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Abstract
Petroleum-derived substances are complex and composed of aliphatic (normal-, iso-, and cycloparaffins), olefinic, and/or aromatic
constituents. Approximately 400 of these complex substances were evaluated as part of the US Environmental Protection Agency
voluntary High Production Volume (HPV) Challenge program. The substances were separated into 13 groups (categories), and all
available data were assessed. Toxicology testing was conducted as necessary to fully address the end points encompassed by the
HPV initiative. In a broad sense, volatile hydrocarbons may cause acute central nervous system effects, and those that are liquids at
room temperature pose aspiration hazards if taken into the lungs as liquids and may also cause skin irritation. Higher boiling
substances may contain polycyclic aromatic constituents (PACs) that can be mutagenic and carcinogenic and may also cause
developmental effects. Substances containing PACs can also cause target organ and developmental effects. The effects of aliphatic
constituents include liver enlargement and/or renal effects in male rats via an a-2u-globulin-mediated process and, in some cases,
small but statistically significant reductions in hematological parameters. Crude oils may contain other constituents, particularly
sulfur- and nitrogen-containing compounds, which are removed during refining. Aside from these more generic considerations,
some specific petroleum substances may contain unusually toxic constituents including benzene, 1,3-butadiene, and/or n-hexane,
which should also be taken into account if present at toxicologically relevant levels.
Keywords
HPV program, petroleum products, complex substances, UVCB

Introduction
The US Environmental Protection Agency (USEPA)
announced a voluntary chemical data collection effort in
1998 called the High Production Volume (HPV) Challenge
Program.1 Chemicals of HPV are those produced or imported
into the United States in aggregate quantities of at least 1
million pounds per year. The challenge to the industry was to
provide information equivalent to the requirements of the
Organization for Economic Cooperation and Development
(OECD) Screening Information Data Set for each of these substances. The relevant information included physical/chemical
properties, environmental fate and toxicity, and mammalian
toxicology end points. Among these substances, approximately
400, identified by unique Chemical Abstract Services (CAS)
numbers, were petroleum derived. The industry formed the
Petroleum High Production Volume Testing Group
(PHPVTG), managed by the American Petroleum Institute
(API), to compile the available data including previously
unpublished information from company sources, identify any
missing information, conduct any necessary testing, and

provide the results to the EPA and to the general public via a
Web site maintained by the API (www.petroleumhpv.org). The
specific types of mammalian toxicological hazards, which fell
within the requirements of the HPV challenge program,
included acute toxicity (effects of single relatively high doses),
repeated dose toxicity, in vitro and in vivo genetic toxicity as
well as developmental and reproductive toxicity, but information addressing other toxicological hazards was also compiled
and summarized when available. This and the other articles in
this supplemental issue of the International Journal of Toxicology summarize the new data, along with previously unpublished information, and assess the mammalian toxicological
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Figure 1. Simplified refinery diagram showing the principal manufacturing steps leading to the substances in the petroleum industry high
production volume (HPV) categories. The 13 petroleum substance categories are shown in bold.

hazards of the substances that the petroleum industry manufactures. An assessment of physical/chemical and environmental
hazards was also covered by the HPV Challenge Program, and
the required information on these other types of hazards was
also compiled and reported but is outside the scope of the
articles in this volume.
A particular challenge of the petroleum industry is that the
majority of the substances that it produces are of complex and
variable character (Chemical Substances of Unknown or Variable Composition, Complex Reaction Products and Biological
Materials [UVCBs]). This is partly because petroleum substances are manufactured from crude oil that itself is complex
and variable, but additionally, because petroleum substances
are manufactured to meet technical specifications related to
operational properties and do not normally have specific compositional requirements. Because this is true, the petroleum
industry relies on generic approaches to the extent possible,
applying the principal that substances of similar structure
usually have similar toxicological as well as physical/chemical
properties—although there are exceptions. This has led to an
assessment strategy in which the complex petroleum substances evaluated within the HPV program were grouped into
categories of similar materials (Figure 1). The evaluations were

based on a ‘‘representative substance/reasonable worst case’’
approach in which materials that were ‘‘representative’’ of the
categories (or subsets thereof) were tested, and the data were
‘‘read-across’’ to other ‘‘similar’’ substances. This raised a
number of questions including the extent to which the test
substances were representative and/or worst case, the substance
domains over which the data were applicable, and the thoroughness to which the hazards were characterized. To meet the
objectives of the HPV initiative, it was necessary to critically
consider the underlying assumptions embedded within the classical approaches and to consider each of the questions raised in
order to meet the overall industry objectives with respect to the
HPV program.
In a broad sense, the substances manufactured by the petroleum industry can be thought of as complex hydrocarbon substances consisting of normal paraffins, iso (branched) paraffins,
cycloparaffins (also referred to as naphthenes), olefins, and
aromatics in various combinations. With increasing boiling
point, the molecular weights of the individual constituents
increase, the molecules become increasingly more complex,
the numbers of possible isomers increase, and the substances
become increasingly complex. Thus, the substances represent a
continuum from relatively simple molecules to substances
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containing large numbers of very complex molecules individually present at low levels. Because the substances are complex,
the process of hazard characterization is challenging, but there
are some simplifying assumptions that make the problems
much more manageable. In practice, with some exceptions, the
constituents of petroleum-derived substance have similar toxicological properties and can be considered on a collective
basis. To a certain extent, this is because most of the constituents of petroleum-derived substances have relatively limited
toxicological properties that are related to their physical/chemical properties; thus, the toxicological hazards of the complex
substances are a combination of the generic hazards of the
constituents plus any specific hazards associated with a
relatively small number of unusually toxic constituents. This
is illustrated by some of the examples subsequently in which it
is shown that the potential for toxicological hazards is largely a
reflection of the levels of benzene, butadiene, polycyclic
aromatic hydrocarbons, or other specific toxic constituents that
may be present in the various substances.
As is demonstrated by the examples described subsequently,
the HPV program process required a critical review of the
previous assumptions about hazard characterization by the
industry. With respect to the points listed earlier, the assessments showed that:

2.

3.

potential, the data from the HPV program have substantially enhanced the previous understanding of the noncancer hazards associated with repeated exposures.
The new data along with careful review of older information extended the understanding of the relationship
between polycyclic aromatic compounds (PACs) and
systemic and developmental toxicity.
A series of empirical models were developed by which
it is possible to predict the outcomes of repeated dose
toxicity, developmental toxicity, and the outcomes of
Salmonella tests from compositional information.2

It is hoped that the new data and the predictive models will
limit the need to conduct further studies to characterize the
toxicological hazards of petroleum substances.
In short, the HPV program confirmed that the historical
approaches used by the industry were appropriate and effective
and that the previous understanding by the industry of the
toxicological hazards of its products was further substantiated
by the enlargement of the toxicology database.

Characterization of Toxicological Hazards
of Petroleum Products
Historical Information and Classical Approaches

1. The categorization strategy used by the industry, which
was originally developed on the basis of end-use applications, has practical utility, as the constraints imposed
by end use are related to physical/chemical properties
and compositional parameters which match up well
with the toxicological hazards of the substances within
the categories. This provides empirical evidence that
the applicability domains are reasonable.
2. The outcomes of the tests were as expected, indicating
that both current and previous test substances were representative. This was also addressed theoretically
through the use of modeling studies in which it was
shown for one example, crude oil, that the effect levels
identified in previous toxicological studies were consistent with the lowest predicted outcomes from other
untested samples.
3. The hazard characterization was sufficiently thorough
to meet the objectives of the HPV initiative. New testing was limited to the end points encompassed by the
HPV initiative, but for many of the substances, the
available information went well beyond the minimum
requirements of the HPV program.
The principal contributions of the petroleum industry’s HPV
program have been in 3 areas:
1. The hazard characterization studies that were conducted
as part of the HPV program primarily focused on the
potential for systemic and/or developmental toxicity.
As the petroleum industry has historically focused on
other toxicological end points, primarily carcinogenic

Classically, the petroleum industry has used 4 general
approaches to characterize the hazards of the substances that
it manufactures:
1.

Reasonable worst case/read across in which a ‘‘representative’’ substance is tested and the results used to
represent the hazards of other ‘‘similar’’ substances.
2. Consideration of the hazards of any unusually toxic
components of the substances.
3. Development of screening tests that are validated by
comparison to the results of in vivo studies.
4. Development of quantitative composition/activity relationship models that can be used to predict outcome
from substance composition.
In some respects, all 4 of these approaches were used in the
context of the petroleum industry HPV program to develop the
information that was used to characterize the hazards of
the substances that it manufactures. Further, these approaches
are not mutually exclusive and, in some cases, were used in
combination. It should be noted, however, that the HPV initiative is only the latest of the toxicological investigations that the
petroleum industry has sponsored.
The first systematic attempt by the petroleum industry to
characterize the hazards of its substances was a series of inhalation toxicity studies by Carpenter and coworkers that were
published in the early 1970s. As explained in the first of a series
of articles describing this work,3 approximately 15 generic
types of materials were identified covering a range of volatile
petroleum substances and hydrocarbon solvents. The sample
matrix was intended to cover as broad a range of compositions
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and physical/chemical properties as possible, taking both
hydrocarbon type (aliphatic, cycloaliphatic, aromatic) and carbon number/distillation range into account. The selected substances were tested following a common protocol that included
acute inhalation toxicity studies in several animal species,
repeated inhalation toxicity studies in rats and dogs, tests of
sensory irritation in mice, and short-term exposure studies with
human volunteers. As the specific objectives of this program
were to provide information that would be useful in managing
the hazards of occupational exposures, the end points of particular interest were acute central nervous system (CNS) effects
and acute eye and respiratory irritation, although the potential
for effects associated with repeated exposure was also considered. An overall conclusion was that these relatively volatile
petroleum-derived substances could cause acute CNS effects
and some could be irritating to the eyes and respiratory tract,
but they did not appear to cause profound target organ effects.
The evidence for acute CNS effects and the potential for discomfort were taken into consideration in recommendations for
occupational exposure limits. The one potentially pathological
change that was noted in the repeated exposure studies4 was a
kidney lesion in male rats, which Carpenter et al interpreted as
an exacerbation of ‘‘nonprogressive murine nephrosis,’’ a
spontaneous aging lesion. Studies that were conducted to further assess the toxicological significance of these renal
lesions5-7 contributed to the ultimate identification of this
effect as a male rat-specific nephropathy (a2u-globulin
mediated nephropathy) that does not occur in humans.8,9
In the late 1970s, the petroleum industry conducted another
program to collect base toxicological data on a range of volatile
and nonvolatile petroleum-derived substances. Studies assessed
the hazards of acute and subacute (2 weeks) exposure,10 and the
potential for in vitro and in vivo genetic toxicity was investigated.11 Some substances were tested for developmental toxicity.12 There was also an investigation of carcinogenic potential
using dermal application studies in mice (note 1).13
These initial studies led to longer term studies when these
were justified by the potential for exposure, including 90-day
and chronic toxicity/carcinogenicity studies of gasoline14,15 and
green petroleum coke.16 The principal finding in the repeated
exposure studies of gasoline was an increased incidence of
specific kidney changes and ultimately an increased incidence
of renal tumors in male rats. Like the earlier observations of
Carpenter et al,4 these changes were eventually shown to have
been the consequence of an a2u-globulin-mediated process in
male rats, which is not relevant to humans.8,9 The findings in the
petroleum coke studies, associated with dust accumulation in the
lungs described as inflammatory changes, were found in rats but
not in monkeys.16 As discussed in more detail subsequently,
substances for which exposure was likely to be by skin contact
were tested in repeated dermal application studies.
In a review of the chronic gasoline study, Scala17 provided
an example of a ‘‘reasonable worst-case’’ test sample. A survey
of commercial fuels was conducted, and a sample was then
custom blended to meet the specifications for an average summer blend of gasoline in the market place in 1976. The benzene

content of the test sample was increased from 1% (typical at
that time) to 2% to avoid underestimating any potential hazards
associated with benzene exposure. Performance additives that
are product specific and proprietary were limited to those necessary to maintain substance stability over the test period, and
butane was added to raise the Reid Vapor pressure. In later
years, the focus of testing shifted from hazard identification
to risk assessment, and many of the inhalation toxicity studies
used the more volatile constituents (‘‘light ends’’) rather than
fully vaporized material as the test substances. Because of the
potential for relatively widespread exposure, more specialized
studies to investigate the potential for noncarcinogenic hazards
including reproductive and developmental toxicity of gasoline18,19 were also conducted. The 90-day and chronic studies
of gasoline that were conducted in the 1980s investigated the
potential effects from exposure to fully vaporized gasoline; but
by the late 1990s, it was recognized that exposures to gasoline
vapors were dominated by the more volatile constituents. Subsequent investigations have focused on the ‘‘light ends’’ rather
than the full range of gasoline constituents, and the focus has
shifted from hazard identification to risk assessment. As few
effects were observed in any of these gasoline studies, the
different testing strategies were most likely unimportant.
However, the differences between the substances as they are
manufactured and the constituents to which humans are ultimately exposed need to be taken into consideration if the
hazard characterization data are to be used for risk assessment.
Studies were also conducted by repeated dermal application
to assess the potential hazards of higher boiling, low-volatility
substances. Some of these focused on repeated exposures for
relatively short periods of time,10 but the majority of these tests
were chronic dermal application tests in mice. As summarized
by McKee et al,20 evidence from the first half of the 20th
century indicated that some base oils used in lubricant manufacture or as metal working oils could cause dermal cancer. The
carcinogenic agents were identified as high-boiling aromatic
constituents (PACs), and a test method involving repeated
application to the skin of mice was developed as a means of
identifying potentially carcinogenic streams. Beginning in the
late 1940s, the use of catalytic cracking, a refining process by
which larger, less commercially important molecules are converted to smaller molecules that can be used in fuels blending,
became an increasingly important refining process. Because
catalytic cracking (note 2) as well as thermal cracking, a similar
process using high temperatures, yields output streams that
tend to contain relatively high levels of PACs, mouse dermal
application studies were conducted to identify process streams
that contained PACs at potentially hazardous levels.21-24 It
should be noted that, although the carcinogenic hazards of
these high boiling petroleum substances are related to PAC
content in general, the specific PAC molecules are complex
and difficult to identify, and attempts to predict the dermal
carcinogenic potency in quantitative terms based on levels of
specific marker substances (eg, benzo(a)pyrene) have been
unsuccessful. One pragmatic solution to this problem is to treat
the PACs on a generic basis and to develop process conditions
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that remove or convert the carcinogenic constituents to yield
noncarcinogenic oils for lubricant manufacture.25 Another
approach has been to exclude these molecules to the extent
possible largely from products that could be sold to the
population at large, particularly transportation fuels, through
specifications that limit the upper bounds of the distillation
ranges of the finished products. Finally, there are some streams
for which removal of the carcinogenic constituents is not
practical, necessitating the development of risk management
measures to minimize exposure. Most importantly, industry has
developed practices to manage the hazards based on an understanding of the types of molecules that are of concern but
without requiring detailed information on which of the
aromatic molecules specifically have carcinogenic properties.
Because some petroleum-derived substances have carcinogenic properties, the petroleum industry has had a strong interest in the development of screening and/or predictive assays to
efficiently differentiate between substances that could produce
dermal cancer via genotoxic properties and those that cannot.
This led to the development of screening tests that involve
extraction of the PACs into dimethyl sulfoxide followed by
either direct measurements of the weight of the extract (IP
346)26 or a measure of its mutagenic properties using a modification of the Salmonella assay.27 The IP346 and optimized
Salmonella tests were validated by comparison to the results of
dermal carcinogenesis bioassays 28-32 to assess both sensitivity
and selectivity of the screening assay procedures. Data generated within the HPV program made possible the development
of compositionally based models that could be used for other
end points. More specifically, the industry developed models
that can be used to calculate the potential for certain high
boiling point petroleum substances, specifically those with
final boiling points >344 C to produce target organ and/or
developmental toxicity based on compositional information.
A series of articles describing the development of the method
and its applications has been published elsewhere (eg, Gray
et al2). A previous publication based on a series of repeated
dose and developmental toxicity tests of a series of high boiling
point refinery streams showed that these substances produced
similar target organ and developmental effects and that these
effects were associated with PAC content33; however, quantitative relationships between the levels of PACs in the test samples and outcomes measured in the toxicity tests were not
defined. A related and also very important observation was that
the aliphatic constituents of these substances made no apparent
contribution to the toxicological properties. From the data in
this publication as well as in results of other, unpublished
studies, the PHPVTG developed statistical models to predict
target organ and developmental effects of high boiling point
petroleum substances from their aromatic contents.34
In addition to the generic considerations, there are a number
of hazardous constituents that may be present at variable levels
in some specific types of petroleum substances; some of these
are specifically identified and some have only been characterized in generic terms. Crude oils may contain hydrogen sulfide
that is highly irritating and acutely toxic,35 and other sulfur-

containing molecules may also be present.36 Depending on the
method of production, some gas streams may contain hydrogen
sulfide, carbon monoxide, benzene, and/or 1,3-butadiene.
Some naphtha streams may contain benzene or other molecules
with specific regulatory limits including n-hexane, and the distillate streams may contain naphthalene. Each of these constituents has toxicological properties that are unique and
distinguished from other molecules of similar structure. From
a manufacturing perspective, it is necessary to know which
process streams are likely to contain unusually hazardous constituents in order to control exposures. On the other hand, to a
certain extent, the hazards of these unusually toxic constituents
are managed almost independent of the process streams in
which they may be present. For example, benzene 1,3butadiene and hydrogen sulfide have their own occupational
exposure limits, and industrial hygiene practices are designed
to avoid overexposure to these substances, regardless of the
complex substances from which they originate.

Contributions of the New Information Obtained During
the HPV Program
Within the context of the HPV program, it was necessary to
consider 3 principal questions:
a. whether the historical data were comprehensive;
b. whether the compositional characterization of petroleum substances was sufficient; and
c. whether the historical approaches were reasonable.
Taking these in order:
a.

Sufficiency of historical information: the petroleum
industry had previously focused on carcinogenic potential as the greatest concern associated with repeated
exposure. Within the HPV program, the potential for
target organ and/or developmental effects was investigated more thoroughly across a range of substances, and
more consideration was also given to the potential for
reproductive toxicity and in vivo mutagenic effects. As
discussed subsequently, it was shown that some of the
substances can produce target organ and/or developmental effects, but these are associated with the levels
of PACs that are also the carcinogenic constituents. In
articles published elsewhere, methods were developed
by which the potential for petroleum substances to
cause these effects could be predicted from compositional information.34,37,38 Previously published information indicated that reproductive effects were
unlikely at treatment levels producing other effects and
were, therefore, unlikely to represent critical effects for
risk assessment.39 The studies of micronucleus induction and an indicator of in vivo mutagenic effects provided information suggesting that most petroleum
substances, even those with high levels of PACs, are
unlikely to be mutagenic under in vivo conditions.40
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Sufficiency of compositional information: since petroleum substances are complex and variable, compositional
information is usually relatively generic and limited to
the types of molecules that they contain and the boiling
ranges/carbon numbers that define the substance boundaries. With a few exceptions, levels of individual constituents are not specified. That having been said, the
assessments in the petroleum industry HPV program
included evaluations of certain kinds of substances that
could be used to predict toxicological effects from compositional information. In particular, it was shown that for
high boiling point petroleum substances (ie, those with
final boiling points >344 C), the aliphatic constituents
are essentially nontoxic, and the toxicological hazards
associated with the aromatic constituents can be predicted from compositional indicators.2 For more volatile
petroleum substances, the principal hazards are associated with a few constituents with unusual toxicological
properties, in particular benzene and 1,3-butadiene.
Adequacy of historical approaches: using the new
models, it was possible to compare outcomes of toxicological tests to predicted outcomes of other substances
across substance categories. The modeling exercises confirmed that the effects obtained with the previously tested
examples were produced at similar or lower levels than
the predicted outcomes. Thus, the results of the HPV
program showed that the historical approaches of the
industry were reasonable and that the samples previously
chosen as ‘‘worst case’’ had been appropriate for use in
defining the hazards of the other related substances.

Characterization of Toxicological Hazard Information for
Major Categories of Petroleum-Derived Substances
The articles included in this volume summarize new information on 10 of the substance categories (crude oils, gases,
naphthas, jet fuel/kerosene, gas oils, heavy fuel oils, lubricant
base oils [LBOs], aromatic extracts, petroleum coke, and 2
types of reclaimed substances [naphthenic acids and disulfide
oils]). In addition, there was 1 category of substances (asphalt)
for which testing was conducted but reported separately41 and 2
categories (waxes and grease thickeners) for which the available information was considered sufficient. For completeness,
summaries of the overall conclusions relating to the toxicological properties of all of the categories of petroleum-derived
substances are provided subsequently.
Crude oils are a group of complex substances described by a
single CAS number (8002-05-9), which are used as the starting
material for other petroleum substances. Crude oil may contain
hazardous constituents including benzene and PACs that may
be carried forward through the refining processes and may
ultimately contribute to the hazards of any substances in which
they are found in significant quantities. Crude oils may also
contain other hazardous constituents such as hydrogen sulfide
and mercaptans that are removed during refining. Thus, the
hazards of any specific crude oil are related to the constituents

that it contains and the levels that may be present. In general
terms, the acute toxicological properties of crude oils are associated with volatile constituents including hydrogen sulfide,
other volatile sulfur-containing constituents (eg, mercaptans),
and volatile hydrocarbons. Chronic hazards are primarily
associated with the potential for exposure to benzene and/or
polycyclic aromatic compounds.
Previous studies of 2 specific crude oils had shown that they
could produce target organ and developmental toxicity with
repeated dermal exposure.42,43 Using compositional modeling
developed as part of the HPV program, the potential hazards of
46 additional crude oils were predicted.44 The results showed
that the lowest predicted effect levels were similar to the lowest
effect levels of one of the previously tested crude oils. This
supported the view that the existing data could be used as a
reasonable worst case and that further testing to characterize
the hazards of individual crude oils was unnecessary.
The initial step in the refining process is to separate the
constituents of crude oil by boiling under atmospheric pressure
as shown in Figure 1. This results in gaseous and liquid streams
that can be used for blending of fuels along with a residuum
that can be further processed either by catalytic cracking to
produce lower molecular weight material that can also be used
for blending or by separation of fuels under vacuum (vacuum
distillation; Figure 2) which is used to produce LBOs, aromatic
extracts, waxes, and asphalt.
Hydrocarbon gases are substances that exist in the gaseous
state at room temperature and are composed primarily of C1 to
C4 hydrocarbons (methane, ethane, propane, and butane) along
with some entrained higher molecular weight hydrocarbons, particularly pentane and hexane isomers (note 3). The gases had
previously been considered as simple asphyxiants with the major
hazards being primarily fire and explosion.45 The PHPVTG
sponsored studies to characterize the repeated dose and developmental/reproductive hazards of the gas constituents individually
as well as the principal commercial product and liquefied propane gas. The only notable finding was a small and not statistically significant reduction in mating in the high-exposure (9000
ppm) group in the isobutane study. Assuming on a worst-case
basis that this result was toxicologically significant and using the
results of these studies as well as previous data on other hydrocarbons that could be present in these streams, a method was
proposed by which the toxicity of any complex petroleum gas
stream could be calculated based on its constituents.46 Ultimately, the most important consideration was whether or not the
gaseous streams contained benzene and/or 1,3-butadiene which
must be controlled in terms of their own regulatory requirements.
Naphtha is a generic term for gasoline-blending streams and
refers to complex hydrocarbon substances with constituents
having carbon numbers in the range of C4 to C12. Exposure
to naphthas (and formulated gasoline) may cause acute CNS
effects and/or respiratory irritation at high vapor concentrations47-49 and may cause chemical pneumonitis if aspirated into
the lungs50 but has not been associated with other toxicological
effects except under conditions of intentional abuse. The characterization of the toxicological hazards of naphthas has
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Figure 2. Simplified refinery diagram showing vacuum distillation of atmospheric residuum and the manufacturing steps leading to the
production of lubricating base oils, waxes, bitumen, and aromatic extracts.

utilized ‘‘reasonable worst case’’ examples based on studies in
which substances with relatively high levels of the various
types of hydrocarbon constituents, paraffins, olefins, aromatics, and cycloparaffins, were tested. Since data on
paraffinic-, olefinic-, and aromatic-rich streams had been previously published, a cycloparaffinic-rich stream was tested in a
repeated dose/reproductive toxicity screening test to complete
the matrix. As no hazards were identified that differed from
previously published results of either naphtha streams or formulated gasoline, it was concluded that the hazards of all
naphthas fall within the range of substances tested and that
further toxicological testing for hazard characterization is
unnecessary.51 Benzene, when present, must be taken into
account and, in particular, the occupational exposure recommendations for benzene must be observed. Finally, with respect
to risk assessment, it should be noted that naphthas may have
relatively wide boiling ranges and that exposures are primarily
to the more volatile C4-C6 constituents. This distinction needs
to be taken into consideration when the results of toxicological
tests are used for human health risk assessment.
Kerosene/jet fuel is a category of hydrocarbon fuels with
boiling ranges of approximately 150 to 290 C and carbon
numbers in the range of approximately C9-C16. Historically,
‘‘kerosene’’ was the principal commercial product from the
refining industry but is now primarily used to blend turbine
fuels for the aviation industry. Because kerosene and jet fuel
are less volatile than substances used in gasoline blending (ie,

naphthas), they are not acutely toxic (note 4) by inhalation52 or
by oral or dermal administration (although they can cause
chemical pneumonitis if taken into the lungs in a liquid state).10
Kerosene and jet fuel may be irritating to the skin but are not
eye irritants and do not produce allergic contact dermatitis.10
Kerosene produced minimal effects when tested by inhalation
in rats and dogs at levels up to saturated vapor concentrations.52
Salmonella tests of kerosenes and jet fuels have usually yielded
negative results,29,53 and these substances did not increase
micronucleus frequency when tested in bone marrow assays
in mice.53,54 Repeated dermal application of straight run kerosene and jet fuel A to mouse skin increased the frequency of
squamous cell tumors, but the tumors were judged to have been
due to promotional processes related to repeated dermal irritation, in part because kerosene and jet fuel are not mutagenic- or
carcinogenic-initiating agents.55-57 Kerosene is not a reproductive or developmental toxicant,58 and jet fuel had no effects on
either fertility or development.59,60 To help meet the HPV
Challenge Program goal of bringing previously unpublished
data into the public domain, a 13-week subchronic dermal
toxicity test with neurotoxicological evaluations was made part
of the PHPVTG’s submission to EPA. 61 There were no
treatment-related effects other than skin irritation at the highest
dose tested (495 mg/kg/d).
Gas oils are a category of complex hydrocarbon substances
with carbon numbers of C9 to C30 and boiling ranges of approximately 150 to 450 C that are primarily used to manufacture
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diesel fuels and residential heating oils. In many respects, the
gas oils are like the substances in the kerosene/jet fuel category,
but some contain aromatic constituents of more than 3 rings
that have toxicological properties that differ from the 1- to 2ring aromatics that may be found in the kerosene and jet fuels.
Although there are no compositional specifications for the
individual gas oil blending streams, the specifications for diesel
fuel and heating oil include limits on boiling range (the 90%
boiling point is less than 338 C) and total sulfur content
(15 ppm) which effectively limit the types of aromatic constituents that may be present in the end products of those with 1 to
3 aromatic rings.62 Gas oils are not acute oral or dermal toxicants10 and the lethal concentration 50 (LC50) values are >1.8
mg/L.62 Gas oils are not eye irritants and do not cause allergic
contact sensitization but may be irritating to the skin.10 In
Salmonella tests, gas oils may or may not be mutagenic
depending on the types and levels of aromatics that they contain55; but the gas oils do not increase frequencies of micronuclei when tested under in vivo conditions.53 The gas oil
streams that do contain specific aromatic constituents at toxicologically relevant levels can also induce skin tumor formation in mouse skin via a genotoxic process.55-57 The gas oil
streams that do not contain high levels of PACs can also induce
mouse skin tumors; however, these substances are not tumorinitiating agents and appear to act via a promotional process
related to repeated skin irritation.56,57 Although gas oils have
not been tested in 2-generation reproductive toxicity tests, it
seems unlikely that they would affect fertility, given the
absence of reproductive effects in studies of substances in categories containing both lower (ie, jet fuels)59 and higher (ie,
heavy fuel oils [HFOs])63 boiling constituents.
As part of the HPV program, 2 types of gas oils, a blend of
commercial diesel fuels (ultralow sulfur diesel [ULSD]), and
aromatic-rich streams from a catalytic cracking process were
tested for target organ and developmental effects in repeated
dermal application studies. The ULSD did not produce target
organ effects or developmental effects at treatment levels up to
600 mg/kg/d, whereas treatment with the aromatic-rich streams
increased liver weights, reduced maternal thymus weights, and
reduced certain hematological parameters and also produced
developmental effects in a manner related to the levels and
types of aromatics present in the specific gas oil streams
tested.33,64 The new data from the HPV program provided
additional information showing that the target organ and developmental effects are associated with PACs.
Heavy fuel oil components, a category of substances with
carbon numbers in the range of approximately C20 to C50, are
primarily used as fuels in industrial boilers and other direct
source heating applications such as blast furnaces. Heavy fuel
oils are not acutely toxic by oral administration or dermal
application65 and have such low vapor pressures that they do
not present hazards by inhalation (although lower boiling point
material is sometimes added to reduce viscosity and improve
flow characteristics). The HFOs may be irritating to the skin
but are not eye irritants and do not cause allergic contact dermatitis.65 The principal toxicological concern associated with

HFOs is that they may contain high levels of PACs, and the
toxicological studies have tended to use catalytically cracked
clarified oil (CCCO, CAS number 64741-62-4), a high boiling
point bottom fractions from a catalytic cracking process with
high levels of PACs as a means of characterizing the hazards of
this group of substances on a ‘‘worst-case’’ basis. The CCCO
was lethal to rats when applied repeatedly at high doses and
produced profound liver and thymus effects and reduced hematological parameters among the survivors.66 The CCCO is
mutagenic in Salmonella28,29,67 but does not increase micronucleus frequency when tested under in vivo conditions.68 The
CCCO causes skin tumors in repeated dose dermal studies in
mice.69,70 In developmental toxicity tests, CCCO reduces fetal
survival and increases the frequency of resorption33,71-75 but
has no effects on reproductive parameters.63 Repeated dose and
developmental toxicity tests of CCCO, conducted as part of the
HPV program, produced results consistent with previous
reports. The predicted effects for other HFO components,
based on their PAC contents, supported the view that CCCO
was a worst case for substances in this category.75 The systemic
and developmental hazards of any specific HFO stream can be
predicted from its composition using the PAC models.34,37,38
Lubricant base oils (LBOs) are substances used in the manufacture of formulated lubricants and greases. The starting
materials are vacuum gas oil streams with differing viscosity
characteristics and a residuum (vacuum residuum; Figure 2).
These ‘‘raw’’ LBOs contain PACs and can produce tumors if
repeatedly administered to mouse skin.25,30 Based on the PAC
content, they could also produce target organ and developmental effects. These oils are further refined usually by solvent
extraction, a process that selectively removes high-boiling
aromatic components resulting in noncarcinogenic base stocks
or hydrogenation to remove the aromatics or convert them to
saturated constituents. The LBOs, as currently manufactured
do not contain PACs at hazardous levels, are not carcinogenic,76 and, as demonstrated by experimental studies conducted as part of the HPV program along with other data,77
do not produce either target organ or developmental toxicity.
Because the unrefined LBOs contain PACs and are carcinogenic, it seems reasonable to assume that they could also
produce target organ and developmental effects in repeated
dose studies. Further, it is possible to predict the outcomes of
repeated dose and developmental toxicity tests using the PAC
models. As there appeared to be no practical benefit to
conducting toxicological testing to further characterize the
potential hazards of unrefined LBOs, no testing was conducted.
Waxes are high-molecular-weight paraffinic constituents
removed from refined LBOs by low temperature separation
or solvent extraction. At this stage, the waxes are referred to
as slack waxes and may contain other hydrocarbon constituents
as entrained material. At 1 time, some waxes were produced
from unrefined LBOs and the entrained material contained
carcinogenic constituents,78 but in modern base oil production
the entrained hydrocarbons, like the LBOs from which they are
derived, are not carcinogenic and do not produce target organ
or developmental toxicity. It was concluded that for HPV
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purposes, the potential toxicological hazards, or lack thereof, of
hydrocarbon waxes could be predicted based on the knowledge
of process history and/or compositional information.
‘‘Aromatic extract’’ is a term for the aromatic-rich materials
removed from raw LBOs by solvent extraction. Aromatic
extracts are not acutely toxic, highly irritating, or sensitizing,
but, as shown by previous studies79 as well as studies conducted
as part of the HPV work, distillate aromatic extracts can produce
the target organ and developmental effects that are characteristic
of PAC-containing substances.80 Aromatic extracts are also
mutagenic in appropriately modified Salmonella tests28,29 and
produce skin tumors when repeatedly applied to mouse
skin.25,30,81 Based on the results of Hoberman et al,63,74 aromatic
extracts are not expected to be reproductive toxicants.
Asphalts (bitumens) are substances derived from vacuum
residuum with high boiling points (typically > 450 C) and are
comprised of high-molecular-weight (500-5000 Da) very complex molecules. Because asphalts are solid or semisolid at room
temperature, the exposure is primarily to fumes created when
asphalt is heated in order for it to be applied during roofing or
paving applications. The primary hazards are considered to be
related to burns or irritant effects from the hot material. The
principal toxicological concern has been the potential for
asphalt to cause cancer, based in part on reports that asphalt
fume condensate was carcinogenic when repeatedly applied to
mouse skin.82 In contrast, a sample of commercial paving
asphalt was not carcinogenic in the mouse skin assay,83 asphalt
fume condensate did not produce lung tumors when tested in a
chronic inhalation toxicity study in rats,84 and no consistent
association between inhalation and dermal exposure to asphalt
was demonstrated in epidemiology studies.85 In order to assess
whether asphalt fume exposure might be associated with any
other toxicological effects, the potential for repeated dose and
reproductive toxicity was assessed following an OECD 422
protocol and using inhalation as the route of test material
administration. An assessment of the potential for in vivo mutagenic effects was also included in the study design. As reported
elsewhere, there were minimal systemic effects associated with
the deposition of asphalt fume in the lung, but there were no
effects in the assessments of reproductive and/or developmental effects and no evidence of in vivo mutagenic potential was
obtained.41
Grease thickeners are reaction products of fatty acids and
metal salts (ie, soaps) that are used in the formulation of
greases. In effect, the thickeners provide a matrix that holds
the lubricants (LBOs as described earlier) in contact with the
intended surfaces. Usually, the process of grease manufacture
occurs as a single step in which the fatty acids and metal salts
are reacted in the presence of the LBOs and any performance
additives. As the LBOs from which greases are manufactured
are refined and do not present toxicological hazards as
described earlier, and the fatty acids are food grade material,
if there are any hazards related to the greases, these are due to
either the metal salts or the performance additives and not
within the scope of this assessment. For a review of the relevant
information, see API.86

Petroleum coke is the residual material from a thermal
cracking process and is essentially inorganic carbon although
some residual hydrocarbon may be entrained in the coke. The
previous toxicological data suggested that petroleum coke, per
se, did not cause acute or repeated dose toxicity but could
accumulate in the lungs. The results of the present program,
an OECD 422 repeated dose/reproductive toxicity screening
test, were consistent with previous information. The coke did
accumulate in the lungs and induced an inflammatory response
at levels consistent with previous investigations but did not
cause systemic or developmental toxicity.87
Reclaimed substances are by-products of petroleum refining
and cover a range of materials of differing properties. For
purposes of this assessment, the petroleum industry has identified 4 types of wastes: acids and bases; disulfide oils;
naphthenic acids; and waste oils.
Acids and bases are waste materials recovered from processes
involving caustic washes or chemical neutralization, are characterized by either very high or very low pH, and are corrosive to
the skin and eyes. Depending on the characteristics of these substances, some components can be recovered and reused and one
of these substances, a caustic tar solution, can be used as a feedstock for the production of cresylic acid. Because of the corrosive
nature of these substances, they are handled and disposed of
with particular care. Further testing to characterize the potential
for toxicological hazards associated with repeated exposure
seemed neither justified from a risk assessment context nor
consistent with the principles of responsible animal husbandry.88
Disulfide oils are substances with very intense odors due to
the presence of sulfur-containing constituents. The potential
toxicological hazards of disulfide oils were characterized using
available information on dimethyldisulfide.89
Naphthenic acids are organic acids that are removed during
the manufacture of distillate fuels. They are considered as
wastes by the petroleum industry but are refined by third parties
for use in manufacturing process oils (naphthenates). Chemically, these substances are alkyl-substituted cycloaliphatic carboxylic acids. Previous information90 provided evidence that
naphthenic acids from refining processes have limited acute
toxicity and are not mutagenic under in vitro conditions.91
Based on studies conducted as part of the HPV program,
refined naphthenic acids can produce both target organ and
developmental toxicity, but they are not in vivo mutagens. The
overall no-effect levels were approximately 100 mg/kg/d.92 It
should be noted that higher molecular weight naphthenic acids,
isolated from waste streams from oil sands operations, produced systemic and developmental effects at levels much lower
than those tested in the present study.93,94
Waste oils are primarily the hydrocarbon constituents collected as wastes in the refinery, particularly from sumps. The
compositions of these materials cannot be defined; however, as
they are commonly blended with crude oil and used as refinery
feeds, it would be reasonable to assume that the hazards of
these materials are similar to those of the starting crude oil.
However, if it is possible to differentiate the wastes based on
physical/chemical properties, the potential hazards of lower
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weight, more volatile materials would probably be
those of naphthas, whereas the hazards of higher
weight, less volatile material, could be assumed to
to those of heavy fuel oils.95
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The petroleum industry had previously conducted toxicology
tests of representative substances to assess the acute and
repeated dose effects of petroleum substances. The potential
for genetic toxicity, developmental toxicity, and carcinogenesis
had also been assessed. There were tests of the reproductive
potential of gasoline vapors, but assessments of the potential
effects of nonvolatile petroleum substances on fertility were
more limited. In the context of the HPV program, the industry
reevaluated its representative substance approach on a category
basis as a means of addressing the challenges associated with
substances of unknown and variable composition (UVCBs).
The new data provided additional support for the historical
approach as both a reasonable and a pragmatic method to characterize the toxicological hazards of a wide range of petroleumderived substances. Although there are some exceptions, most
of the constituents of these substances have similar toxicological properties and can be characterized on a generic basis and
that greatly simplifies the challenges associated with assessments of UVCB substances.96 In general, the data showed that
the principal toxicological hazards of the relatively low boiling
point petroleum substances (petroleum gases, naphthas, kerosene/jet fuel, and some gas oils) are associated with the potential to produce acute CNS depression and/or respiratory
irritation if inhaled at high levels, chemical pneumonitis if
taken into the lungs in the liquid state, or dermal irritation in
situations involving repeated skin contact. However, there are
some constituents including benzene, 1,3-butadiene and
n-hexane, which are exceptional and also need to be taken into
account in the overall assessments of the hazards of the substances in which they occur at toxicologically important levels.
The higher boiling substances including some gas oils, HFO
components, lubricating oil base stocks, and aromatic extracts
contain polycyclic aromatic components at levels high enough
to raise concerns about dermal cancer. As shown herein, these
substances can also cause target organ effects and/or developmental toxicity, and the likelihood for such effects can be
predicted based on compositional information. The removal
of PACs during refining yields finished lubricants and waxes
that are not carcinogenic and, similarly, do not cause target
organ or developmental toxicity. The data summarized earlier
also provide a basis for characterizing the hazards of substances
in most of the remaining categories, although there are a few
exceptions being hydrogen sulfide in crude oil and caustic
constituents in some waste streams. In summary, the toxicological hazards of high volume petroleum substances were
assessed, the objectives of the HPV program were satisfied,
and the classical approaches that the petroleum industry has
used to characterize the hazards of these substances were
further justified.
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Notes
1. Many of these studies were originally summarized in a book entitled
The Toxicology of Petroleum Hydrocarbons, H. MacFarland, C.
Holdsworth, J. MacGregor, R. Call and M. Kane, eds., published
by the American Petroleum Institute, Washington D.C. in 1982. The
papers were later republished in Applied Toxicology of Petroleum
Hydrocarbons, vol VI of Advances in Modern Environmental Toxicology, H. MacFarland, C. Holdsworth, J. MacGregor, R. Call, and
M. Kane, eds. Princeton Scientific Publishers, Princeton, NJ, 1984.
2. Cracking is a term used in refineries to refer to processes by which
high-molecular-weight hydrocarbons are converted into lower
weight materials that can be used in blending of fuels. As indicated,
this can be done either in the presence of a catalyst (‘‘cat cracking’’) or at elevated temperature (thermal cracking or coking). The
use of these processes results in a material that is relatively rich in
aromatic and olefinic constituents.
3. For purposes of this document, the discussion is restricted to
‘‘petroleum gases’’ that are composed primarily of hydrocarbons
and used principally as fuels. There are also ‘‘refinery’’ gases that
are primarily inorganic and can be process gases used in the refinery (eg, hydrogen) or wastes (eg, hydrogen sulfide).
4. In this context, acute toxicity is operationally defined. Substances
that are not ‘‘acutely toxic’’ are those that do not produce deaths in
more than 50% of the treated animals at either doses that are
considered to be sufficiently high to meet regulatory purposes or
those that are the highest that can be administered either because of
the physical properties of the test substances or for humane reasons.

References
1. USEPA. Data Collection and Development on High Production
Volume (HPV) Chemicals. Federal Register 65 (248):81686;
December 26, 2000.

Downloaded from ijt.sagepub.com by guest on March 6, 2014

14S

International Journal of Toxicology 33(Supplement 1)

2. Gray T, Simpson B, Nicolich M, et al. Assessing the mammalian
toxicity of high boiling petroleum substances under the rubric of the
HPV program. Regul Toxicol Pharmacol. 2013;67(2 suppl):S4-S9.
3. Carpenter C, Kinkead E, Geary D, Sullivan L, King J. Petroleum
hydrocarbon toxicity studies 1. methodology. Toxicol Appl
Pharmacol. 1975:32(2):246-262.
4. Carpenter C, Kinkead E, Geary D, Sullivan L, King J. Petroleum
hydrocarbon toxicity studies II. Animal and human response to
vapors of varnish makers and painters’ naphtha. Toxicol Appl
Pharmacol. 1975:32(2);263-281.
5. Phillips R, Cockerell B. Kidney structural changes in rats following inhalation exposure to C10-C11 isoparaffinic solvent. Toxicology. 1984:33(3);261-273.
6. Phillips R, Egan G. Subchronic inhalation exposure of dearomatized white spirit and C10-C11 isoparaffinic hydrocarbons in
Sprague-Dawley rats. Fundam Appl Toxicol. 1984:4(5);808-818.
7. Phillips R, Egan G. Effect of C10-C11 isoparaffinic solvent on
kidney function in Fischer-344 rats during eight weeks of inhalation. Toxicol Appl Pharmacol. 1984:73(3);500-510.
8. Baetcke K, Hard G, Rodgers I, McGaughy R, Tahan L. Alpha 2uglobulin: association with chemically induced renal toxicity and
neoplasia in the male rat. EPA/625/3-91/019F, 1991.
9. Swenberg J, Lehman-McKeeman L. a2u-Globulin associated
nephropathy as a mechanism for renal tubular cell carcinogenesis
in male rats. In. Species differences in thyroid, kidney and urinary
bladder carcinogenesis. Lyon, France: International Agency for
Research on Cancer; 1998: IARC Scientific Publication no. 147.
10. Beck L, Hepler D, Hansen K. The acute toxicology of selected
petroleum hydrocarbons In: MacFarland H, Holdsworth C,
MacGregor J, Call R, Kane M. eds. The Toxicology of Petroleum
Hydrocarbons. Washington, DC: The American Petroleum Institute; 1982:1-12.
11. Conaway C, Schreiner C, Cragg S. Mutagenicity evaluation of
petroleum hydrocarbons In: MacFarland H, Holdsworth C,
MacGregor J, Call R, Kane M. eds. The Toxicology of Petroleum
Hydrocarbons. Washington, DC: The American Petroleum Institute; 1982:128-138.
12. Beliles R, Mecler F. Inhalation teratology of jet fuel A, fuel oil
and petroleum naphtha in rats. In: MacFarland H, Holdsworth C,
MacGregor J, Call R, Kane M. eds. The Toxicology of Petroleum
Hydrocarbons. Washington, DC: The American Petroleum Institute; 1982:233-238.
13. Lewis S, King R, Cragg S, Hillman D. Skin carcinogenic potential
of petroleum fractions. 2. Carcinogenesis of crude oil, distillate
fractions and chemical class subfractions. In: MacFarland H,
Holdsworth C, MacGregor J, Call R, Kane M. eds. The Toxicology of Petroleum Hydrocarbons. Washington, DC: The American
Petroleum Institute; 1982;185-195.
14. Kuna R, Ulrich C. Subchronic inhalation toxicity of two motor
fuels. J Am Coll Toxicol. 1984:3(4);217-229.
15. MacFarland H, Ulrich C, Holdsworth C, Kitchen D, Halliwell W,
Blum S. A chronic inhalation study with unleaded gasoline vapor.
J Am Coll Toxicol. 1984:3(4);231-248.
16. Klonne D, Burns J, Halder C, Holdsworth C, Ulrich C. Two-year
inhalation toxicity study of petroleum coke in rats and monkeys.
Am J Ind Med. 1987;11(3):375-389.

17. Scala R. Motor gasoline toxicity. Fundam Appl Toxicol. 1988;
10(4):553-562.
18. McKee R, Trimmer G, Whitman F, et al. Assessment of the
reproductive toxicity of gasoline from a gasoline vapor recovery
unit. Reprod Toxicol. 2000;14(4):337-353.
19. Roberts L, White R, Bui Q, et al. Developmental toxicity evaluation of unleaded gasoline vapor in the rat. Reprod Toxicol. 2001:
15(5);487-494.
20. McKee R, Lewis S, Egan G. Experience gained by the petroleum
industry in the conduct of dermal carcinogenesis bioassays. In:
Slaga T, Klein-Szanto A, Boutwell R, Stevenson D, Spitzer H,
D’Motto B eds. Skin Carcinogenesis: Mechanisms and Human
Relevance. New York: Alan R. Liss Inc; 1989:363-379.
21. Smith W, Sunderland D, Sugiura K. Experimental analysis of the
carcinogenic activity of certain petroleum products. Arch Ind
Hygiene Occup Med. 1951:4(4);229-314.
22. Sunderland D, Smith W, Sugiura K. The pathology and growth
behavior of experimental tumors induced by certain petroleum
products. Cancer. 1951:4(6):1232-1245.
23. Blanding F, King W, Priestly W, Rehner J. Properties of highboiling petroleum products. Arch Ind Hygiene Occup Med. 1951:
4(4);335-345.
24. Bingham E, Trosset R, Warshawsky D. Carcinogenic potential of
petroleum hydrocarbons: a critical review of the literature.
J Environ Pathol Toxicol. 1979:3(1-2);483-563.
25. Kane M, Ladov E, Holdsworth C, Weaver N. Toxicological characteristics of refinery streams used to manufacture lubricating
oils. Am J Ind Med. 1984:5(3);183-200.
26. IP (Institute of Petroleum). Methods for Analysis and Testing, IP
346/92. Determination of polycyclic aromatics in unused lubricating base oils and asphaltene free petroleum fractions –
Dimethyl sulphoxide extraction refractive index method. United
Kingdom: Energy Institute; 2004.
27. ASTM (American Society for Testing and Materials). E1687-10,
Standard test method for determining carcinogenic potential of
virgin base oils in metal working fluids. West Conshohocken, PA:
ASTM; 2010.
28. Blackburn G, Deitch A, Schreiner C, Mehlman C, Mackerer C.
Estimation of the dermal carcinogenic activity of petroleum fractions using a modified Ames test. Cell Biol Toxicol. 1984:1(1);
67-80.
29. Blackburn G, Deitch R, Schreiner C, Mackerer C. Predicting
tumorigenicity of petroleum distillate fractions using a modified
Salmonella mutagenicity assay. Cell Biol Toxicol. 1986;2(1):
63-84.
30. Chasey K, McKee R. Evaluation of the dermal carcinogenicity of
lubricant base oils by the mouse skin painting bioassay and other
proposed methods. J Appl Toxicol. 1993:13(1);57-85.
31. MacGregor J, Conaway C, Cragg S. Predictivity of the Salmonella/microsome assay for carcinogenic and non-carcinogenic
complex hydrocarbon mixtures. In: MacFarland H, Holdsworth
C, MacGregor J, Call R, Kane M. eds. The Toxicology of Petroleum Hydrocarbons. Washington, DC: The American Petroleum
Institute; 1982:149-161.
32. Cragg S, Conaway C, Macgregor J. Lack of concordance of the
Salmonella/microsome assay with the mouse dermal

Downloaded from ijt.sagepub.com by guest on March 6, 2014

McKee and White

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.
48.

15S

carcinogenesis bioassay for complex petroleum hydrocarbon
mixtures. Fundam Appl Toxicol. 1985;5(2):382-390.
Feuston M, Low L, Hamilton C, Mackerer C. Correlation of
systemic and developmental toxicities with chemical component
classes of refinery streams. Fundam Appl Toxicol. 1994:22(4);
622-630.
Nicolich M, Simpson B, Murray J, Roth R, Gray T. The development of statistical models to determine the relationship
between the aromatic ring class content and repeat-dose and
developmental toxicities of high boiling petroleum substances.
Regul Toxicol Pharmacol. 2013;67(2 suppl):S10-S29.
Agency for Toxic Substances Disease Registry. Toxicological
Profile for Hydrogen Sulfide. Atlanta, GA: US Department of
Health and Human Services, Public Health Services; 2006.
Agency for Toxic Substances Disease Registry. Toxicological
Profile for Methyl Mercaptan. Atlanta, GA: US Department of
Health and Human Services, Public Health Services; 1992.
Roth R, Simpson B, Nicolich M, Murray F, Gray T. The relationship between repeat-dose and aromatic ring class profile of highboiling petroleum substances. Regul Toxicol Pharmacol. 2013;
67(2 suppl):S30-S45.
Murray F, Roth R, Nicolich M, Gray T, Simpson B. The relationship between developmental toxicity and aromatic-ring class
profile of the high-boiling substances. Regul Toxicol Pharmacol.
2013;67(2 suppl):S46-S59.
Murray F, Gray T, Roberts L, Roth R, Nicolich M, Simpson B.
Evaluating the male and female reproductive toxicity of highboiling petroleum substances. Regul Toxicol Pharmacol. 2013;
67(2 suppl):S60-S74.
McKee R, Schreiner C, Nicolich M, Gray T. Genetic toxicity of
high boiling petroleum substances. Regul Toxicol Pharmacol.
2013;67(2 suppl):S75-S85.
Parker C, Schreiner C, Hallmark N, et al. Evaluation of reproductive/developmental and repeated dose (subchronic) toxicity and
cytogenetic effects in rats of a roofing asphalt fume condensate by
nose-only inhalation. Regul Toxicol Pharm. 2011;59(3):445-453.
Feuston M, Mackerer C, Schreiner C, Hamilton C. Systemic toxicity of dermally applied crude oils in rats. J Toxicol Environ
Health. 1997;51(4):387-399.
Feuston M, Hamilton C, Schreiner C, Mackerer C. Developmental toxicity of dermally applied crude oil in rats. J Toxicol Environ
Health. 1997;52(1):79-93.
McKee R, Nicolich M, Roy T, White R, Daughtrey W. Use of a
statistical model to predict the potential for repeated-dose and
developmental toxicity of dermally-administered crude oil and
relation to reproductive toxicity [published online October 31,
2013]. Int J Toxicol. 2013.
Drummond I. Light hydrocarbon gases: a narcotic, asphyxiant or
flammable hazard? Appl Occup Environ Hyg. 1993:8(2);120-125.
McKee R, Herron D, Saperstein M, Podhasky P, Hoffman G,
Roberts L. The toxicological properties of petroleum gases [published online October 31, 2013]. Int J Toxicol. 2013.
Machle W. Gasoline intoxication. J Am Med Assoc. 1941:
117(23);1965-1971.
Drinker P, Yaglow C, Wamen M. The threshold of toxicity of
gasoline vapor. J Ind Hyg Toxicol. 1943:25;225-232.

49. Davis A, Schafer L, Bell Z. The effects on human volunteers of
exposure to air containing gasoline vapor. Arch Environ Health.
1960:1;548-554.
50. Lee T, Seymour W. Pneumonitis caused by petrol siphoning.
Lancet. 1979:314(8134):149.
51. McKee R, Steup D, Schreiner C, Podhasky P, Malley L, Roberts
L. Toxicological assessment of heavy straight run naphtha in a
repeated dose/reproductive toxicity screening test [published
online October 31, 2013]. Int J Toxicol. 2013.
52. Carpenter C, Geary D, Myers R, Nachreiner D, Sullivan L, King J.
Petroleum hydrocarbon toxicity studies. XI. animal and human
response to vapors of deodorized kerosene. Toxicol Appl Pharmacol. 1976;36(3):443-456.
53. McKee R, Amoruso M, Freeman J, Przygoda R. Evaluation of the
genetic toxicity of middle distillate fuels. Environ Mol Mutagen.
1994;2(3):234-238.
54. Vijayalaxmi V, Kligerman D, Prijhoda T, Ullrich S. Micronucleus
studies in the peripheral blood and bone marrow of mice treated
with jet fuels, JP-8 and Jet A. Mutat Res. 2006;608(1):82-87.
55. Jungen H, Mellert W, Wenzel-Hartung R. Studies on the tumor
initiation/promotion potential of six middle distillates (MDs) in
mouse skin. Fundam Appl Toxicol. 1995:27(1);114-120.
56. Nessel C, Priston R, McKee R, et al. A comprehensive evaluation
of the mechanism of skin tumorigenesis by straight-run and
cracked petroleum middle distillates. Toxicol Sci. 1998;44(1):
22-31.
57. Nessel C, Freeman J, Forgash R, McKee R. The role of dermal
irritation in the skin tumor promoting activity of petroleum middle distillates. Toxicol Sci. 1999;49(1):48-55.
58. Schreiner C, Bui Q, Breglia R, et al. Toxicity evaluation of petroleum blending streams: reproductive and developmental effects of
hydrodesulfurized kerosene. J Toxicol Environ Health. 1997;
52(3):211-229.
59. Mattie D, Marit G, Cooper J, Sterner T, Flemming C. Reproductive
effects of JP-8 jet fuel on male and female Sprague-Dawley rats
after exposure by oral gavage. AFRL-HE-WP-TR-2000-0067.
Springfield, VA: National Technical Information Service; 2000.
60. Mattie D, Sterner T. Past, present and emerging toxicity issues for
jet fuel. Toxicol Appl Pharmacol. 2011;254(2):127-132.
61. White R, Breglia R, Bui Q, et al. Toxicity evaluation of petroleum
blending streams: Dermal subchronic toxicity/neurotoxicity study
of hydrodesulfurized kerosene in rats. Int J Toxicol. This volume.
62. American Petroleum Institute (API). High Production Volume
(HPV) Chemical Challenge Program. Gas Oils Category Analysis
Document and Hazard Characterization. Consortium Registration
# 1100997. www.petroleumhpv.org. August, 2011. Accessed on
November 17, 2013.
63. Hoberman A, Christian M, Roth R, Lovre S, Koschier F. Reproductive toxicity study of clarified slurry oil in the rat. J Am Coll
Toxicol. 1995;14(2):119-128.
64. McKee R, Schreiner C, White R, et al. Characterization of the
non-cancer hazards of gas oils [published online October 31,
2013]. Int J Toxicol. 2013.
65. American Petroleum Institute (API). High Production Volume
(HPV) Chemical Challenge Program. Heavy Fuel Oils Category
Analysis and Hazard Characterization. Consortium Registration #

Downloaded from ijt.sagepub.com by guest on March 6, 2014

16S

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

International Journal of Toxicology 33(Supplement 1)
1100997. www.petroleumhpv.org. December, 2012. Accessed on
November 17, 2013.
Cruzan G, Low L, Cox G, et al. Systemic toxicity from subchronic
dermal exposure, chemical characterization, and dermal penetration of catalytically cracked clarified slurry oil. Toxicol Ind
Health. 1986:2(4):429-444.
Blackburn G, Deitch R, Roy T, Johnson S, Schreiner C, Mackerer
C. Estimation of the dermal carcinogenic potency of petroleum
fractions using a modified Ames assay. In: Cooke M, Dennis AJ,
eds. Polynuclear Aromatic Hydrocarbons: A Decade of Progress.
Vol 10. Colombus, OH: Battelle Press; 1988:83-90.
Przygoda R, McKee R, Amoruso M, Freeman J. Assessment of
the utility of the micronucleus test for petroleum-derived materials. Mutat Res. 1999;438(2):145-153.
IARC (International Agency for Research on Cancer). Monographs
on the evaluation of the carcinogenic risk of chemicals to humans.
Volume 45: Occupational exposures in petroleum refining; crude
oil and major petroleum fuels. Lyon, France: IARC; 1989.
McKee R, Nicolich M, Scala R, Lewis S. Estimation of epidermal
carcinogenic potency. Fundam Appl Toxicol. 1990;15(2):320-328.
Feuston M, Kerstetter S, Singer E, Mehlman M. Developmental
toxicity of clarified slurry oil applied dermally to rats. Toxicol Ind
Health. 1989;5(3):587-599.
Feuston M, Mackerer C. Developmental toxicity of clarified
slurry oil, syntower bottoms and distillate aromatic extract administered as a single oral dose to pregnant rats. J Toxicol Environ
Health. 1996a:49(2);45-66.
Feuston M, Mackerer C. Developmental toxicity study in rats
exposed dermally to clarified slurry oil for a limited period of
gestation J Toxicol Environ Health. 1996:49(2):207-220.
Hoberman A, Christian M, Lovre S, Roth R, Koschier F. Developmental toxicity study of clarified slurry oil (CSO) in the rat.
Fundam Appl Toxicol. 1995;28(1):34-40.
McKee R, Reitman F, Schreiner C, et al. The Toxicological
effects of heavy fuel oil category substances [published online
October 31, 2013]. Int J Toxicol. 2013.
Mackerer C, Griffis L, Grabowski J, Reitman F. Petroleum
mineral oil refining and evaluation of cancer hazard. Appl Occup
Environ Hygiene. 2003;18(11):890-901.
Dalbey W, McKee R, Goyak K, et al. Acute, Subchronic and
developmental toxicological properties of lubricating oil basestocks. Int J Toxicol. This volume.
Hendricks N, Berry C, Lione J, Thorpe J. Cancer of the scrotum in
wax pressmen. I. Epidemiology. Am Med Assoc Arch Ind Health.
1959;19(5):542-529.
Feuston M, Hamilton C, Mackerer C. Systemic and developmental toxicity of dermally applied distillate aromatic extract in rats.
Fundam Appl Toxicol. 1996;30(2):276-284.
Dalbey W, McKee R, Goyak K, Charlap J, Parker C, White R.
Subchronic and developmental toxicity of aromatic extracts. Int J
Toxicol. 2014;33(1S):136S-155S.
Doak S, Hend R, van der Weil A, Hunt P. Carcinogenic potential
of hydrotreated petroleum aromatic extracts. Br J Ind Med. 1985;
42(6):380-388.
Niemeier R, Thayer P, Menzies K, Von Thuna P, Moss C, Burg J.
A comparison of the skin carcinogenicity of condensed roofing

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

asphalt and coal tar pitch fumes. In: Polynuclear Aromatic Hydrocarbons: A Decade of Progress. Tenth International Symposium.
Columbus, OH: Battelle Press; 1988:609-647.
Goyak K, McKee R, Minsavage G, McGowan C, Daughtrey W,
Freeman J. Paving asphalt products exhibit a lack of carcinogenic
and mutagenic activity. Int J Toxicol. 2011:30(5):492-497.
Fuhst R, Creutzenberg O, Ernst H, et al. 24 months inhalation
carcinogenicity study of bitumen fumes in Wistar (WU) rats. J
Occup Environ Hygiene. 2007;4(suppl 1):20-43.
Olsson A, Kromhout H, Agostini M, et al. A case-control study of
lung cancer nested in a cohort of European asphalt workers. Env
Health Persp. 2010;118(10):1418-1424.
American Petroleum Institute (API). High Production Volume
(HPV) Chemical Challenge Program Fatty Acids, Lithium & Calcium Salts used as Lubricating Grease Category Analysis and
Hazard Characterization. Submitted to the US EPA by the Petroleum HPV Testing Group. www.petroleumhpv.org Consortium
Registration # 1100997. February 9, 2009. (1) Accessed November 17, 2012.
McKee R, Herron D, Beatty P, et al. Toxicological assessment of
green petroleum coke [published online October 31, 2013]. Int J
Toxicol. 2013.
US EPA (United States Environmental Protection Agency). Data
Collection and Development on High Production Volume (HPV)
Chemicals. Federal Register 65 (248), 81686-81698. US EPA;
December 26, 2000.
Morgott D, Lewis C, Bootman J, Banton M. Disulfide Oil: A
Categorical Analysis and Mode of Action Determination Case.
Int J Toxicol. this volume.
Rockhold W. Toxicity of naphthenic acids and their metal salts.
Am Med Assoc Arch Ind Health. 1955;12(5):477-482.
American Petroleum Institute (API). Naphthenic Acids Category
Analysis and Hazard Characterization. Submitted to the US EPA
by the American Petroleum Institute Petroleum HPV Testing
Group. www.petroleumhpv.org. Consortium Registration #
1100997. API; May 14, 2012. Accessed on November 17, 2013.
McKee R, North C, Podhasky P, Charlap J, Kuhl A. Toxicological
assessment of refined naphthenic acids in a repeated dose/developmental toxicity screening test [published online October 31,
2013]. Int J Toxicol. 2013.
Rogers V, Wickstrom M, Liber K, MacKinnon M. Acute and
subchronic toxicity of naphthenic acids from oil sands tailings.
Toxicol Sci. 2002;66(2):347-355.
Rogers V, Wickstrom M, Liber K, MacKinnon M. Mammalian
toxicity of naphthenic acids derived from Athabasca oil sands
(AOS). [meeting abstract] Toxicologist. 2002;66:645 (abstract).
American Petroleum Institute (API). Reclaimed Petroleum
Hydrocarbons: Residual Hydrocarbon Wastes from Petroleum Refining. Submitted to the US EPA by the American
Petroleum Institute Petroleum HPV Testing Group. www.
petroleumhpv.org. Accessed on November 17, 2013. Consortium
Registration # 1100997. API; August 30, 2010.
Clark C, McKee R, Freeman J, et al. A GHS-consistent approach
to health hazard classification of petroleum substances, a class of
UVCB substances [published online September 12, 2013]. Regul
Toxicol Pharmacol. 2013.

Downloaded from ijt.sagepub.com by guest on March 6, 2014

