.20 5.25 5.49

skeet

4.38 +0.01
2.68
3.58

5.09 £0.01
3.09
3.89

6.61 +0.01
4.30
4.84

7.07 £0.01
4.86
5.29

Data for Figure 4. Comparison between predicted Kp from multi-domain sorption model and

observed Kb for soils with different source materials shown for PHE, PYR, B(a)P, and B(ghi)P).
Solid fills for each shape represent soils with addition of 2% charcoal:

source

Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike

target
conc.(mg/kg)

10
100
0.1

10

composition
phenanthrene

BSS

BSS

BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

estimated
log Kd

2.82
2.82
2.82
4.70
4.70
4.70

measured
log Kd

2.79
3.1
3.6

4.31

4.97

4.43
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Solvent spike
Solvent spike

Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike

Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike

Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike
Solvent spike

Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike

0.1
10
100
0.1

10

0.1
10
100
0.1

10

0.1
10
100
0.1

10

0.1

10

0.1

10

BSS+1% peat
BSS+2% clay

pyrene

BSS
BSS
BSS
BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

benzo[a]pyrene

BSS
BSS
BSS
BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

benzo[ghilperylene

BSS
BSS
BSS
BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

phenanthrene

BSS

BSS
BSS_duplicate

BSS

BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal

BSS+1% peat
BSS+2% clay

pyrene

1.83
2.82

3.82
3.82
3.82
3.82
5.66
5.66
5.66
2.85
3.82

5.52
5.52
5.52
5.52
7.01
7.01
7.01
4.56
5.51

5.7
5.7
5.7
5.7
6.9
6.9
6.9
4.7
5.7

2.90
3.29
3.29
4.13
4.70
4.71
4.80
3.13
3.29

3.15
3.26

3.75
3.49
3.49
4.24
5.39
5.38
4.7
4.23
3.55

5.47
4.91
4.82
5.40
6.36
6.64
6.04
4.91
4.95

5.6
5.4
5.7
6.3
6.2
6.9
6.5
5.5
5.6

3.42
3.31
3.72
4.13
3.86
3.73
2.95
3.17
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Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike

Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike

Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike
Fuel oil spike

Soot spike
Soot spike
Soot spike
Soot spike
Soot spike

Soot spike
Soot spike
Soot spike
Soot spike
Soot spike

Soot spike

0.1

10

0.1

10

0.1

10

0.1

10

0.1

10

0.1

10

0.1

10

100

0.1

10

100

0.1

BSS
BSS
BSS_duplicate
BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal
BSS+1% peat
BSS+2% clay
benzo[a]pyrene
BSS
BSS
BSS_duplicate
BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal
BSS+1% peat
BSS+2% clay
benzo[ghilperylene
BSS
BSS
BSS_duplicate
BSS
BSS+2% charcoal
BSS+2% charcoal
BSS+2% charcoal
BSS+1% peat
BSS+2% clay
phenanthrene
BSS
BSS
BSS
BSS
BSS+2% charcoal
pyrene
BSS
BSS
BSS
BSS
BSS+2% charcoal
benzo[a]pyrene
BSS

3.89
4.25
4.25
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>