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For decades, studies of endocrine-disrupting chemicals (EDCs) have challenged traditional concepts in toxicology, in
particular the dogma of “the dose makes the poison,” because EDCs can have effects at low doses that are not
predicted by effects at higher doses. Here, we review two major concepts in EDC studies: low dose and nonmono-
tonicity. Low-dose effects were defined by the National Toxicology Program as those that occur in the range of
human exposures or effects observed at doses below those used for traditional toxicological studies. We review the
mechanistic data for low-dose effects and use a weight-of-evidence approach to analyze five examples from the EDC
literature. Additionally, we explore nonmonotonic dose-response curves, defined as a nonlinear relationship be-
tween dose and effect where the slope of the curve changes sign somewhere within the range of doses examined.
We provide a detailed discussion of the mechanisms responsible for generating these phenomena, plus hundreds of
examples from the cell culture, animal, and epidemiology literature. We illustrate that nonmonotonic responses and
low-dose effects are remarkably common in studies of natural hormones and EDCs. Whether low doses of EDCs
influence certain humandisordersis no longer conjecture, because epidemiological studies show that environmental
exposures to EDCs are associated with human diseases and disabilities. We conclude that when nonmonotonic
dose-response curves occur, the effects of low doses cannot be predicted by the effects observed at high doses. Thus,
fundamental changes in chemical testing and safety determination are needed to protect human health. (Endocrine
Reviews 33: 0000-0000, 2012)
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I. Introduction

his review focuses on two major issues in the study
T of endocrine-disrupting chemicals (EDCs): low-
dose exposures and nonmonotonic dose-response curves
(NMDRGCs). These concepts are interrelated,
NMDRC:s are especially problematic for assessing poten-
tial impacts of exposure when nonmonotonicity is evident
at levels of exposure below those that are typically used in
toxicological assessments. For clarity of presentation,
however, we will first examine each of the concepts
separately.

and

A. Background: low-dose exposure

It is well established in the endocrine literature that
natural hormones act at extremely low serum concentra-
tions, typically in the picomolar to nanomolar range.
Many studies published in the peer-reviewed literature
document that EDCs can act in the nanomolar to micro-
molar range, and some show activity at picomolar levels.

1. What is meant by low dose?
In 2001, at the request of the U.S. Environmental Pro-
tection Agency (EPA), the National Toxicology Program
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(NTP) assembled a group of scientists to perform a review
of the low-dose EDC literature (1). At that time, the NTP
panel defined low-dose effects as any biological changes 1)
occurring in the range of typical human exposures or 2)
occurring at doses lower than those typically used in stan-
dard testing protocols, i.e. doses below those tested in
traditional toxicology assessments (2). Other definitions
of low dose include 3) a dose below the lowest dose at
which a biological change (or damage) for a specific chem-
ical has been measured in the past, i.e. any dose below the
lowest observed effect level or lowest observed adverse
effect level (LOAEL) (3), or 4) a dose administered to an
animal that produces blood concentrations of that chem-
ical in the range of what has been measured in the general
human population (i.e. not exposed occupationally, and
often referred to as an environmentally relevant dose be-
cause it creates an internal dose relevant to concentrations
of the chemical measured in humans) (4, 5). This last def-
inition takes into account differences in chemical metab-
olism and pharmacokinetics (i.e. absorption, distribution,
and excretion of the chemical) across species and reduces
the importance of route of exposure by directly comparing
similar blood or other tissue concentrations across model
systems and experimental paradigms. Although these dif-
ferent definitions may seem quite similar, using just a sin-
gle well-studied chemical like bisphenol A (BPA) shows
how these definitions produce different cutoffs for expo-
sure concentrations that are considered low dose (Table
1). For many chemicals, including EDCs, a large number
of studies meet the criteria for low-dose studies regardless
of whether the cutoff point for a low dose was based on the
range of typical human exposures, doses used in tradi-
tional toxicology, or doses that use an internal measure of
body burden.

Whether low doses of EDCs influence disease is a ques-
tion that now extends beyond the laboratory bench, be-
cause epidemiological studies show that environmental
exposures to these chemicals are associated with disorders
in humans as well (see for examples Refs. 6-16). Although
disease associations have historically been observed in in-
dividuals exposed to large concentrations of EDCs after

TABLE 1. Low-dose definitions and cutoff doses: BPA and DEHP as examples

Estimated range of

Administered doses
(to animals) that

Doses below the produce blood levels in

Chemical human exposures Doses below the NOAEL LOAEL typical humans
BPA 0.4-5 pg/kg - d (679) No NOAEL was ever established <50 mg/kg - d (38) ~400 pg/kg - d to rodents and
in toxicological studies (38) nonhuman primates (4, 253)
DEHP 0.5-25 pg/kg - d (680) <5.8 mg/kg - d (681, 682) <29 mg/kg - d (681, 682) Unknown

Estimates of human exposure are made from consumer product consumption data but do not take into account that there are unknown sources of these chemicals.

DEHP, Bis(2-ethylhexyl) phthalate.
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industrial accidents (17-19) or via occupational applica-
tions (20-22), recent epidemiological studies reveal links
between environmentally relevant low concentrations and
disease prevalence. With the extensive biomonitoring
studies performed by the U.S. Centers for Disease Control
and Prevention (CDC) (23, 24) and similar environmental
surveys performed in Europe (25) and elsewhere (www-
.statcan.gc.ca/concepts/hs-es/measures-mesures-
eng.htm), knowledge about environmental exposures to
EDCs and their associations with human health disorders
has increased substantially.

Low-dose effects have received considerable attention
from the scientific and regulatory communities, especially
when examined for single well-studied chemicals like BPA
(4, 27-32). The low-dose literature as a whole, however,
has not been carefully examined for more than a decade.
Furthermore, this body of literature has been disregarded
or considered insignificant by many (33, 34). Since the
NTP’s review of the low-dose literature in 2001 (2), a very
large body of data has been published including 1) addi-
tional striking examples of low-dose effects from expo-
sures to well-characterized EDCs as well as other chemi-
cals, 2) an understanding of the mechanisms responsible
for these low-dose effects, 3) exploration of nonmonoto-
nicity in in vivo and in vitro systems, and 4) epidemiolog-
ical support for both low-dose effects and NMDRCs.

2. Is the term low dose a misnomer?

Endogenous hormones are active at extremely low
doses, within and below the picomolar range for endog-
enous estrogens and estrogenic drugs, whereas environ-
mental estrogen mimics are typically active in the nano-
molar to micromolar range (for examples, see Refs.
35-38), although some show effects at even lower con-
centrations (39-41). Importantly, the definitions above
do not take into account the potency or efficacy of the
chemical in question, a topic that will be discussed in
greater detail below. Instead, low dose provides an oper-
ational definition, in which doses that are in the range of
human exposure, or doses below those traditionally tested
in toxicological studies, are considered low. To be clear,
none of these definitions suggest that a single concentra-
tion can be set as a low dose cutoff for all chemicals. Using
the above definitions, for some chemicals, low doses could
potentially be in the nanogram per kilogram range, but for
most chemicals, doses in the traditional micro- and milli-
gram per kilogram range could be considered low doses
because traditional approaches to testing chemicals typi-
cally did not examine doses below the milligram per ki-
logram dose range.
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B. Background: NMDRCs

We have defined low-dose studies according to the def-
initions established by the NTP panel of experts (2). How-
ever, because the types of endpoints that are typically ex-
amined at high doses in toxicological studies are often
different from the types of endpoints examined in low-
dose studies, one cannot assume that an effect reported in
the low-dose range is necessarily different from what
would be observed at higher doses. For example, low
doses of a chemical could affect expression of a hormone
receptor in the hypothalamus, an endpoint not examined
in high-dose toxicology testing, and high doses could sim-
ilarly affect this same endpoint (but are likely to be unre-
ported because high doses are rarely tested for these types
of endpoints). Thus, the presence of low-dose effects
makes no assumptions about what has been observed at
higher concentrations. (As discussed elsewhere, for the
majority of chemicals in commerce, there are no data on
health effects and thus no established high- or low-dose range.)
Therefore, low-dose effects could be observed at the lower end
of a monotonic or linear dose-response curve.

In contrast, the definition of a NMDRC is based upon
the mathematical definition of nonmonotonicity: that the
slope of the dose-response curve changes sign from posi-
tive to negative or vice versa at some point along the range
of doses examined (42). Often NMDRCs have a U- or
inverted U-shape (43); these NMDRC:s are thus also often
referred to as biphasic dose-response curves because re-
sponses show ascending and descending phases in relation
to dose. Complex, multiphasic curves have also been ob-
served (41,44,45). NMDRCs need not span from true low
doses to high (pharmacologically relevant) doses, al-
though experiments with such a broad dose range have
been performed for several EDCs; the observation of non-
monotonicity makes no assumptions about the range of
doses tested. Examples of NMDRCs from in vitro cell
culture and iz vivo animal experiments, as well as epide-
miological examples, are presented in detail later in this
review (see Sections II1.C.1-3). Additional examples of
NMDRCs are available in studies examining the effects of
vitamins and other essential elements on various end-
points (see for example (46); these will not be examined in
detail in this review due to space constraints.

NMDRCs present an important challenge to tradi-
tional approaches in regulatory toxicology, which as-
sume that the dose-response curve is monotonic. For all
monotonic responses, the observed effects may be linear
or nonlinear, but the slope does not change sign. This
assumption justifies using high-dose testing as the stan-
dard for assessing chemical safety. When it is violated,
high-dose testing regimes cannot be used to assess the
safety of low doses.
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It should be noted that both low dose and nonmono-
tonicity are distinguished from the concept of hormesis,
which is defined as a specific type of response whereby
“the various points along [the dose response] curve can be
interpreted as beneficial or detrimental, depending on the
biological or ecological context in which they occur” (47).
Estimations of beneficial or adverse effects cannot be as-
certained from the direction of the slope of a dose-response
curve (48-50). In their 2001 Low Dose Peer Review, the
NTP expert panel declined to consider whether any effect
was adverse because “in many cases, the long-term health
consequences of altered endocrine function during devel-
opment have not been fully characterized” (2). There are
still debates over how to define adverse effects (51-53), so
for the purposes of this review, we consider any biological
change to be an effect. Importantly, most epidemiological
studies are by definition examining low doses (unless they
are focusing on occupationally exposed individuals), and
these studies typically focus on endpoints that are accepted
to be adverse for human health, although some important
exceptions exist (54-56).

Finally, it is worth noting that any biological effect,
whether it is observed to follow linear relationships with
administered dose or not, provides conclusive evidence
that an EDC has biological activity. Thus, other biological
effects are likely to be present but may remain undetected
or unexamined. Many EDCs, including those used as pes-
ticides, were designed to have biological effects (for ex-
ample, insecticides designed to mimic molting hormone).
Thus, the question of whether these chemicals have bio-
logical effects is answered unequivocally in their design;
the question is what other effects are induced by these
biologically active agents, not whether they exist.

C. Low-dose studies: a decade after the NTP
panel’s assessment

In 2000, the EPA requested that the NTP assemble a
panel of experts to evaluate the scientific evidence for low-
dose effects and dose-response relationships in the field of
endocrine disruption. The EPA proposed that an indepen-
dent and open peer review of the available evidence would
allow for a sound foundation on which the EPA could
“determine what aspects, if any, of its standard guidelines
for reproductive and developmental toxicity testing
[would] need to be modified to detect and characterize
low-dose effects” (2). The NTP panel verified that low-
dose effects were observed for a multitude of endpoints
for specific EDCs including diethylstilbestrol (DES),
genistein, methoxychlor, and nonylphenol. The panel
identified uncertainties around low-dose effects after ex-
posure to BPA; although BPA had low-dose effects on
some endpoints in some laboratories, others were not
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found to be consistent, leading the panel to conclude that
it was “not persuaded that a low-dose effect of BPA has
been conclusively established as a general or reproducible
finding” (2).

Since the NTP’s review of low-dose endocrine disruptor
studies, only a few published analyses have reexamined
the low-dose hypothesis from a broad perspective. In
2002, R. J. Witorsch (57) analyzed low doses of xenoes-
trogens and their relevance to human health, considering
the different physiologies associated with pregnancy in the
mouse and human. He proposed that low doses of endo-
crine disruptors would not likely affect humans because,
although low-dose effects had been observed in rodents,
the hormonal milieu, organs controlling hormonal re-
lease, and blood levels of estrogen achieved are quite dif-
ferent in humans. There are, of course, differences in hor-
mones and hormone targets between rodents and humans
(58), but the view that these differences negate all knowl-
edge gained from animal studies is not supported by evo-
lutionary theory (59—-61). This human-centered stance ar-
gues against the use of animals for any regulatory testing
(62) and runs counter to the similarities in effects of EDCs
on humans and animals; rodents proved to be highly pre-
dictive of the effects of DES on humans (63, 64). In a
striking example, studies from mice and rats predicted that
gestational exposure to DES would increase mammary
cancer incidence decades before women exposed iz utero
reached the age where this increase in risk was actually
observed (65-67).

In 2007, M. A. Kamrin (68) examined the low-dose
literature, focusing on BPA as a test case. He suggested that
three criteria were required to support the low-dose hy-
pothesis. First is reproducibility, which he defined as “the
same results are seen from the same causes each time a
study is conducted.” Furthermore, he proposed that the
dose response for the effects must be the same from study
to study. Second is consistency, which he defined as the
results all fitting into a pattern, whereby the results col-
lected from multiple species and under variable conditions
all show the same effect. And third is proper conduct of
studies, which he defined as including the appropriate con-
trols and performance under suitable experimental con-
ditions as well as the inclusion of multiple doses such that
a dose-response curve can be obtained.

Although we and others (69-72) agree with the use of
these criteria (reproducibility, consistency, and proper ex-
perimental design), there are significant weaknesses in the
logic Kamrin employed to define these factors. First, sug-
gesting that reproducibility is equivalent to the same re-
sults obtained each time a study is conducted is unrealistic
and not a true representation of what is required of rep-
lication. As has been discussed in other fields, “there is no
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end to the ways in which any two experiments can be
counted as the same — or different. . . All experiments are
the same in respect of their being experiments; they are all
different by virtue of being done at different places, at
different times, by different people, with different strains
of rat, training regime, and so on” (73).

Furthermore, according to the Bradford-Hill criteria, a
set of requirements accepted in the field of epidemiology
to provide adequate evidence of a causal relationship be-
tween two factors, a single negative result (or even several
studies showing negative results) cannot negate other
studies that show adverse effects (74). Essentially, all sci-
entists know that it is very easy for an experiment to find
no significant effects due to a myriad of reasons; it is more
difficult to actually find effects, particularly when using
highly sophisticated techniques (69).

Second, the concept of consistency as a pattern that can
be derived from all results is one we will use below, using
a weight-of-evidence (WoE) approach and several specific
examples. However, Kamrin’s proposed idea that every
study must show the same effect has the same weaknesses
as discussed for the proposed definition of reproducibility
and does not acknowledge the obvious differences in many
species and strains. It also suggests that the identification
of a single insensitive strain could negate any number of
positive studies conducted with appropriate animal mod-
els (75).

And finally, Kamrin suggested that only studies with
appropriate controls should be used for analyses, a crite-
rion we agree should be followed. However, his own scru-
tiny of the low-dose animal literature fails to do so (68). He
also suggested that studies use multiple doses so that a
dose-response curve can be obtained. Although studies
using a single dose can be informative, we agree that dose-
response relationships provide important information to
researchers and risk assessors alike. However, this require-
ment is not helpful if there is an insistence on observing a
linear response; as we discuss in depth in this review, there
are hundreds of examples of nonmonotonic and other
nonlinear relationships between dose and endpoint. These
should not be ignored.

In 2004, Hayes (76) reviewed the available literature
concerning the effects of atrazine on amphibian develop-
ment, with a specific focus on the effect of ecologically
relevant doses of this EDC on malformations of the gonads
and other sexually dimorphic structures; in the case of
aquatic exposures, it can be difficult to determine what a
cutoff for a low dose would be; thus, Hayes focused on
studies examining the effects of atrazine at levels that had
been measured in the environment. He reviewed the re-
sults produced by several labs, in which it was indepen-
dently demonstrated that low concentrations of atrazine
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produced gonadal abnormalities including hermaphrodit-
ism, males with extra testes, discontinuous gonads, and
other defects. Hayes’ work also clearly addressed the so-
called irreproducibility of these findings by analyzing the
studies that were unable to find effects of the pesticide; he
noted that the negative studies had multiple experimental
flaws, including contamination of the controls with atra-
zine, overcrowding (and therefore underdosing) of exper-
imental animals, and other problems with animal hus-
bandry that led to mortality rates above 80%.

In 2006, vom Saal and Welshons (77) examined the
low-dose BPA literature, identifying more than 100 stud-
ies published as of July 2005 that reported significant ef-
fects of BPA below the established LOAEL, of which 40
studies reported adverse effects below the 50 ug/kg + d safe
dose set by the EPA and U.S. Food and Drug Administra-
tion (FDA); all of these studies would be considered low
dose according to the NTP’s definition (2). The authors
proposed that these examples should be used as evidence
to support the low-dose hypothesis. Furthermore, this
publication detailed the similarities among the studies that
were unable to detect any effects of low doses of BPA and
established a set of criteria required to accept negative
studies. We have adapted the criteria detailed by Hayes
(76) and vom Saal and Welshons (77) to produce a set of
requirements for low-dose studies; these criteria are de-
scribed in some detail below.

D. Why examine low-dose studies now?

The developmental origins of health and disease hy-
pothesis originated from studies showing that fetal DES
exposure could cause severe malformations and cancers of
the reproductive tract, and other studies demonstrating
that fetal malnutrition could lead to adult diseases includ-
ing metabolic syndrome, diabetes, and increased stroke
incidence (78—81). Since that time, the developmental or-
igins of health and disease hypothesis has been extended to
address whether diseases that are increasing in prevalence
in human populations could be caused by developmental
exposures to EDCs (67, 82-835). Evidence from the animal
literature has been tremendously informative about the
effects of EDC exposures early in development and has
driven new hypotheses to be tested in epidemiology studies
(86). Studies including several discussed in this review pro-
vide supportive evidence that the fetal and neonatal peri-
ods are specifically sensitive to chemicals that alter endo-
crine signaling and that EDCs could be contributing to a
range of diseases.

Strong, reliable, and reproducible evidence documents
the presence of low concentrations of EDCs and other
chemicals in human tissues and fluids, as well as in envi-
ronmental samples (28, 87-89). These studies indicate
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that samples collected from humans and the environment
typically contain hundreds of contaminants, usually in the
parts-per-billion (ppb) range (90, 91). The obvious ques-
tion with potentially large public health implications is
whether these concentrations are so low as to be irrelevant
to human health. The fact that epidemiological analyses
(reviewed in Section I11.C.3) repeatedly find associations
between the measured concentrations in human samples
and disease endpoints suggests it is inappropriate to as-
sume the exposures are too low to matter. That is espe-
cially the case given the empirical data (reviewed in Section
II.A) from animal and cell culture experiments showing
effects can be caused by concentrations comparable (and
sometimes below) what is measured in humans and
also the detection of NMDRCs in some of those same
experiments.

In the human biomonitoring field, large databases such
as the CDC’s National Health and Nutrition Examination
Survey (NHANES) have allowed researchers to make
comparisons between groups of individuals with various
exposure criteria; some of these studies will be addressed
in detail in subsequent sections of this review. Although by
definition these databases examine low-dose exposures,
their use has been the subject of significant debate. Because
of the large number of chemicals that have been measured
(>300 in the most recent NHANES by the CDC) and the
large number of health outcomes and other disease-related
data collected from the individuals that donated biological
samples, it has been argued that the number of possible
associations that could be made would lead to a significant
number of false positives (92); thus, associations could be
found simply because of extensive data dredging. This has
led some to suggest that these studies as a whole should be
rejected (93, 94).

In response to these criticisms, epidemiologist Jan Van-
denbroucke (95) notes, “researchers do not mindlessly
grind out one analysis after another”; the examination of
these databases for associations between chemical expo-
sures and health effects does not entail the statistical com-
parison between all possible factors, calculated as some
8800 comparisons in the CDC’s NHANES database (92).
Instead, epidemiologists typically focus on a select number
of comparisons that address relationships between chem-
icals and diseases identified a priori (96, 97), often because
of mechanistic data obtained in laboratory animals or in
vitro work with human and animal cells and tissues. Re-
peated findings of links between EDC exposures and dis-
eases in epidemiological analyses of biomonitoring data
based on a priori hypotheses suggests these relationships
should not be rejected as a statistical artifact and, instead,
should be the basis for significant concern that low-dose
effects can be detected in the general population (85, 98).
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E. Mechanisms for low-dose effects

The endocrine system is particularly tuned to respond
to very low concentrations of hormone, which allows an
enormous number of hormonally active molecules to co-
exist in circulation (38). As a ligand-receptor system, hor-
mones act by binding to receptors in the cell membrane,
cytosol, or the nucleus. The classical effects of nuclear
hormone receptors influence gene expression directly, al-
though rapid nongenomic actions at membrane-associ-
ated receptors are now well documented and accepted.
Membrane receptors are linked to different proteins in the
cell, and binding to these receptors typically changes
cellular responses in a rapid fashion (99), although the
consequence of a rapid signaling event could be the ac-
tivation of a nuclear transcription factor, leading to
responses that take longer to detect. Peptide hormones
can also influence gene expression directly (see Refs.
100 and 101 for examples).

There are several means by which the endocrine system
displays specificity of responses to natural hormones.
Many hormone receptors are expressed specifically in a
single or a few cell types (for example, receptors for TSH
are localized to the thyroid), whereas some (like thyroid
hormone receptors) are found throughout the body (102).
For receptors thatare found in multiple cell types, different
effects are produced in part due to the presence of different
coregulators that influence behaviors of the target genes
(103-1035). And finally, some hormones have multiple re-
ceptors [for example estrogen receptor (ER)a and ERB],
which are expressed in different quantities in different cell
types and organs and can produce variable effects on gene
expression or cellular phenomena (cell proliferation vs.
apoptosis) (102, 106).

The typical physiological levels of the endogenous hor-
mones are extremely low, in the range of 10-900 pg/ml for
estradiol, 300-10,000 pg/ml for testosterone, and 8-27
pg/ml for T, (see Table 2). Importantly, steroid hormones
in the blood are distributed into three phases: free, repre-
senting the unconjugated, unbound form; bioavailable,
representing hormones bound to low-affinity carrier pro-
teins such as albumin; and inactive, representing the form
that is bound to high-affinity binding proteins such as
SHBG or a-fetoprotein (38) (Fig. 1A). When the circulat-
ing levels in blood are corrected for the low fraction of the
hormones that are not bound to serum binding proteins,
the free concentrations that actually bring about effects in
cells are even lower, for example 0.1-9 pg/ml for estradiol.
Concentrations of active hormones will vary based on the
age and physiological status of the individual (i.e. plasma
testosterone levels are less than 1 ng/ml in male children
but increase to approximately 5-7 ng/ml in adulthood;
during menses, estradiol levels are typically less than 100
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TABLE 2. Ranges of endogenous hormones in humans (from Ref. 108)

Free concentration

Total concentration

Free concentration Total concentration

Hormone (females) (females) (males) (males)
Cortisol 20-300 ng/ml 20-300 ng/ml
Estradiol 0.5-9 pg/ml (adult female) <20 pg/ml (prepubertal) 10-60 pg/ml (adult)
20-800 pg/ml (premenopausal)
<30 pg/ml (postmenopausal)
Progesterone 0.2-0.55 ng/ml (prepubertal) 0.1-0.4 ng/ml (prepubertal)
0.02-0.80 ng/ml (follicular phase) 0.2-2 ng/ml (adult)
0.90-4 ng/ml (luteal phase)
<0.5 ng/ml (postmenopausal)
Insulin 0-250 pmol/liter 0-250 pmol/liter
GH 2-6 ng/ml 2-6 ng/ml
Prolactin 0-15 ng/ml 0-10 ng/ml
Testosterone 9-150 pg/ml (adult) 0.3-250 ng/ml
Thyroid 8-30 pg/ml (10-35 pwm) 8-30 pg/ml (10-35 pm)
hormone
TSH 0.5-5 pU/ml 0.5-5 pU/ml

pg/ml, but just before ovulation, they spike to 800 pg/ml;
etc.) (107, 108). Of course, it should be noted that active
concentrations of natural hormones vary somewhat from
species to species and can even vary between strains of the
same species (109).

There are several reasons why endogenous hormones
are able to act at such low circulating concentrations: 1)
the receptors specific for the hormone have such high af-
finity that they can bind sufficient molecules of the hor-
mone to trigger a response, 2) there is a nonlinear rela-
tionship between hormone concentration and the number
of bound receptors, and 3) there is also a nonlinear rela-
tionship between the number of bound receptors and the
strongest observable biological effect. Welshons and col-
leagues (38) describe how hormone concentration influ-
ences receptor occupancy: “receptor occupancy is never
determined to be linear in relation to hormone concentra-
tion . . . At concentrations above the K [the dissociation
constant for receptor-ligand binding kinetics], saturation
of the response occurs first, and then at higher concentra-
tions, saturation of receptors is observed.” What this
means is that at low doses of hormone, a 10-fold increase
in hormone concentration can have a 9-fold increase in
receptor occupancy, whereas at high doses of hormone, a
10-fold increase in hormone concentration produces a less
than 1.1-fold increase in receptor occupancy (38) (Fig.
1B). Thus, even moderate changes in hormone concen-
tration in the low-dose range can produce substantial
changes in receptor occupancy and therefore generate
significant changes in biological effects. Welshons et al.
(38) also note that a near-maximum biological response
can be observed without a high rate of receptor occu-
pancy, a situation that was previously termed the spare
receptor hypothesis (110, 111); that is, the response mech-
anism saturates before all of the receptors are saturated.

The presence of spare receptors is the basis for saying that
these receptor systems are tuned to detect low concentra-
tions that lead to occupancy of 0.1-10% of total recep-
tors. Within this range of low receptor occupancy, there is
high proportionality between changes in the free hormone
concentration and changes in receptor occupancy, and a
change in receptor occupancy by a ligand for the receptor
is required to initiate changes in receptor-mediated re-
sponses (38).

There are additional reasons why natural hormones are
active at low doses: 4) hormones have a strong affinity for
their receptors (relative to affinity for other receptors) be-
cause many hormones are secreted from a single gland or
site in the body but must have effects throughout the body
in multiple tissues and 5) blood concentrations of hor-
mones are normally pulsatile in nature, with the release of
one hormone often controlled by the pulsatile release of
another hormone (112, 113), and both the frequency and
the amplitude of pulses modulate the biological response;
hormones are also influenced by circadian rhythms, with
dramatic differences in hormone secretion depending on
the time of day (114, 115).

For many years, the mechanisms by which some envi-
ronmental chemicals acted at low doses were not well un-
derstood. In 1995, the National Research Council ap-
pointed the Committee on Hormonally Active Agents in
the Environment to address public concerns about the po-
tential for adverse effects of EDCs on human health (116).
At the time, work on understanding the mechanisms by
which EDCs exert their effects was in its infancy, and in the
executive summary, the committee stated, “Lack of
knowledge about a mechanism does not mean that a re-
ported effect is unconfirmed or unimportant, nor does
demonstration of a mechanism document that the result-
ing effects are unique to that mechanism or are pervasive
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Figure 1. Characteristics and activities of natural hormones. A, This schematic depicts a typical relationship of three phases of circulating
hormones: free (the active form of the hormone), bioavailable (bound weakly to proteins such as albumin), and inactive (bound with high affinity
to proteins such as SHBG). These three phases act as a buffering system, allowing hormone to be accessible in the blood, but preventing large
doses of physiologically active hormone from circulating. With EDCs, there may be little or no portion maintained in the inactive phase. Thus, the
entirety or majority of a circulating EDC can be physiologically active; the natural buffering system is not present, and even a low concentration of
an EDC can disrupt the natural balance of endogenous hormones in circulation. B, Schematic example of the relationship between receptor
occupancy and hormone concentration. In this theoretical example, at low concentrations, an increase in hormone concentration of x (from 0 to
1x) causes an increase in receptor occupancy of approximately 50% (from 0 to 50%, see yellow box.) Yet the same increase in hormone
concentration at higher doses (from 4x to 5x) causes an increase in receptor occupancy of only approximately 4% (from 78 to 82%, see red box).

in natural systems.” Since that time, a tremendous amount
of work has been dedicated to understanding the molec-
ular mechanisms of action of EDCs, and in particular the
mechanisms responsible for low-dose effects.

1. General mechanisms for EDC action

As discussed above, the endocrine system evolved to
function when unbound physiologically active ligands
(hormones) are present at extremely low doses (117). Be-
cause of shared receptor-mediated mechanisms, EDCs
that mimic natural hormones have been proposed to fol-
low the same rules and therefore have biological effects at
low doses (38, 118). Similarly, EDCs that influence in any
way the production, metabolism, uptake, or release of
hormones also have effects at low doses, because even
small changes in hormone concentration can have biolog-
ically important consequences (38, 119).

The estrogen-response mechanisms have been exten-
sively studied with regard to the effects of endogenous
estrogens and estrogenic drugs. In classical, genomic es-
trogen action, when endogenous estrogens bind to ER,
those receptors bind to estrogen response element se-
quences or to a number of other response element sites
adjacent to the genes directly responsive to estrogens; this
binding influences transcription of estrogen-sensitive
genes (120). Xenoestrogens produce the same reactions;
these chemicals bind to ERs, which then initiate a cascade
of molecular effects that ultimately modify gene expres-
sion. Therefore, for the actions of estrogenic EDCs, mo-
lecular mechanisms and targets are already known in some
detail. Similar mechanisms are induced by the binding of
androgens to the androgen receptor, or thyroid hormone
agonists to the thyroid hormone receptor, among others.
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Additionally, there are EDCs that act as antagonists of
these hormone systems, binding to a receptor, but not
activating the receptor’s typical response, and preventing
the binding or activity of the endogenous ligand. Finally,
many EDCs bind to the receptor and trigger a response
that is not necessarily the same as that triggered by the
endogenous estrogens; these are termed selective ER mod-
ulators (SERMs). Ultimately, all of these actions occur at
the level of the receptor.

Many studies have been dedicated to the understanding
of which EDCs bind to which nuclear hormone receptors
and how the binding affinities compare to the natural ste-
roid. Thus, many of these chemicals have been classified as
weak hormones. Yet studies have shown that, for exam-
ple, the so-called weak estrogens like BPA can be equally
potent as endogenous hormones in some systems, causing
biological effects at picomolar levels (30, 38, 41, 121).
Both endogenous estrogens and EDCs can bind to ER as-
sociated with the cell membrane [membrane-associated
ER (mER)a and mERS] that are identical to the nuclear
ER (122-124), and a transmembrane ER called G-protein
coupled receptor 30 that is structurally dissimilar to the
nuclear ER and encoded by a distinct gene (125, 126). In
many cells, 5-10% of total ERa and ER are localized to
the plasma membrane (124); these membrane-associated
receptors are capable of nongenomic steroid action in var-
ious cell types (30,121, 127); thus, rapid and potent effects
are well documented for many EDCs including BPA, DES,
endosulfan, dichlorodiphenyldichloroethylene (DDE),
dieldrin, and nonylphenol, among others (41, 128-130).

Finally, EDCs have other effects that are not dependent
on binding to either classical or membrane-bound steroid
hormone receptors. EDCs can influence the metabolism of
natural hormones, thus producing differences in the
amount of hormone that is available for binding either
because more (or less) hormone is produced than in a typ-
ical system or because the hormone is degraded faster (or
slower) than isnormal. Other EDCs influence transport of
hormone, which can also change the amount of hormone
that is available for receptor binding. And EDCs can also
have effects that are independent from known endocrine
actions. One example is the effect of endogenous hor-
mones and EDCs on ion channel activity. BPA, dichloro-
diphenyltrichloroethane (DDT), DES, nonylphenol, and
octylphenol have all been shown to disrupt Ca>* channel
activity and/or Ca®" signaling in some cell types (131
134). This example illustrates how both natural hormones
and EDCs can have hormonal activity via binding to nu-
clear hormone receptors but may also have unexpected
effects via receptor-mediated actions outside of the clas-
sical endocrine system.
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2. Mechanisms of EDC-induced low-dose actions

The various mechanisms by which EDCs act in vitro
and in vivo provide evidence to explain how these chem-
icals induce effects that range from altered cellular
function, to abnormal organ development, to atypical be-
haviors. Just as natural hormones display nonlinear rela-
tionships between hormone concentration and the num-
ber of bound receptors, as well as between the number of
bound receptors and the maximal observable biological
effect, EDCs obey these rules of binding kinetics (38).
Thus, in a way, EDCs exploit the highly sensitive endo-
crine system and produce significant effects at relatively
low doses.

To gain insight into the effects of natural hormones and
EDCs on gene expression profiles, it is possible to calculate
doses that produce the same effect on proliferation of cul-
tured cells, i.e. the quantitative cellular response doses,
and determine the effect of those doses on transcriptomal
signature profiles. When this is done for estradiol and
EDCs with estrogenic properties, the affected estrogen-
sensitive genes are clearly different (135). However, an
interesting pattern emerges: comparing profiles among
only the phytoestrogens shows striking similarities in the
genes up- and down-regulated by these compounds; pro-
file comparisons between only the plastic-based estrogens
also show similarities within this group. Yet even more
remarkable is what occurs when the doses are selected not
based on cell proliferation assays but instead on the ability
of estradiol and estrogen-mimics to induce a single estro-
gen-sensitive marker gene. When doses were standardized
based on marker gene expression, the transcriptomal sig-
nature profiles were very similar between estradiol and
estrogen mimics (135). Taken together, these results sug-
gest that the outcomes of these experiments are contex-
tual to the normalization parameter and that marker
gene expression and cell proliferation are not superim-
posable. This indicates that the biological level at which
the effects of chemicals are examined (i.e. gene expres-
sion, cellular, tissue, organ, or organismal) can greatly im-
pact whether low-dose effects are observed and how these
effects are interpreted.

There are several other mechanisms by which low-dose
activities have been proposed. One such possibility is that
low doses of EDCs can influence the response of individ-
uals or organs/systems within the body to natural hor-
mones; thus, the exposed individual has an increased sen-
sitivity to small changes in endogenous steroids, similar to
the effects of intrauterine position (see Ref. 136 and Sec-
tion L.F). In fact, several studies have shown that exposure
to EDCs such as BPA during perinatal development can
influence the response of the mammary gland to estrogen
(137, 138) and the prostate to an estrogen-testosterone
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mixture similar to the concentrations produced in aging
men (139-142). There is also evidence that EDCs work
additively or even synergistically with other chemicals and
natural hormones in the body (143-145). Thus, it is plau-
sible that some of the low-dose effects of an EDC are ac-
tually effects of that exogenous chemical plus the effects of
endogenous hormone.

Finally, it should be noted that during early devel-
opment, the rodent fetus is largely, but not completely
(146), protected from estrogen via the binding activity
of a-fetoprotein, a plasma protein produced in high
levels by the fetal liver (147). Some estrogen-like EDCs,
however, bind very weakly to a-fetoprotein, and there-
fore, it is likely that this protein does not provide pro-
tection to the fetus during these sensitive developmental
periods (36, 148). Furthermore, because EDCs may not
bind to a-fetoprotein or other high-affinity proteins in
the blood (148-150) and can have a higher binding
affinity to proteins like albumin (compared with natural
estrogens) (36, 149), the balanced buffer system in place
for endogenous hormones may be disturbed (Fig. 1A).
Thus, whereas only a portion of endogenous hormones
are bioavailable, the entirety of a circulating EDC could
be physiologically active.

The effects of hormones and EDCs are dependent on
dose, and importantly, low (physiological) doses can be
more effective at altering some endpoints compared with
high (toxicological) doses. There are many well-charac-
terized mechanisms for these dose-specific effects includ-
ing signaling via single vs. multiple steroid receptors due to
nonselectivity at higher doses (30), receptor down-regu-
lation at high doses vs. up-regulation at low doses (151,
152), differences in the receptors present in various tissues
(153, 154), cytotoxicity at high doses (155), and tissue-
specific components of the endocrine-relevant transcrip-
tional apparatus (104, 105). Some of these factors will be
addressed in Section III.B in the section dedicated to
NMDRCs.

F. Intrauterine position and human twins: examples of
natural low-dose effects

Hormones have drastically different effects at differ-
ent periods of development. In a now classical Endo-
crinology paper, Phoenix and colleagues (156) showed
that hormone exposures during early development, and
in particular fetal development, had organizational ef-
fects on the individual, whereby the developing organs
were permanently reorganized by exposure to steroids.
Permanent, nonreversible masculinization of the devel-
oping body plan by androgen exposure in utero is an
example. These organizational effects are in contrast to
the effects of the same hormones, at similar or even
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higher doses, on adults. The effects of steroids on indi-
viduals after puberty have been termed activational, be-
cause the effects on target organs are typically transient;
withdrawal of the hormone returns the phenotype of the
individual to the preexposed state (157), although this
is not always the case (158).

One of the most striking examples of the ability of low
doses of hormones to influence a large repertoire of phe-
notypes is provided by the study of intrauterine position-
ing effects in rodents and other animals. The rodent uterus
in particular, where each fetus is fixed in position along
a bicornate uterus with respect to its neighbors, is an
excellent model to study how hormones released from
neighboring fetuses (159) can influence the develop-
ment of endocrine-sensitive endpoints (31). Impor-
tantly, differences in hormonal exposures by intrauter-
ine position are relatively small (see Fig. 2) (160). Thus,
even a small magnitude in differences of hormonal ex-
posures is sufficient to generate effects on behavior,
physiology, and development.

The earliest studies of intrauterine position compared
behavioral characteristics of females relative to their po-
sition in the uterus (161-164); male behavior was also
affected by intrauterine position (161, 165-167). Subse-
quent studies of intrauterine position showed that posi-
tion in the uterus influenced physiological endpoints (157,
160-162, 168-174) as well as morphological endpoints
in female rodents (160, 161, 163, 164, 175-177). Male
physiology and morphological endpoints were similarly
affected by intrauterine position (165, 167, 177-179).

The endocrine milieu of the uterine environment has
been implicated in these effects because differences in hor-
monal exposure have been observed based on intrauterine
position (Fig. 2). The production of testosterone in male
mice starting at approximately d 12 of gestation allows for
passive transfer of this hormone to neighboring fetuses
(159, 160, 180). Thus, fetuses positioned between two
male neighbors have slightly higher testosterone expo-
sures compared with fetuses positioned between one male
and one female or two female neighbors (168, 181-183).
These data indicate that very small differences in hormone
exposures during fetal development are capable of influ-
encing a variety of endpoints, many of which become ap-
parent only during or after puberty. Furthermore, small
differences in hormone exposures may be compounded by
other genetic variations such as those normally seen in
human populations.

Intrauterine effects have been observed in animals with
both large litters and singleton or twin births including
ferrets, pigs, hamsters, voles, sheep, cows, and goats (136,
184, 185). But perhaps the most compelling evidence for
intrauterine effects comes from human twin studies. Many
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Figure 2.
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phenomena. In the human fetus, the adrenals
produce androgens that are converted to estro-
gen by the enzyme aromatase, specifically in
the placenta. In a human study designed to
compare hormone levels in the amniotic fluid,
maternal serum, and umbilical cord blood of
singleton male and female fetuses, significant
differences were observed in the concentra-
tions of testosterone, androstenedione (A4),
and estradiol (201). Specifically, amniotic fluid
concentrations of testosterone and A4 were ap-
proximately twice as high in male fetuses,
whereas estradiol concentrations were slightly,
but significantly, higher in female fetuses. Yet,
interestingly, there were no differences for any
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Figure 2. Intrauterine position produces offspring with variable circulating hormone
levels. Fetuses are fixed in position in the bicornate rodent uterus, thus delivery via
cesarean section has allowed for study of the influence of intrauterine position on
behaviors, physiology, and organ morphology. lllustrated here are the differences in
estradiol (E2) and testosterone (T) concentrations measured in male and female
fetuses positioned between two male neighbors (2M), two female neighbors (2F), or
neighbors of each sex (1MF). Direction of blood flow in the uterine artery (dark

vessel) and vein (light vessel) is indicated by an arrow (159).

studies have found that the sex of the fetuses impacts the
phenotype of one or more of the twins, with significant
evidence suggesting that male twins strongly influence a
female co-twin; endpoints including sensation seeking
(186), ear superiority (187, 188), brain and cerebellum
volume (189), masculine/feminine behaviors and aggres-
sion levels (190-192), handedness (193, 194), reproduc-
tive fitness (192, 195), finger length ratios (196), risk for
developing eating disorders (197), and birth weight (198)
were all affected in females with a male twin. From these
studies, many authors have concluded that testosterone
from male fetuses influences developmental parameters in
female twins; typically, male same-sex twins do not dis-
play altered phenotypes for these endpoints. Yet impor-
tantly, limited studies indicate that female twins can in-
fluence their uterine pairs, with some behaviors affected in
male co-twins (191); breast cancer incidence in women
and testicular cancer in men have also been shown to be
influenced by having a female co-twin (83, 199, 200).
Although the mechanisms for these intrauterine effects
are not completely understood, very small differences in
hormone exposures have been implicated, making the ef-
fects of twin gestations a natural example of low-dose

of the hormones in maternal serum, similar to
findings in mice that litters with a high propor-
tion of males or females did not impact testos-
terone, estradiol, or progesterone serum levels
in mothers (180). In umbilical cord serum, con-
centrations of A4 and estradiol were higher in
males compared with females (201), although
it must be noted that these samples were col-
lected at parturition, long after the fetal period
of sexual differentiation of the reproductive
organs.

Several studies have specifically compared
steroid hormone levels in maternal and umbil-
ical cord blood samples collected from same-
sex and opposite-sex twins. Male twins, whether their
co-twin was a male or a female, had higher blood concen-
trations of progesterone and testosterone compared with
female twins (202). Furthermore, for both sexes, dizygotic
twins had higher levels of these hormones, as well as es-
tradiol, compared with monozygotic twins. Fetal sex had
no effect on maternal concentrations of testosterone, pro-
gesterone, or estrogen, suggesting that any differences ob-
served in fetal samples are due to contributions from the
fetuses” own endocrine systems and the placental tissue
(203). Yet an additional study conducted in women car-
rying multiple fetuses (more than three) indicates that
both estradiol and progesterone concentrations in ma-
ternal plasma increase with the number of fetuses, and
when fetal reduction occurs, these hormone levels re-
main elevated (204).

It has been proposed that low-dose effects seen in dif-
ferent intrauterine positions in litter-bearing animals
could be an evolutionary adaptation, whereby the geno-
types of the fetuses are relatively similar but a range of
phenotypes can be produced via differential hormone ex-
posures (136, 168). For example, female mice positioned
between two females are more docile and thus have better
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reproductive success when resources are plentiful, but fe-
males positioned between two males are more aggressive
and therefore are more successful breeders under stressful
conditions (161,171, 175). In this way, a mother produces
offspring with variable responses to environmental con-
ditions, increasing the chances that her own genetic ma-
terial will continue to be passed on. Yet although there is
evidence to suggest that a variable intrauterine environ-
ment is essential for normal development (171), intrauter-
ine positional effects appear to have little effect on off-
spring phenotypes in inbred rodent strains (168, 205).
This result may be related to the link between genetic di-
versity and hormone sensitivity (206, 207), suggesting
that outbred strains are the most appropriate for studying
endocrine endpoints and are also most similar to the ef-
fects of low doses of hormones on human fetuses.

Finally, it has been proposed that similar mechanisms
are used by the developing fetus in response to natural
hormones via intrauterine position and EDCs with hor-
monal activity (136). To this end, several studies have
examined the effects of both exposure to an EDC and
intrauterine position or have considered the effect of in-
trauterine position on the response of animals to these
chemicals (174, 176, 181, 208, 209). For example, one
study found that intrauterine position affected the mor-
phology of the fetal mammary gland, yet position-specific
differences were obliterated by BPA exposure (176). Ad-
ditional studies suggest that prostate morphology is dis-
rupted by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
exposure in males positioned between two females, but
this chemical does not affect prostate morphology in males
positioned between two males (181). Finally, male rodents
positioned between two males have higher glucose intol-
erance than males positioned between two females, yet
when these males are given a diet high in phytoestrogens,
glucose tolerance is dramatically improved in the males
positioned between two males, whereas their siblings po-
sitioned between two females do not benefit (209). What
is clear from these studies is that low doses of natural
hormones are capable of altering organ morphology,
physiology, and reproductive development, similar to the
effects of EDCs.

It has been suggested that the endocrine system allows
for homeostatic control and that the aim of the endocrine
system is to “maintain normal functions and development
in the face of a constantly changing environment” (210).
Yet studies from intrauterine position, together with stud-
ies of EDCs (see Sections II.C—F), clearly indicate that the
fetal endocrine system cannot maintain a so-called ho-
meostasis and is instead permanently affected by expo-
sures to low doses of hormones.
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Il. Demonstrating Low-Dose Effects Using a
WoE Approach

A. Use of a WoE approach in low-dose EDC studies

In 2001, the NTP acknowledged that there was evi-
dence to support low-dose effects of DES, genistein, me-
thoxychlor, and nonylphenol (2). Specifically, the NTP
expert panel found that there was sufficient evidence for
low-dose effects of DES on prostate size; genistein on brain
sexual dimorphisms, male mammary gland development,
and immune responses; methoxychlor on the immune sys-
tem; and nonylphenol on brain sexual dimorphisms, thy-
mus weight, estrous cyclicity, and immune responses. Us-
ing the NTP’s definitions of low dose (i.e. effects occurring
in the range of typical human exposures or occurring at
doses lower than those typically used in standard testing
protocols), we propose that most if not all EDCs are likely
to have low-dose effects. Yet an important caveat of that
statement is that low-dose effects are expected for partic-
ular endpoints depending on the endocrine activity of the
EDC, and not for any/all endocrine-related endpoints. For
example, if a chemical blocks the synthesis of a hormone,
blood levels of the hormone are expected to decline, and
the downstream effects should then be predicted from
what is known about the health effects of low hormone
levels. In contrast, if a chemical binds a hormone receptor,
the effects are expected to be very complex and to be both
tissue specific and dose specific. Finally, most EDCs in-
teract with multiple hormone pathways, or even multiple
hormone receptors, making the expected effects even more
complex and context specific (211-213).

Table 3 summarizes a limited selection of chemicals
that have evidence for low-dose effects, with a focus on iz
vivo animal studies. As seen by the results presented in this
table, low-dose effects have been observed in chemicals
from a number of classes with a wide range of uses in-
cluding natural and synthetic hormones, insecticides, fun-
gicides, herbicides, plastics, UV protection, and other in-
dustrial processes. Furthermore, low-dose effects have
been observed in chemicals that target a number of endo-
crine endpoints including many that act as estrogens and
antiandrogens as well as others that affect the metabolism,
secretion, or synthesis of a number of hormones. It is also
clear from this table that the cutoff for low-dose effects is
not only chemical specific but also can be effect dependent.
And finally, although this table is by no means compre-
hensive for all EDCs or even the low-dose effects of any
particular chemical, the affected endpoints cover a large
range of endocrine targets.

Several EDCs have been well studied, and the number
of publications focusing on low-dose effects on a partic-
ular developmental endpoint is high; however, other
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TABLE 3. EDCs with reported low-dose effects in animals (or humans, where stated)

Chemical Use EDC action Low-dose cutoff Affected endpoint Refs.

Aroclor 1221 Coolants, lubricants, ~ Mimics estrogens, antiestrogenic 0.1-1 mg/kg (produces human blood levels)  Brain sexual dimorphisms 683, 684

(PCB mixture) paints, plastics activity, etc.

Atrazine Herbicide Increases aromatase expression 200 pg/liter (334, 335) Male sexual See this
differentiation/development review

BPA Plastics, thermal Binds ER, mER, ERRy, PPARy, may 400 ng/kg - d (produces human blood Prostate, mammary gland, brain  See this

papers, epoxy weakly bind TH receptor and AR concentrations) development and behavior, review
resins reproduction, immune
system, metabolism

Chlordane Insecticide Binds ER 100 ng/g (produces human blood levels) Sexually dimorphic behavior 685

Chlorothalonil Fungicide, wood Aromatase inhibitor 164 pg/liter (environmental concentrations, ~ Corticosterone levels 686

protectant EPA) (amphibians)

Chlorpyrifos Insecticide Antiandrogenic 1 mg/kg - d (EPA) Acetylcholine receptor binding 687
(brain)

DDT Insecticide Binds ER 0.05 mag/kg (EPA) Neurobehavior 688

DES Synthetic hormone Binds ER 0.3-1.3 mg/kg - d (dose typically Prostate weight 689

administered to pregnant women)

Dioxin (TCDD) Industrial byproduct ~ Binds AhR 1 ng/kg - d (397) Spermatogenesis, immune See this
function and oxidative stress, review
tooth and bone
development, female
reproduction, mammary
gland, behavior

Genistein Phytoestrogen Binds ER 50 mg/kg (EPA) Brain sexual dimorphisms 690

Heptachlor Insecticide Induces testosterone hydroxylases 0.15 mg/kg - d (EPA) Immune responses 691

Hexachlorobenzene  Fungicide Modulates binding of ligand to 0.08 mg/kg - d (EPA) Anxiety and aggressive 692

TRE, weakly binds AhR behaviors
Maneb Fungicide Inhibits TSH release, may bind 5 mg/kg - d (EU Commission) Testosterone release 693
PPARy

Methoxychlor Insecticide Binds ER 5 mg/kg - d (WHO) Immune system 694, 695

4-Methylbenzylidine UV screen Weakly estrogenic 10 mg/kg - d (Europa) Sexual behavior 696

camphor

Methyl paraben Preservative Estrogenic 1000 mg/kg + d (EFSA) Uterine tissue organization 697

Nicotine Natural alkaloid in Binds acetylcholine receptors, Human use of nicotine substitutes Incidence of cryptorchidism 698

tobacco stimulates epinephrine (humans)

Nonylphenol Detergents Weakly estrogenic 15 mg/kg - d (EPA) Testosterone metabolism 699

Octylphenol Rubber bonding, Weakly binds ER, RXR, PRGR 10 mg/kg - d (700) Testes endpoints 701

surfactant

Parathion Insecticide 0.2 mg/kg - d (WHO) Cognitive and emotional 702
behaviors

PBDE-99 Flame retardant Alters TH synthesis 0.3 mg/kg - d (EPA) TH levels in blood 703

PCB180 Industrial lubricant, Impairs glutamate pathways, Examined normal human populations Diabetes (humans) 704

coolant mimics estrogen

PCB mixtures Coolants, lubricants, ~ Binds AhR, mimic estrogens, Each at environmentally relevant levels TH levels 705

paints, plastics antiestrogenic activity, etc.

Perchlorate Fuel, fireworks Blocks iodide uptake, alters TH 0.4 mg/kg - d (436) TSH levels (humans) See this

review

Sodium fluoride Water additive (to Inhibits insulin secretion, PTH, TH 4 mg/liter water (EPA standard) Bone mass and strength 706

prevent dental
caries), cleaning
agent

Tributyltin oxide Pesticide, wood Binds PPARy 0.19 mg/kg - d (EPA) Obesity 707

preservation

Triclosan Antibacterial agent Antithyroid effects, androgenicand 12 mg/kg - d (Europe SCCP) Altered uterine responses to 708

estrogenic activity ethinyl estradiol

Vinclozolin Fungicide Antiandrogenic 1.2 mg/kg - d (EPA) Male fertility 709

EDC action indicates that for some chemicals, an effect is observed (i.e. estrogenic, androgenic), but for many EDCs, complete details of receptor binding are

unavailable or incomplete. Low-dose cutoff means the lowest dose tested in traditional toxicology studies, or doses in the range of human exposure, depending on the
data available. Affected endpoint means at least one example of an endpoint that shows significant effects below the low-dose cutoff dose. This list is not
comprehensive, and the lack of an endpoint on this table does not suggest that low doses do or do not affect any other endpoints. AR, Androgen receptor; EFSA,

European Food Safety Authority; ERR, estrogen related receptor; PCB, polychlorinated biphenyl; PPARy, peroxisome proliferator-activated receptor-vy; PRGR,

progesterone receptor; RXR, retinoid X receptor; SCCP, Scientific Committee on Consumer Products; TH, thyroid hormone; TRE, thyroid response element; WHO, World

Health Organization.

chemicals are less well studied with fewer studies pointing
to definitive low-dose effects on a given endpoint. In fact,
there are a significant number of EDCs for which high-
dose toxicology testing has been performed and the no
observed adverse effect level (NOAEL) has been derived,
but no animal studies in the low-dose range have been

conducted, and several hundred additional EDCs where

no significant high- or low-dose testing has been per-
formed (see Table 4 for examples). Balancing the large
amount of data collected from some well-studied chemi-
cals like BPA and atrazine with the relative paucity of data
about other chemicals is a difficult task.
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TABLE 4. Select examples of EDCs whose potential low-dose effects on animals remain to be studied

Chemical

Use

EDC action

Low-dose cutoff

Antiseptics and preservatives
Butyl paraben
Propyl paraben

Cosmetics and personal care
products
2,4-Dihydroxybenzophenone
3-Benzylidene camphor

4,4'-Dihydroxybenzophenone

Benzophenone-2

Benzophenone-3
Multiple use (other)
Melamine

Resorcinol

Pesticides
Aldrin?

Alachlor

Amitrole
Bitertanol
Carbendazim

Diazinon
Endrin?

Fenoxycarb
Mirex?
Zineb

Ziram
Resins

Bisphenol F

Styrene

Preservative (cosmetics)

Antimicrobial preservative found
in pharmaceuticals, foods,
cosmetics, and shampoos

UV absorber in polymers,
sunscreen agent

UV blocker used in personal care
products

UV light stabilizer used in
plastics, cosmetics, adhesives,
and optical fiber

Used in personal care products
such as aftershave and
fragrances

UV filter

Flame-retardant additive and rust
remover; used to make
laminate, textile, and paper
resins; metabolite of
cyromazine

Used in the manufacturing of
cosmetics, dyes, flame
retardants, hair dye
formulations, pharmaceuticals,
skin creams, and tires

Insecticide
Herbicide
Herbicide

Fungicide
Fungicide

Insecticide
Insecticide
Insecticide
Insecticide
Fungicide
Fungicide
Used in polycarbonates

Precursor to polystyrene

Estrogenic, antiandrogenic
Estrogenic activity

Estrogenic activity
Estrogenic activity

Estrogenic activity

Estrogenic activity, changes in T,
T3, and TSH levels, alterations
in cholesterol profile

Estrogenic, PPARvy activator

Affects voltage-gated K* and
Na* channels and Ca**
concentrations in hippocampal
neurons

Alters T, and TSH levels

Estrogenic activity

Decreases serum T,, binds PR,
weakly binds ER

Decreases thyroid hormone

Alters aromatase

Affects FSH, LH, and testosterone
levels; alters spermatogenesis
and Sertoli cell morphology

Alters glucocorticoids

Stimulates glucocorticoid
receptor

Alters acetylcholinesterase

Decreases testosterone levels

Alters T, and dopamine levels

Alters norepinephrine levels
Alters T,, T5, and adiponectin

levels, has estrogenic activity
Alters dopamine

2 mg/kg - d (EPA)

LOAEL 10 mg/kg - d,
NOEL 6.5 mg/kg - d
(Europa)

Not identified
0.07 mg/kg - d (710)

Not identified

NOEL 10-333 mg/kg - d
(711)

200 mg/kg - d (Europa)

63.0 mg/kg - d (FDA)

80.00 mg/kg - d
(Europa)

0.025 mg/kg - d
(Health Canada)
1 mg/kg - d (EPA)

0.12 mg/kg - d (FAO)
30 mg/kg - d (EPA)
8 mg/kg - d (712)

0.065 mg/kg - d (CDC)
0.025 mg/kg - d (CDC)

260 mg/kg - d (CDC)

0.075 mg/kg - d (CDC)

LOAEL 25 mg/kg - d
(EPA)

1.6 mg/kg - d (EPA)

LOAEL 20 mg/kg - d
(713)
200 mg/kg - d (EPA)

PPARYy, peroxisome proliferator-activated receptor-vy; PR, progesterone receptor.

2 These chemicals were identified in the 1990s as part of the dirty dozen, 12 chemicals that were acknowledged to be the worst chemical offenders because of their
persistence in the environment, their ability to accumulate through the food chain, and concerns about adverse effects of exposures to wildlife and humans. These

chemicals were banned by the Stockholm convention and slated for virtual elimination. Yet there is still very little known about the low-dose effects of these chemicals,
likely in the range of past and current human and/or wildlife exposures.

WoE approaches have been used in a large number of
fields to determine whether the strength of many publica-
tions viewed as a whole can provide stronger conclusions
than any single study examined alone. Although the term,

weight of evidence, is used in public policy and the scien-
tific literature, there is surprisingly little consensus about
what this term means or how to characterize the concept
(214). Historically, risk assessors have used qualitative
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approaches (i.e. professional judgment to rank the value of
different cases) and quantitative approaches (i.e. scoring
methods to produce statistical and mathematical determi-
nations of chemical safety), but it has been argued that
these methods lack transparency and may produce find-
ings that are unrepeatable from one risk assessor to an-
other (215, 216). Whatever the method used, when EDCs
are being assessed, it is important to use the principles of
endocrinology to establish the criteria for a WoE ap-
proach. We do this in Section I1.B, identifying three key
criteria for determining whether a study reporting no ef-
fect should be incorporated into a WoE approach. It also
should be noted that in epidemiology, the term, weight of
evidence, is typically not used, but the concept is actuated
by meta-analysis, formally and quantitatively combining
data across studies, including a plot of individual and
pooled study findings and also a measure of heterogeneity
of findings between studies.

For some well-studied chemicals, there are large num-
bers of studies showing both significant effects, and ad-
ditional studies showing no effects, from low-dose expo-
sures. In these cases, extensive work is needed to deal with
discordant data collected from various sources; studies
showing no effect of low-dose exposures must be balanced
in some way with those studies that do show effects. As
stated by Basketter and colleagues (217), “it is unwise to
make a definitive assessment from any single piece of in-
formation as no individual assay or other assessment . . .
is 100% accurate on every occasion . . . This means that
from time to time, one piece of conflicting data has to be
set aside.” WoE approaches in EDC research have typi-
cally dealt with datasets that have some conflicting stud-
ies, and these conflicts are even more difficult to sort out
when studies have attempted to directly replicate pub-
lished findings of adverse effects (see for example Refs.
218-221).

Most previously published WoE analyses have exam-
ined chemicals broadly (asking questions such as, “Does
BPA produce consistent adverse effects on any end-
point?”) (see Ref. 222). This can lead to problems includ-
ing those encountered by the NTP expert panel, which
found that there was some evidence for low-dose effects of
BPA on certain endpoints but mixed findings for other
endpoints. For example, the panel noted that some studies
found low-dose effects of BPA on the prostate, but other
studies could not replicate these findings. In Section 11.B,
we address criteria that are needed to accept those studies
that are unable to detect low-dose effects of chemicals;
these criteria were not used by the NTP in 2001, but they
are essential to address controversies of this sort and per-
form WoE analyses using the best available data. In the
sections that follow, we employed a WoE approach to
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examine the evidence for low-dose effects of single chem-
icals on selected endpoints or tissues, also paying attention
to when in development the EDC in question were
administered.

B. Refuting low-dose studies: criteria required for
acceptance of studies that find no effect

Over the past decade, a variety of factors have been
identified as features that influence the acceptance of low-
dose studies (69, 71,76,77,90,205,223,224).In fact, the
NTP low-dose panel itself suggested that factors such as
strain differences, diet, caging and housing conditions,
and seasonal variation can affect the ability to detect low-
dose effects in controlled studies (2). In particular, three
factors have been identified; when studies are unable to
detect low-dose effects, these factors must be considered
before coming to the conclusion that no such effects exist.

1. Negative controls confirm that the experimental system
is free from contamination

Although all scientific experiments should include neg-
ative (untreated) controls, this treatment category is par-
ticularly important for EDC research. When a study fails
to detect low-dose effects, the observed response in control
animals should be compared with historical untreated
controls; if the controls deviate significantly from typical
controls in other studies, it may indicate that these animals
were, in fact, treated or contaminated in some way or that
the endpoint was not appropriately assessed (77, 203,
225). For example, if an experiment was designed to mea-
sure the effect of a chemical on uterine weight, and the
control uteri have weights that are significantly higher
than is normally observed in the same species and strain,
these animals may have been inadvertently exposed to an
estrogen source, or the uteri may not have been dissected
properly by the experimenters. In either case, the study
should be examined carefully and likely cannot be used to
assess low-dose effects; of course, untreated controls
should be monitored constantly because genetic drift and
changes in diet and housing conditions can also influence
these data, thus explaining changes from historical con-
trols. Importantly, several types of contamination have
been identified in studies of EDCs including the leaching
of chemicals from caging or other environmental sources
(226,227), the use of pesticide-contaminated control sites
for wildlife studies and contaminated controls in labora-
tory studies (76), and even the use of food that interferes
with the effects of EDCs (224, 228). It is also important to
note that experiments must consider the solvent used in the
administration of their test chemical, and thus good neg-
ative controls should test for effects of the solvent itself.
Using solvent negative controls helps prevent false posi-
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tives as well as the possibility that the vehicle could mask
the effects of the chemical being studied.

2. Positive controls indicate that the experimental system is
capable of responding to low doses of a chemical acting on
the same pathway

Many studies do not include a positive control, either
because of the size and cost of the experiment when in-
cluding an additional treatment or because an appropriate
positive control has not been identified for the endpoint
being examined. If the experiment detects an effect of the
chemical in question, the exclusion of a positive control
does not necessarily affect the interpretation of the results;
instead, it can be appropriately concluded that the test
chemical is significantly different from unexposed (but
similarly handled/treated) negative controls. However, if
the study fails to detect low-dose effects of a test chemical,
no convincing conclusion can be made; in this case, a pos-
itive control is required to demonstrate that the experi-
mental system was capable of detecting such effects (71,
75,77, 205).

Several issues must be considered when addressing
whether the positive control confirms the sensitivity of the
assay. First, an appropriate chemical must be selected, and
it must be administered via the appropriate route, i.e. if the
test chemical is administered orally, a positive control that
is orally active, such as ethinyl estradiol, should be used;
if the test chemical is administered sc, a positive control
that is active via this route, such as 178-estradiol, is most
appropriate. The use of 17B-estradiol in studies that use
oral exposures is particularly inappropriate (see Ref. 229)
for example) because this hormone, like most natural ste-
roids, has very low oral activity (77). Second, the positive
control chemical must be examined, and effective, at ap-
propriately low doses. Thus, if the test chemical is 100
times less potent than the positive control, a dose of the
positive control 100 times lower than the test com-
pound must produce effects (69, 71, 205). For example,
studies that report effects of ethinyl estradiol only at
doses that are hundreds of times higher than the dose
that is effective in contraceptives (230) are not capable
of detecting low-dose effects of test chemicals. Without
appropriate and concurrent positive and negative con-
trols, studies that fail to detect low-dose effects of test
chemicals should be rejected.

3. Species and animal strains that are responsive to EDCs
must be used

The NTP expert panel specifically noted that “because
of clear species and strain differences in sensitivity, ani-
mal-model selection should be based on responsiveness to
endocrine-active agents of concern (i.e. responsive to pos-
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itive controls), not on convenience and familiarity” (2). An
analysis of the BPA literature clearly showed that many of
the studies that failed to detect effects of low doses used the
Charles River Sprague-Dawley rat (75); this strain was
specifically bred to have large litters (231), and many gen-
erations of inbreeding have rendered the animal relatively
insensitive to estrogens (205). The NTP expert panel noted
the lack of effects of BPA on Sprague-Dawley rats and
concluded that there were clear differences in strain sen-
sitivity to this chemical (2). Importantly, this may not be
true for Sprague-Dawley rats that originate from other
vendors, indicating that animal origin can also influence
EDC testing.

Many studies in mice (138, 206, 207, 232-234) and
rats (232, 235-239) have described differences displayed
between two (or more) animal strains to a natural hor-
mone or EDC. Often these differences can be traced to
whether a strain is inbred or outbred. Genetically diverse
strains are generally found to be more sensitive to estro-
gens (206). Importantly, well-controlled studies demon-
strate that strain differences in response to estrogen treat-
ment may be organ dependent or may even differ between
levels of tissue organization within the same organ. For
example, the Sprague-Dawley rat is more sensitive to ethi-
nyl estradiol than other strains when measured by uterine
wet weight. However, when other endpoints were mea-
sured, i.e. height of cells in the uterine epithelium, the
Sprague-Dawley rat was indistinguishable from the DA/
Han rat; instead, the Wistar rat had the most heightened
response (237). Additionally, there are data to indicate
that strain differences for one estrogen may not be appli-
cable for all estrogenic chemicals. In comparing the re-
sponses of DA/Han, Sprague-Dawley, and Wistar rats to
other xenoestrogens, additional differences were observed
including a greater increase in uterine wet weight of DA/
Han and Sprague-Dawley rats but not Wistar rats after
exposure to 200 mg/kg BPA; increased uterine epithelium
thickness was observed in Wistar and Sprague-Dawley
rats but not DA/Han rats after exposure to 200 mg/kg
octylphenol (237). Attempts have been made, at times suc-
cessfully, to map the differences in strain response to ge-
netic loci (240). However, it appears that strains with dif-
ferences in response that manifest in some organs do not
have divergent responses in other organs, a phenomenon
thatis notexplained by genetic differences alone. For these
reasons, the NTP’s recommendation that scientists use an-
imals that are proven responsive to EDCs (2) must be
observed.

4. Additional factors?
Additional factors have also been identified as influen-
tial in the ability (or inability) to detect low-dose effects in
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EDC studies. Although these factors must be considered
when interpreting studies and using a WoE approach,
some issues that were previously identified as essential
factors in the design of studies (i.e. route of administra-
tion) have more recently been disputed (241).

The first factor is the use of good laboratory practices
(GLP) in the collection of data. When assessing the EDC
literature for risk assessment purposes, the FDA and Eu-
ropean Food Safety Authority (EFSA) have given special
prominence to studies that complied with GLP guidelines,
essentially giving scientific priority to industry-funded
studies because that group typically conducts GLP
guideline studies (33, 242). Because GLP guidelines are
designed only to control data collection, standards for
animal care, equipment, and facility maintenance, and
they do not ensure that studies were designed properly
with the appropriate controls, it has been argued that
the use of GLP methods is not appropriate or required
for EDC studies (69).

GLP studies are typically large, with dozens of animals
studied for each endpoint and at each time point. Thus, it
has been concluded that these studies are better simply
because they are larger. Yet small studies designed with the
use of power analysis, statistical tools that allow research-
ers to determine a priori the number of animals needed to
determine significant differences based on effect size, are
equally capable of detecting effects while reducing the
number of animals used (69). GLP studies also typically
(but not necessarily) rely upon standardized assays, which
are not generally considered contemporary tools and are
often shown to be incapable of detecting adverse effects on
endpoints that employ modern tools from molecular ge-
netics and related disciplines. Furthermore, some fields of
EDC research have no GLP studies (243). Finally, there is
no published evaluation of whether studies performed un-
der GLP are more capable of providing accurate results.
The priority given to GLP studies therefore does not ap-
pear to have been justified based on any comparative anal-
ysis. Thus, as long as studies include appropriate measures
of quality assurance, they need not be performed under
GLP standards to provide reliable and valuable informa-
tion, and many GLP studies are inadequate to assess im-
portantand relevant endpoints. Instead, the most valuable
studies consider the factors presented above, along with
appropriate dose selections and choice of endpoint.

The second factor worth considering is the source of
funding for studies. In several fields, significant contro-
versy has been produced based on the results obtained
from independent scientists compared with results ob-
tained from scientists affiliated with the chemical industry
(75, 76). Funding source per se should not dictate the
outcome of a research study, but that does not mean that
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researchers are not subject to underlying biases. In our
own WoE analyses, presented in Sections II.C-G, we do
not discount studies merely because they were conducted
with industry funds, nor do we lend higher weight to stud-
ies conducted in independent or government laboratories;
if a study, regardless of funding, finds no effect of a chem-
ical, it is given weight only if the three criteria described in
Sections I1.B.1-3 (successful and appropriate negative
and positive controls and appropriate choice of animal
model) were met.

To perform a WoE evaluation, we identified some basic
information about the chemical in question, the dose that
would be considered a low-dose cutoff, and the studies in
support of and against low-dose effects. We then consid-
ered whether the majority of studies found effects of low
doses of a chemical on a single endpoint in question. If
studies did not find low-dose effects, we considered
whether they adhered to the criteria discussed above for
proper design of an EDC low-dose study. In particular, we
considered whether appropriate animal strains as well as
positive and negative controls were used. With regard to
animal strain, as discussed briefly in Section II.B.3, there
is variability between animal strains that can significantly
influence the ability to detect effects of EDCs; using in-
sensitive strains to produce negative data cannot refute
positive data in a sensitive strain. In several cases, it was
easy to conclude that there was a strong case for low-dose
effects because there were no studies finding no effects at
low doses or because all of the negative studies were in-
appropriately designed. For other chemicals, a significant
number of studies found effects on the endpoint being
considered, but other (adequately designed) studies re-
futed those findings. Under those circumstances, we de-
termined whether the findings of harmful effects came
from multiple laboratories; when they did, we cautiously
concluded that there was evidence for low-dose effects.
Below (Sections I1.C-G), we present five examples where
a significant number of studies were available examining
low-dose effects of an EDC on a single particular
endpoint.

C. BPA and the prostate: contested effects at low doses?

As discussed briefly above, BPA is one of the best-stud-
ied EDCs, with more than 200 published animal studies,
many of which focused on low doses (29, 31). The effects
of this chemical on wildlife species have also been de-
scribed in detail (28). BPA is found in a myriad of con-
sumer products, and it leaches from these items under
normal conditions of use (4). It has also been regularly
detected in air, water, and dust samples. The majority of
individuals in industrialized countries have BPA metabo-
lites in their urine, and trends indicate increasing expo-
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sures in developing nations like China (87,244). Although
it was long suspected that most human exposures origi-
nate from BPA contamination of food and beverages, a
study comparing the excretion of BPA metabolites with
the length of time spent fasting suggests that there are also
likely to be significant exposures from sources other than
food and beverages (245). BPA has recently been shown to
be used in large quantities in thermal and recycled papers
and can enter the skin easily via dermal absorption (246 -
248). Thus, despite the large amount of information avail-
able on BPA sources, our understanding of how these
sources contribute to total human exposures remains
poor; these studies also point to significant gaps in current
knowledge about BPA metabolism in humans (243).

BPA binds to the nuclear and membrane ER, and thus
most of the effects of this chemical have been attributed to
its estrogenic activity (27). However, there is evidence that
itcan activate a number of additional pathways, including
thyroid hormone receptor, androgen receptor, as well as
peroxisome proliferator-activated receptor-y signaling
pathways (249-252). The cutoff for a low dose has been
set at several different concentrations depending on which
studies and definitions are used (see Table 1). The EPA
calculated a reference dose for BPA of 50 pg/kg - d based
on a LOAEL of 50 mg/kg - d (38). More recent pharma-
cokinetic scaling experiments have estimated that expo-
sures to approximately 400 ug/kg + d produce blood con-
centrations of unconjugated BPA in the range of human
blood concentrations (4). Thus, for the two WoE analyses
of the BPA literature we conducted, doses of 400 ug/kg - d
or lower were considered low dose; pharmacokinetic stud-
ies from nonhuman primates support the appropriateness
of this dose for approximating human exposure levels
(253). Furthermore, because this dose is below the toxi-
cological LOAEL, it is a conservative cutoff for low-dose
studies (see Refs. 3 and 38 and Table 1).

One of the most well studied and hotly debated exam-
ples of a low-dose effect comes from the BPA literature;
regulatory agencies and scientists have addressed several
times whether low doses of BPA during fetal and perinatal
development affect the rodent prostate (118, 205, 254,
255). In 1997, the first study on BPA and the prostate
determined that fetal exposure to low doses (2 and 20
pg/kg + d administered orally to pregnant mice) increased
the weight of the adult prostate compared with unexposed
male offspring (256). Since that time, several additional
studies have verified that prostate weight is affected by
fetal exposure to similar low doses (257-259). Studies
have also shown that low doses of BPA affect androgen
receptor binding activity in the prostate (257), tissue or-
ganization, and cytokeratin expression in the gland (260 -
262) as well as the volume of the prostate and the number
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and size of dorsolateral prostate ducts (208). Several re-
cent studies have also examined whether low doses of BPA
(10 pmg/kg - d) influence the incidence of adult-onset pros-
tatic intraepithelial neoplasia (PIN) lesions. Perinatal BPA
exposure, whether administered orally or sc to pups, in-
creases the incidence of PIN lesions in response to a mix-
ture of testosterone and estradiol in adulthood (139, 141,
263); this hormonal cocktail was designed to mimic the
endocrine changes associated with aging in men that also
typically accompany the onset of prostate cancer. In ad-
dition to the effects of BPA on PIN lesions, these low doses
also produced permanent alterations in the epigenome of
exposed males, with prostates displaying completely
unmethylated sequences in genes that are hypermethy-
lated in unexposed controls (140, 263). In examining
these studies, although the same effects of BPA on the
prostate were not observed in all studies, there is an
obvious trend demonstrating that low doses of BPA dur-
ing early development significantly affect several as-
pects of prostate development.

Since the initial report showing effects of low doses on
the prostate, approximately nine studies, including several
designed specifically to replicate the original positive
study, have shown no effects of low doses on the prostate
(264-272); every one of these studies examined the pros-
tate weight, and Ichihara ef al. (264) also examined the
effects of BPA on PIN lesions (without hormonal treat-
ment) and the response of the prostate to a chemical car-
cinogen. Three of these studies failed to include a positive
control of any kind (264, 268, 270); three studies used
DES as a positive control but found no effect from expo-
sure to this potent xenoestrogen (265-267) (i.e. the pos-
itive control failed); another study used 17B-estradiol as a
positive control, inappropriately administered orally, and
found no effects of this hormone on the prostate (271); and
two studies used an estrogenic positive control (ethinyl
estradiol) and found effects from its exposure, but only at
inappropriately high doses (269, 272). These two studies
clearly showed that the positive control dose was too high,
because rather than increase the weight of the prostate (as
seen after low doses of estrogens in other studies), the
positive control decreased the weight of the adult prostate
(269, 272).

Although this topic was once considered controversial,
using a WoE approach, it is clear that there is strong ev-
idence in support of low-dose effects of BPA on the de-
velopment of the prostate. The evidence clearly shows that
several endpoints, including prostate weight, were af-
fected in similar ways in multiple studies from several dif-
ferent labs at doses below 400 ug/kg - d; most effects were
seen atdoses below 50 ug/kg + d. Furthermore, PIN lesions
were reported after neonatal exposure to 10 pg/kg - d with
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hormonal treatment in adulthood. No appropriately con-
ducted studies contest this evidence. Therefore, the WoE
analysis demonstrates that low doses of BPA significantly
alter development of the rodent prostate. The NTP’s re-
view of the BPA literature in 2008 indicated that this
agency agrees that there is now significant evidence that
low-dose BPA adversely affects development of the pros-
tate (273).

D. BPA and the mammary gland: undisputed evidence
for low-dose effects

The mammary gland is a conspicuous choice to exam-
ine the effects of estrogenic compounds because this organ
depends on estrogen for proper development at several
critical periods in life (274). The fetal gland expresses ER
in the mesenchymal compartment, and just before birth,
the epithelium becomes ER positive as well (275). At pu-
berty, estrogen is responsible for ductal elongation and
overall development of the gland, allowing the epithelium
to fill the stromal compartment in preparation for preg-
nancy and lactation. Although BPA is an example of a
chemical that has been classified as a weak estrogen be-
cause it binds with a much lower affinity to ERa compared
with 17B-estradiol, even weak estrogens are known to
affect the development of the mammary gland during early
development (276).

In the first study to examine the effects of BPA on the
mammary gland, prepubertal rats were exposed to rela-
tively high doses (100 pg/kg - d or 54 mg/kg - d) for 11 d.
After even this short exposure, mammary gland architec-
ture was affected in both dose groups, with increased num-
bers of epithelial structures and, in particular, structures
that suggest advanced development (277). BPA exposure
also altered proliferation rates of mammary epithelium
and cell cycle kinetics, with an increased number of cells in
S-phase and a decreased number of cells in G1. Although
relatively high doses of BPA were examined, this initial
study indicated that the prepubertal and pubertal gland
could be sensitive to BPA.

Many additional studies have examined another criti-
cal period, the fetal and neonatal periods, which are sen-
sitive to environmental estrogens (78, 276, 278). Mice
exposed prenatally to low doses of BPA via maternal treat-
ment (0.25 pg/kg - d) displayed altered development of
both the stromal and epithelial compartments at embry-
onic d 18, suggesting that exposures affect tissue organi-
zation during the period of exposure (176). In addition,
similar low doses produced alterations in tissue organiza-
tion observed in puberty and throughout adulthood, long
after exposures ended, and even induced pregnancy-like
phenotypes in virgin females (137, 279-282). Female
mice exposed to BPA in utero displayed heightened re-
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sponses to estradiol at puberty, with altered morphology
of their glands compared with animals exposed to vehicle
inutero (138). Another study demonstrated that perinatal
BPA exposure altered the mammary gland’s response to
progesterone (283). Remarkably, all of these effects were
observed after maternal exposures to low doses (0.025-
250 ug/kg), suggesting that the gland is extremely sensitive
to xenoestrogen exposures. These studies are in contrast to
one that examined the effects of higher doses (0.5 and 10
mg/kg - d) when BPA was administered for 4 d to the dam,
which reported advanced development of BPA-exposed
glands before puberty but no effects in adulthood (284).

Adult exposure to BPA is only now being examined in
the mouse mammary gland model. A recent study exam-
ined the effects of BPA on mice with mutations in the
BRCAT1 gene. This study reported that 4 wks of exposure
to a low dose of BPA altered the tissue organization of the
mammary gland in ways that are similar to the effects
observed after perinatal exposure (285). This study fo-
cused on altered development of the gland during expo-
sure; additional studies are needed to determine whether
these effects are permanent or whether normal mammary
morphology could be achieved by cessation of BPA
exposure.

Another obvious endpoint is the effect of BPA exposure
on mammary cancer incidence. Several studies indicate
that exposure to BPA in utero produces preneoplastic
(281, 286, 287) and neoplastic lesions (286) in the gland
in the absence of any other treatment. Additionally, other
studies show that females exposed to BPA during the peri-
natal period are more sensitive to mammary carcinogens,
decreasing tumor latency and increasing tumor incidence
(287-290). These studies are also supported by subse-
quent studies examining gene and protein expression,
which show that low-dose BPA specifically up-regulates
expression of genes related to immune function, cell pro-
liferation, cytoskeletal function, and estrogen signaling
and down-regulates apoptotic genes (282,288,289,291).

Postnatal BPA exposures also influence mammary can-
cer incidence; animals exposed lactationally to BPA from
postnatal d 2 until weaning displayed decreased tumor
latency and increased tumor multiplicity after treatment
with DMBA [7,12-dimethylbenz(a)anthracene], a carcin-
ogen (292). This study suggested that BPA exposure led to
increased cell proliferation and decreased apoptosis in the
gland and shifted the period where the gland is most sus-
ceptible to mammary carcinogens, a result that has im-
portant implications for human breast cancer. Finally, an
additional study examined the effects of adult BPA expo-
sure on mammary cancer; this study demonstrated that
low doses of BPA accelerate the appearance of mammary
tumors in a tumor-prone mouse strain (293). Interestingly,
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high doses did not have this effect; thus, this study is also
an excellent example of a NMDRC.

Two studies of BPA and the mammary gland seem to
contradict this body of literature, but both examined ex-
tremely high doses. In the first study, Nikaido et al. (294)
exposed female mice to 10 mg/kg BPA from postnatal d
15-18. Mammary glands from these animals were exam-
ined at 4, 8, and 24 wk of age, and no differences were
observed in the exposed animals relative to controls. Al-
though the lack of effects reported in this study could be
due to the high dose employed, they could also be related
to the relatively short exposure period during the preweaning
phase. In the second study, Yin and colleagues (295) ex-
amined the effects of BPA during the first few days after
birth (0.1 or 10 mg BPA, equivalent to approximately 10
and 1000 mg/kg) on the incidence of mammary tumors
after exposure to a mammary carcinogen at puberty. Sim-
ilar to the study described above, this one also examined
the effects of BPA after a relatively short period of expo-
sure (only three injections administered between postnatal
d 2 and 6). Although the study showed that BPA affected
tissue organization, there was no change in the incidence
of tumors in BPA-exposed females. Because both of these
studies examined both high doses and relatively short pe-
riods of exposure, it is difficult to compare them directly
to the studies finding effects of BPA on the mammary
gland after longer exposures to lower doses; at the very
least, they cannot refute studies suggesting that BPA alters
development of this gland.

In summary, the WoE clearly shows that low-dose BPA
exposure affects development of the mammary gland,
mammary histogenesis, gene and protein expression in the
gland, and the development of mammary cancers. In fact,
this example of low-dose effects produced remarkably
similar effects across more than a dozen studies conducted
in several different labs. These results are also consistent
with the effects of low-dose BPA exposure on mammary
epithelial cells in culture (reviewed in Ref. 30). Although
epidemiology studies examining the influence of BPA on
breast cancer rates have proven to be inconclusive at best
(296), to replicate the animal studies discussed above, ep-
idemiologists must collect information about prenatal and
neonatal exposures and relate them to adult breast cancer
incidence. These types of studies would take decades to
conduct (67) and should take into consideration the effects
of other estrogens, because their effects can be additive or
even synergistic (143, 144, 297).

Although our analyses of BPA have focused on its ef-
fects on the mammary gland and prostate (see Sections
I1.C-D), it is worth noting that several other endpoints
have strong data to support the hypothesis that BPA has
low-dose effects. In a recent review using similar WoE

Hormones and EDCs: Low Doses and Nonmonotonicity

Endocrine Reviews, June 2012, 33(3):0000-0000

approaches, Hunt and colleagues (298) focused on those
studies that examined the effects of BPA on the oocyte,
specifically scrutinizing studies that reported effects, or no
effects, on meiotic aneuploidy and other alterations in the
intracellular organization and chromosome abnormali-
ties. Similar to what has been observed with the prostate
and mammary gland, the effects observed in the oocyte are
variable from study to study, but overall consistent, and
suggest that BPA exposure produces defects in these cells.

A large number of studies have also focused on the
effects of BPA on the brain and behavior, with the most
significant effects on sexually dimorphic regions of the
brain and behaviors (299-307). Other affected behaviors
include social behaviors, learning and anxiety, and ma-
ternal-neonate interactions (reviewed in Refs. 29 and
308). The NTP expert panel statement concluded that
there were significant trends in these behavioral data and
wrote that there was some concern that BPA could have
similar effects in humans (273). Low-dose effects have also
been reported for BPA in the female reproductive tract
(309, 310), immune system (311, 312), maintenance of
body weight and metabolism (313, 314), fertility (315-
317), and the male reproductive tract (259, 318) (see Refs.
29 and 319 for comprehensive reviews).

E. Another controversial low-dose example: atrazine
and amphibian sexual development

Atrazine is an herbicide that is applied in large volumes
to crops, and there is concern that agricultural runoff of
this chemical can affect nontarget animal species, espe-
cially amphibians that live and reproduce in small ponds
and streams where significant amounts of atrazine have
been regularly measured (320-322). It is the most com-
monly detected pesticide in ground and drinking water.
Atrazine induces aromatase expression in cells and ani-
mals after exposure (323); this ultimately causes an in-
crease in the conversion of testosterone to estrogen (324,
325). This effect has been reported in all vertebrate classes
examined: fish, amphibians, reptiles, birds, and mam-
mals, including human cell lines (see Ref. 326 for re-
view). Another well-documented effect of atrazine is
that it decreases androgen synthesis and activity, again,
in every vertebrate class examined (326). In addition,
endocrine-disrupting effects of atrazine occur through a
number of other mechanisms, including antiestrogenic
activity (327), altered prolactin release (328), and in-
creased glucocorticoid release from the adrenal glands
(329, 330), among others (327).

Because of atrazine’s indirect effect on estrogen levels,
one relevant endpoint that has been given attention is the
effect of this chemical on gonad differentiation in various
amphibian species. The early gonad is bipotential, and in
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mammals, the expression of genes on the Y-chromosome
is needed to masculinize the undifferentiated gonad; when
this does not occur, the gonad develops into ovarian tissue.
In Xenopus laevis frogs (and some other animals like
birds), the opposite is true: females are heterogametic (i.e.
ZW-chromosomes) and males have two of the same chro-
mosomes (i.e. ZZ).In X. laevis, the W-chromosome is the
dominant one, containing a gene, DM-W, which induces
aromatase expression (331). Thus, having a W-chromo-
some is needed to produce estrogen; without the conver-
sion of testosterone to estrogen, the frog develops asa male
(332). Changes in sex ratio and gonadal morphology are
therefore good indicators that an estrogen, or a chemical
that up-regulates aromatase and indirectly increases es-
trogen levels, is present (76).

Determining a low-dose cutoff for atrazine is not a sim-
ple task. Although the safe limit of 3 pg/liter in drinking
water was set by the EPA, actual levels in the environment
often exceed this concentration (333), and levels in ponds
and streams can reach 100 pg/liter (322) or more. In tra-
ditional toxicology studies examining several amphibian
species, the LOAEL was set at 1.1 mg/liter, and the no
observed effect level (NOEL) was 200 ug/liter (334, 335).
Thus, using the definitions of low dose established by the
NTP (2), we consider any treatment at or below 200 ug/
liter to be a low dose.

In 2002, one of the first published studies to connect
atrazine exposures to altered gonadal morphology exam-
ined X. laevis frogs exposed to 0.01-200 pg/liter through-
out larval development (336). All doses from 0.1-200 ug/
liter produced gonadal malformations including the
presence of multiple gonads and hermaphroditism. Sev-
eral other reports showed similar effects of low doses on
gonadal phenotypes including studies that report the pro-
duction of hermaphrodites and intersex frogs, males with
ovotestes, and males with testicular oocytes (337-343).
Additional studies showed that low-dose atrazine expo-
sure (0.1-200 pg/liter in the water) during sexual differ-
entiation caused testicular dysgenesis, testicular resorp-
tion, and testicular aplasia in male frogs (343, 344), and
others indicated effects on sex ratios (339, 342, 345, 346).
Importantly, these effects were notall observed at the same
atrazine concentration, and the studies were conducted in
several different species, with some reporting effects at low
doses but no effects at higher doses (341) and others re-
porting effects in some but not all species (339). Examin-
ing these studies as a whole, there is clearly a pattern of
effects that are reproducible from study to study, and they
collectively support the hypothesis that atrazine disrupts
sex hormone concentrations.

To date, five peer-reviewed studies have reported no
effects of atrazine on sex ratios, gonadal morphology, the
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incidence of testicular abnormalities or testicular oocytes,
gonad size, or the incidence of intersex phenotypes (347-
351). Little can be ascertained from these negative studies,
however, because four did not include any positive con-
trol, suggesting that the frogs used in those studies may
have been incapable of responding to atrazine or any
other hormonal treatment (347-350). Additionally, one
of those studies reported testicular oocytes in the control
frogs, suggesting either that the negative control popula-
tion was contaminated with atrazine (or another EDC or
hormone), or that an inappropriate strain of X. laevis was
selected for the experiments (347). Only one study re-
mains that did not find any effects of atrazine; this study
used an appropriate positive control (17B-estradiol) and
found effects of that hormone on sex ratios and the inci-
dence of intersex gonads (351). An EPA expert panel
noted, however, that this study used a strain of X. laevis
that was obtained from a new, unexamined population of
frogs from Chile and suggested that this strain may be
insensitive to environmental chemicals. Furthermore, the
panel called for additional analysis of the data in this
study, including the statistical approaches; they suggested
that an independent laboratory should evaluate the his-
topathological results; and they requested that atrazine
metabolites be measured (352). The panel also proposed
that these experiments should be repeated with an estab-
lished X. laevis strain. Taking together the results of those
studies that found effects of atrazine on sexual differen-
tiation, and this one negative study, the WoE for the case
of low-dose atrazine on sexual differentiation is clearly in
support of adverse effects of this chemical.

Just as epidemiological studies have found links be-
tween EDCs and human diseases, ecological field studies
have examined whether exposure to atrazine in natural
environments affects the development of wild amphibians
(343,353-358). These studies have many of the same con-
straints as those observed in epidemiology: a paucity of
data on early life exposures (including exposure levels of
controls), limitations on the total number of EDCs that
can be measured in environmental and biological samples,
and a lack of causative relationships that can be estab-
lished between exposures and effects. For these reasons,
studies that found relationships between atrazine expo-
sure (or concentrations in environmental samples) and ef-
fects on one or more aspect of sexual differentiation (343,
353-355) are considered weak, but significant, evidence
for low-dose effects. The presence of several studies sug-
gesting a relationship between low-dose exposure to atra-
zine in the wild and altered sexual differentiation indicates
a plausible causal relationship. Because the ecological and
laboratory data show similar effects of atrazine on go-



22 Vandenberg et al.

nadal development, this strengthens the conclusions of our
WoE that low doses of atrazine cause harm to amphibians.

Feminization of males after atrazine exposure is not
restricted to amphibians; exposure of zebrafish to low
doses increased the ratio of female to male fish and in-
creased expression of aromatase (359). Close to a dozen
additional studies also report that environmentally rele-
vantdoses of atrazine can up-regulate aromatase, decrease
testosterone, and/or increase estrogen levels in a large
number of species (reviewed in Ref. 119), suggesting that
low-dose effects of atrazine may be more widespread than
their effects on the gonads of amphibians. Other studies
indicate that low-dose atrazine affects the immune system
and stress responses of salamanders (360-362), survivor-
ship patterns of several frog species (363), and thyroid
hormone and plasma ion concentrations in salmon (364).

An important factor to consider when examining the
effects of atrazine on different animal models is the diffi-
culty in identifying an appropriate low, environmentally
relevant dose for all species. Aquatic animals can be
housed in water containing levels of atrazine found in wild
habitats, yet no toxicokinetic studies are available to de-
termine what administered dose produces the levels of
atrazine metabolites, typically in the parts-per-million or
ppb range (365, 366), measured in human samples. There
are also no blood or urine measurements in exposed ro-
dents to compare with human levels; thus, extrapolations
across species are estimates at best.

Keeping this qualification in mind, exposures in the
range of 25-100 mg/kg - d during development have been
shown to alter mammary gland development (367, 368),
estrous cyclicity (369), serum and intratesticular testos-
terone concentrations (370), timing of puberty in males
and prostate weight (371), and immune function (372) in
rodents. Lower doses of atrazine metabolites (0.09-8.73
mg/kg - d) altered development of the mammary gland
(373), male pubertal timing and prostate development
(374). Identifying the range of doses administered to an-
imals that produce the levels of atrazine and its metabolites
measured in human blood and urine is an essential re-
search need to pursue low-dose studies in rodents and
other mammals.

F. Dioxin and spermatogenesis: low-dose effects from
the most potent endocrine disruptor?

Dioxin, or TCDD, is formed as a byproduct of indus-
trial processes as well as during waste incineration. Be-
cause TCDD is extremely toxic to some animals, with 1
pg/kg capable of killing 50% of guinea pigs, it has been
labeled the most toxic chemical on earth (375). But inter-
estingly, other animals are less sensitive to lethal effects of
TCDD, with an LDs, of approximately 1000 pg/kg in
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hamsters, and studies also suggest that humans are not a
hypersensitive species for lethality (376). Additionally,
there are differences in the half-life of TCDD in different
animals; in rodents, the half-life is 2-4 wks, but in hu-
mans, the half-life is approximately 10 yrs, and additional
factors influence TCDD pharmacokinetics including the
exposure level and the amount of body fat present (377-
379). In cell cultures, doses as low as 10! M are toxic,
with decreased viability observed even in cells maintained
in nonproliferative states (380).

TCDD binds to the aryl hydrocarbon receptor (AhR),
and differences in the affinity for the receptor may be re-
sponsible for differences in sensitivity between species
(381). The K, (dissociation constant for receptor-ligand
binding kinetics) in human samples typically ranges from
3-15 nm, but in samples from rodents, the K is less than
1 nm (382). Importantly, there are also nongenomic path-
ways affected by TCDD that are mediated by AhR thatare
typically altered within minutes of TCDD exposure and
therefore without changes in transcription (383). Yet
many studies suggest that important differences exist be-
tween species regarding binding affinity of TCDD for AhR
and the toxicity of this chemical, but that other adverse
effects, including those related to the endocrine-disrupting
activities of TCDD, occur at similar doses (or body bur-
dens) across animal species (384, 385). Thus, it is plausible
that AhR affinity alone can predict some, but not all, ef-
fects of TCDD and related chemicals.

The mechanisms responsible for many of the endo-
crine-disrupting activities of TCDD are currently not well
understood. Knocking out AhR disrupts morphogenesis
of several organ systems even in the absence of a ligand like
TCDD, suggesting that this receptor plays important roles
in early development (386). AhR is translocated to the
nucleus after loss of cell-cell contacts and is often localized
to the nucleus in embryonic cells, suggesting that it could
have ligand-independent effects on development and/or
that endogenous ligands could be present during early de-
velopment (387). When TCDD is present, AhR translo-
cates to the nucleus and dimerizes with ARNT, the aro-
matic hydrocarbon receptor nuclear translocator (388).
Although the (currently unidentified) physiological acti-
vators of AhR are likely to induce rapid on/off signaling
via AhR, TCDD and related compounds appear to main-
tain activation of AhR, and the presence of TCDD pre-
vents the normal action of the AhR signaling pathway in
the maintenance of homeostasis (389). This induces
changes in the expression of genes and promotes the pro-
duction of toxic metabolites. These effects may be respon-
sible for some of the endocrine-related endpoints affected
by TCDD exposure. Additionally, recent studies have
shown complex and intricate interactions between the
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AhR and ER signaling pathways (390), suggesting that
dioxin may also have indirect effects on some ER-medi-
ated endpoints via AhR signaling.

Teratogenic effects of TCDD have been well docu-
mented after high-dose (391, 392) and low-dose expo-
sures (393). These studies show that almost every organ
and system in the body is affected by this chemical. High
doses that did not produce lethality caused severe weight
loss, intestinal hemorrhaging, alopecia, chloracne, ede-
mas, and severe liver damage. Sadly, there are now several
examples in humans of accidental exposures after the in-
dustrial release of TCDD where a number of individuals
have been exposed to large doses (389, 394) as well as a
few documented intentional poisonings (395). The toler-
ated daily intake level was set at 1-4 pg/kg - d, although
the doses consumed by nursing infants are likely to exceed
these levels by a factor of 10 (375). Adult exposures usu-
ally result from the consumption of contaminated foods,
and because TCDD is lipophilic, it is concentrated in the
fat component of breast milk and therefore passed in large
quantities from a nursing mother to her infant.

Using classical toxicology methods, the effects of single
TCDD doses were examined in adult male rats, specifi-
cally focusing on the effects of this chemical on the number
of spermatids per testis and the integrity of the testicular
germinal epithelium (396). In one of the earliest studies,
Chahoud and colleagues (397) determined a LOAEL of 3
pg/kg - d and set the NOAEL at 1 pg/kg - d for effects on
the testes. Because there are significant differences in the
toxicity of TCDD between animal models, and different
endpoints have different identified NOAELSs, we have se-
lected the 1 pg/kg - d identified by Chahoud et al. as the
cutoff for low-dose studies of this compound. This cutoff
is based on the NTP’s definition of low dose as occurring
at doses lower than those tested in traditional toxicology
assessments (2). However, it is important to acknowledge
that body burdens that mimic those observed in human
populations are likely the best indicators of low doses for
TCDD (384), and thus we recommend that future studies
determine body burdens after administration of TCDD for
the specific strain, origin, and species of animal being
tested to ensure that truly low doses, relevant to human
populations, are being tested.

Several recent epidemiological studies have indicated
that relatively high exposures to TCDD during early life
(due to industrial release of high amounts of the chemical)
can permanently affect semen quality and sperm count in
men (398). Yet epidemiology studies also clearly show
that the timing of TCDD exposure can vastly influence the
effect of this chemical on spermatogenesis; exposures dur-
ing perinatal life significantly reduced sperm parameters,
but exposures during puberty increased sperm counts; ex-
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posures in adulthood had no effect on sperm parameters
(399). Thus, itis also important for animal studies to focus
on exposures during critical periods for development of
the male reproductive tract and spermatogenesis in
particular.

We are aware of 18 studies that have examined the
effects of low doses (=1 pg/kg - d) of TCDD during peri-
natal development on male fertility endpoints in adult-
hood. The endpoints assessed vary, including epididymal
sperm counts, ejaculated sperm number, daily sperm pro-
duction, sperm transit rate, and percent abnormal sperm,
and the sensitivity of these endpoints appears to impact the
ability to detect low-dose effects in different studies (400,
401) (Table 5). In total, 16 rodent studies examined the
effect of low-dose TCDD on epididymal sperm count; 12
showed significant effects on this endpoint (402-413),
whereas the other four did not (414-417). Of the five
studies that examined ejaculated sperm counts, four stud-
ies (404,405, 408), including one examining rhesus mon-
keys (418), showed effects of low-dose TCDD, i.e. a sig-
nificant decrease in sperm counts; one study found no
effect (417). Daily sperm production was a less-sensitive
endpoint, with four studies showing significant decreases
after prenatal exposure to low doses (402,403,407, 409)
and four studies showing no effects (406,412,413, 416);
sperm transit rate was examined in only two studies, al-
though both showed significant decreases in sperm tranfer
rates (403,410); and finally, three studies determined that
low-dose TCDD produced abnormalities in sperm ap-
pearance or motility (414, 415, 419), but one study was
not able to replicate these findings (417).

When examining the TCDD literature as a whole, the
WoE strongly suggests that prenatal exposure to low doses
of TCDD affects sperm-related endpoints in adulthood
(Table 5). In all, only two studies were unable to detect any
effect of TCDD on the sperm endpoints assessed, although
both studies found effects of TCDD on other endpoints
including the weight of the adult prostate (416) and the
timing of puberty (417). No study on TCDD used a
positive control, likely due to a paucity of information
on the mechanisms of dioxin action, but this raises ob-
vious questions about the ability of these experimental
systems to detect effects on spermatogenesis. Finally,
some of the inability to detect effects of TCDD could be
due to the use of insensitive strains, because 1000-fold
differences in sensitivity have been reported for differ-
ent rodent strains (420).

Even though we have focused the majority of our at-
tention on the effects of low-dose TCDD exposure on sper-
matogenesis, it should be noted that low doses of this
chemical affect a multitude of endpoints in animals, alter-
ing immune function (421, 422), indicators of oxidative
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TABLE 5. Summary of low-dose animal studies examining the effects of TCDD on spermatogenesis endpoints

Administered dose (time Epididymal Ejaculated Daily sperm Sperm % abnormal
Study of administration) Animal sperm count sperm no. production transit rate sperm
Mably 0.064-1 pg/kg (gestational d 15) Rat Decreased NA Decreased NA NA
et al. (409)
Bjerke and 1 ng/kg (gestational d 15) Rat Decreased NA Decreased NA NA
Peterson (402)
Gray et al. (404) 1 ng/kg (gestational d 8) Rat Not significant Decreased NA NA NA
1 ng/kg (gestational d 15) Rat Decreased Decreased NA NA NA
1 ng/kg (gestational d 11) Hamster Decreased Decreased NA NA NA
Sommer 1 ug/kg (gestational d 15) Rat Decreased Decreased Decreased Not significant ~ Not significant
et al. (408)
Wilker 0.5, 1 or 2 pg/kg Rat Decreased NA Unaffected Increased NA
etal (410) (gestational d 15)
Gray et al. 0.05-1 ug/kg (gestational d 15) Rat Decreased Decreased Decreased NA NA
(405)
Faqgi et al. 0.025-0.3 ug/kg (before mating, Rat Decreased NA Decreased Increased Increased
(403) then 0.005-0.06 pg/kg
weekly [to dams])
Loeffler and 0.25 pg/kg (gestational d 15) Rat Decreased NA Unaffected NA NA
Peterson (412)
Ohsako 0.0125-0.8 ng/kg Rat Not significant NA Unaffected NA NA
etal (416) (gestational d 15)
Ohsako 1 ng/kg (gestational d 15) Rat Decreased NA Unaffected NA NA
et al. (406)
1 ng/kg/gestational d 18 Rat Unaffected NA Unaffected NA NA
1 pg/kg/postnatal d 2 (to pups) Rat Unaffected NA Unaffected NA NA
Simanainen 0.03-1 ug/kg Rat Decreased NA Decreased NA NA
et al. (407) (gestational d 15)
Yonemoto 0.0125-0.8 ng/kg Rat Unaffected Unaffected NA NA Unaffected
etal (417) (gestational d 15)
Yamano 0.3 or 1 ng/kg (postnatal d 1 Rat Not significant NA NA NA NA
etal. (714) and then every week
[to dams])
lkeda 0.4 pg/kg (before mating, then Rat Unaffected NA NA NA NA
etal. (715) 0.08 ug/kg weekly [to dams])
Bell 0.05-1 ug/kg (gestational d 15) Rat Increased NA NA NA Increased
etal. (414) (at certain ages)
Bell 0.0024-0.046 pg/kg (d 12 weeks Rat Unaffected NA NA NA Increased
etal. (415) before pregnancy
through parturition)
Arima 0.03 or 0.3 pg/kg (gestational d 20,  Rhesus monkey  Decreased Not significant ~ NA NA Not significant
etal. (418) then 5% of dose monthly
[to dams])
Yamano 0.3 or 1 ng/kg (weekly to dams Rat NA NA NA NA Increased
etal. (419) then pups [all postnatal])
Jinetal 1 ng/kg - d (postnatal days 1-4 Mouse Decreased NA NA NA NA
(411) [to dams])
Rebourcet 0.01-0.2 ng/kg (gestational d 15) Rat Decreased (at some ages)  NA Not significant ~ NA NA
etal. (413)

Not significant indicates trend for effect but did not reach statistical significance. Unaffected means assessed, but no differences were observed relative to controls.
Here, low doses were considered any at or below 1 pg/kg - d (see text for discussion of how this cutoff was established for rodent studies). NA, Not assessed.

stress (423-425), bone and tooth development (426,
427), female reproduction and timing of puberty (428 -
430), mammary gland development and suceptibility to
cancers (431), behaviors (432,433), and others. In several
cases, lower doses were more effective at altering these
endpoints than higher ones (423, 424, 426, 433). Epide-
miology studies of nonoccupationally exposed individuals
also indicate that serum TCDD levels may be linked to
diseases in humans as well (434). Mean serum TCDD lev-
els have decreased by a factor of 7 over a 25-yr period
(1972-97) in several industrial nations (435), but results
from both animal and epidemiological studies suggest that
even the low levels detected now could have adverse effects
on health-related endpoints.

G. Perchlorate and thyroid: low-dose effects in humans?

A significant challenge with observing low-dose effects
of EDCs in the human population is that human chemical
exposures are multivariate along the vectors of time,
space, and sensitivities. In addition, chemicals can exert
effects on several systems simultaneously. Therefore, as-
sociations in human studies between exposures and dis-
ease are difficult to reconcile with experimental studies in
animal model systems. For this reason, the literature de-
scribing the potential impacts of perchlorate contamina-
tion on the human population is potentially clarifying be-
cause to the best of our knowledge, perchlorate exerts only
a single effect, and the pharmacology of perchlorate ex-
posures has been studied in human volunteers (436). This
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literature offers a unique perspective into the issue of low-
dose effects, perhaps providing important hypotheses to
explain mechanistically why high-dose, short-term exper-
iments can fail to predict the outcome of low-dose, lifetime
exposures.

In the 2001-2002 NHANES dataset, perchlorate was
detected in the urine of each of the 2820 samples tested
(437). This widespread exposure means that the human
population is being continuously exposed because per-
chlorate has a half-life in the human body of about 8 h
(438). Human exposures to perchlorate are likely attrib-
uted to both contaminated drinking water and food (439);
in fact, a recent analysis concludes that the majority of
human exposure to perchlorate comes from food (440).

The predominant theory proposed to explain the
source of perchlorate contamination in the United States
is that it has been employed for many decades as the prin-
cipal oxidant in explosives and solid rocket fuels (441).
Perchlorate is chemically stable when wet and persists for
long periods in geological systems and in ground water.
Because of disposal practices during the 1960s through
1990s, perchlorate became a common contaminant of
ground water in the United States (441, 442). Perchlorate
is also formed under certain kinds of natural conditions
(443), although the relative contributions to human ex-
posure of these different sources is not completely under-
stood. As a result of perchlorate contamination of natural
waters, the food supply has become contaminated through
irrigation in part because both aquatic and terrestrial
plants can concentrate perchlorate more than 100-fold
over water levels (444).

This exposure profile in the human population is im-
portant because high doses of perchlorate are known to
reduce functioning of the thyroid gland, and poor thyroid
function is an important cause of developmental deficits
and adult disease (445). The primary question is: at what
dose does perchlorate inhibit thyroid function sufficiently
to cause disease? The current literature, reviewed below,
supports the view that background exposure may affect
thyroid function in adult women. These exposure levels,
however, are considerably lower than predicted by early
toxicology experiments in humans.

Perchlorate reduces thyroid function by inhibiting io-
dide uptake by the sodium/iodide symporter (NIS) (446),
which is the only known effect of perchlorate on human
physiology (438). NIS is responsible for transporting io-
dide into the thyroid gland, which is required for the pro-
duction of thyroid hormone (447). However, NIS is also
expressed in the gut (448, 449), in lactating breast (448,
450, 451), and in placenta (452), presumably all as a de-
livery mechanism for iodide to the developing and adult
thyroid gland. Because the NIS transports perchlorate
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(450), the pathway by which humans take up and con-
centrate perchlorate is the same as the pathway by which
humans take up and concentrate iodide. Interestingly, NIS
expression in the human fetal thyroid gland is the rate-
limiting step in production of thyroid hormone (453).
Moreover, NIS transport of perchlorate explains why high
levels of perchlorate are found in human amniotic fluid
(454, 455) and breast milk (456-459).

This effect of perchlorate on thyroid function is impor-
tant because thyroid hormone is essential for normal brain
development, body growth as well as for adult physiology
(445, 460). Moreover, it has become clear that even small
deficitsin circulating thyroid hormone in pregnant women
(461,462) or neonates (463) have permanent adverse out-
comes. In fact, recent work indicates that very subtle thy-
roid hormone insufficiency in pregnant women is associ-
ated with cognitive deficits in their children (461). Because
of the importance of thyroid hormone in development and
adult physiology, and because perchlorate is a potent in-
hibitor of iodide uptake and thyroid hormone synthesis,
identifying the dose at which these events occur is critical.

Perchlorate was used medically to reduce circulating
levels of thyroid hormone in patients with an overactive
thyroid gland in the 1950s and 1960s (reviewed in Ref.
446); therefore, it was reasonable to examine the dose-
response characteristics of perchlorate on the human thy-
roid gland. Because perchlorate inhibits iodide uptake,
several studies were performed to evaluate the effect of
perchlorate exposure on iodide uptake inhibition in hu-
man volunteers (438, 464—-466). In one study, 0.5 or 3
mg/d (approximately 0.007 and 0.04 mg/kg - d) perchlo-
rate was administered to healthy volunteers (n = 9 females
and 5 males, age 25-635 yr), and no effects were observed
(466). Of course, it is important to note that the 2 wk of
administration tested in this study is not sufficient to see
any effect on serum concentrations of T, or TSH; the
healthy thyroid can store several months’ worth of thyroid
hormone in the gland (467). Another small study also
found no effects of administering 3 mg/d (approximately
0.04 mg/kg - d) on any thyroid endpoint assessed (n = 8
adult males) (464).

In contrast, two studies examining adult volunteers ad-
ministered perchlorate found effects of this chemical on at
least one endpoint. The first found that radioactive iodide
uptake was affected by 2 wk of exposure to 10 mg/d (0.13
mg/kg - d), but other measures of thyroid function were
not altered (n = 10 males) (465). The second examined
adults (n = 37) given doses ranging from 0.007-0.5 mg/
kg - d; all but the lowest dose altered radioactive iodide
uptake, and only the highest dose altered TSH levels (438).
These studies were interpreted to suggest that adults
would have to consume 2 liters of drinking water daily that
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was contaminated with at least 200 ppb (200 ug/liter)
perchlorate to reach a level in which iodide uptake would
begin to be inhibited. Yet, these administered doses are
high and relatively acute, so the derivation of a safe dose
from these studies, applied to vulnerable populations
such as those with low iodide intake, has been strongly
disputed (471).

Studies of occupational exposures have also been used
to examine the effects of exposure to relatively high levels
of perchlorate. In the first such study, more than 130 em-
ployees were separated into eight groups based on expo-
sure estimates from airborne perchlorate in the workplace
(472). The authors found that individuals with longer
daily exposures to perchlorate, due to longer work shifts,
had significant decreases in TSH levels compared with
individuals with shorter exposures. But this study was
hampered because actual exposure levels were not mea-
sured via urine or blood samples. A second study exam-
ined 37 employees exposed to perchlorate and 21 control
employees from an azide factory; actual exposure mea-
sures were not conducted, but estimates were calculated
based on exposures to perchlorate dust and air samples
(473). This study found no effects of perchlorate expo-
sures on any thyroid endpoint, although the sample size
examined was small. In the final occupational exposure
study, serum perchlorate levels were measured and
compared with several measures of thyroid function in
workers (n = 29) who had spent several years as em-
ployees in a perchlorate production plant (474). In this
study, the most complete because of the biomonitoring
aspect of the exposure measures, higher perchlorate lev-
els were associated with lower radioactive iodide up-
take, higher urinary iodide excretion, and higher thy-
roid hormone concentrations.

Although iodide uptake was often inhibited in these
studies, serum thyroid hormones were typically not al-
tered, perhaps because of sufficient stored hormone.
Based on these observations, the National Academy
Committee to Assess the Health Implications of Per-
chlorate Ingestion (467) estimated that perchlorate
would have to inhibit thyroid iodide uptake by about
75% for several months to cause a reduction in serum
thyroid hormones. Moreover, the drinking water con-
centration of perchlorate required for this kind of in-
hibition was estimated to be over 1,000 ppb (438).
Therefore, the National Academy of Sciences commit-
tee recommended a reference dose of 0.0007 mg/kg - d
(467), based on the dose at which perchlorate could
inhibit iodide uptake, and the EPA used this value to set
a provisional drinking water standard of 15 ppb.

Considering these data and general knowledge about
the thyroid system, it was unexpected that Blount et al.
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(475) would identify a positive association between uri-
nary iodide and serum TSH in adult women in the
NHANES 2001-2002 dataset. Yet several features of this
dataset were consistent with a causal action of perchlorate
on thyroid function. First, in the general population of
adult women, urinary perchlorate was positively associ-
ated with serum TSH. In the population of adult women
who also had low urinary iodide, however, urinary per-
chlorate was more strongly associated with serum TSH
and was negatively associated with serum T,. The strength
of this association was such that the authors calculated
that women at the 50th percentile of perchlorate exposure
experienced a 1 ug/dl T, reduction (reference range =
5-12 pg/dl). Should this magnitude of reduction in serum
T, occur in a neonate, measurable cognitive deficits would
also be present (476). Finally, Steinmaus et al. (477), using
the same NHANES dataset, showed that women with low
urinary iodide who smoke had an even stronger associa-
tion between urinary perchlorate and measures of thyroid
function. Tobacco smoke delivers thiocyanates, which
also inhibit NIS-mediated iodide uptake (446).

The NHANES dataset suggests that perchlorate expo-
sures of 0.2—-0.4 ug/kg - d (440) are associated with de-
pressed thyroid function, even when urinary iodide is not
reduced. This is a considerably lower dose than the 7 ug/
kg - d dose required to suppress iodide uptake in the Greer
et al. (438) study or the 500 pg/kg - d the NAS estimated
would be required for several months to actually cause a
decline in serum T,. Therefore, it is reasonable to question
whether these associations represent a causative relation-
ship between perchlorate and thyroid function.

A number of epidemiological studies have been pub-
lished to test for a relationship between perchlorate ex-
posure and thyroid function. Early work used neonatal
screening data for T, as a measure of thyroid function, and
the city of birth (Las Vegas, NV, compared with Reno,
NV) as a proxy measure of exposure (478, 479). The re-
ported findings were negative, but we now know that all
Americans are exposed to perchlorate, so there was con-
siderable misclassification of exposure, and no relation-
ship should have been observed. Several additional studies
using similar flawed designs also found no relationship
between proxy measures of perchlorate exposures and
clinical outcomes (480-484).

A recent study of the neonatal screening data from
1998 in California identified a strong association be-
tween neonatal TSH and whether or not the mother
resided in a contaminated area (485). This study in-
cluded over 497,000 TSH measurements and 800 per-
chlorate measurements. In addition, they used as a cut-
off a variety of TSH levels (as opposed to the 99.9th
percentile used for the diagnosis of congenital hypothy-



Endocrine Reviews, June 2012, 33(3):0000-0000

roidism), indicating that perchlorate exposure is not
associated with congenital hypothyroidism. Two addi-
tional studies have shown similar relationships between
perchlorate and TSH levels, particularly in families with
a history of thyroid disease (486, 487).

Several studies in pregnant women have failed to iden-
tify a relationship between perchlorate exposure and mea-
sures of thyroid function (488-490). Although these are
important studies that need to be carefully scrutinized,
they do not replicate or refute the NHANES dataset. It
thus remains important to conduct additional studies ex-
ploring the relationship between background exposure to
perchlorate and thyroid function in adults, pregnant
women, neonates, and infants. This effort will be chal-
lenging because of the different characteristics of thyroid
function and hormone action at different life stages (460).
In addition, it will be important to obtain individual mea-
surements of exposures to perchlorate and other NIS in-
hibitors (thiocyanate and nitrate), and iodide itself as well
as individual measures of thyroid function (free and total
T, and TSH).

If background levels of perchlorate affect thyroid func-
tion in any segment of the population, it will be challeng-
ing to explain how the high-dose, short-term experiments
of Greer et al. (438) completely underestimated the sen-
sitivity of the human thyroid gland to perchlorate expo-
sure. One possibility is that physiological systems respond
to short durations of robust stress with compensatory
mechanisms that reset during periods of long-term stress.

When these data are examined together, several impor-
tant issues are raised. First, this example illustrates the
difficulties inherent in studying human populations; epi-
demiology yields associations, not cause-effect relation-
ships, in many cases using surrogate markers for perchlo-
rate, and is not able to distinguish short- vs. long-term
exposure duration. Second, our WoE analysis suggests
that there is weak evidence for low-dose effects of per-
chlorate; further research is needed. The relationship be-
tween low-dose perchlorate exposures and thyroid end-
points would be strengthened by the addition of studies
that measure biological concentrations of perchlorate and
compare them with thyroid endpoints in neonates and
other vulnerable populations. Third, the published studies
that reported low-dose effects of perchlorate typically ex-
amined very specific populations, with several focusing on
women with low iodine intake. This observation suggests
that some groups may be more vulnerable to low doses of
perchlorate than others (491).

H. Low-dose summary
These examples, and the examples of low-dose effects
in less well-studied chemicals (Table 3), provide evidence
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that low-dose effects are common in EDC research and
may be the default expectation for all chemicals with en-
docrine activity. Many known EDCs have not been ex-
amined for low-dose effects, but we predict that these
chemicals will have effects at low doses if studied appro-
priately. Although studies unable to detect effects at low
doses have received attention, including some studies de-
signed to replicate others that reported low-dose effects,
the majority of these studies contain at least one major
design flaw. Thus, a WoE approach clearly indicates that
low-dose effects are present across a wide span of chemical
classes and activities.

I1l. Nonmonotonicity in EDC Studies

A concept related to low dose is that of nonmonotonicity.
As noted in Section 1.B, in a monotonic response, the ob-
served effects may be linear or nonlinear, but the slope
does not change sign (Fig. 3, A and B). In contrast, a dose-
response curve is nonmonotonic when the slope of the
curve changes sign somewhere within the range of doses
examined (Fig. 3C). NMDRC:s are often U-shaped (with
maximal responses of the measured endpoint observed at
low and high doses) or inverted U-shaped (with maximal
responses observed at intermediate doses) (Fig. 3C, top
panels). Some cases are more complicated, with multiple
points along the curve at which the slope of the curve
reverses sign (Fig. 3C, bottom left). Nonmonotonicity is
not synomymous with low dose, because there are low-
dose effects that follow monotonic dose-response curves.
Thus, it is not required that a study include doses that
span from the true low-dose range to the high toxico-
logical range to detect nonmonotonicity. The conse-
quence of NMDRCs for toxicity testing is that a safe
dose determined from high doses does not guarantee
safety at lower, untested doses that may be closer to
current human exposures.

Examples of NMDRCs from the cell culture, animal,
and epidemiological literature will be discussed in detail in
Section III.C. Importantly, our review of the literature
finds that NMDRCs are common in the endocrine and
EDC literature. In fact, it is plausible that, considering the
mechanisms discussed below, NMDRCs are not the ex-
ception but should be expected and perhaps even
common.

A. Why is nonmonotonicity important?

NMDRC s in toxicology and in the regulatory process
for EDCs are considered controversial. In addition to dis-
cussions of whether NMDRCs exist, there is also discus-
sion of whether those that do exist have relevance to
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Figure 3. Examples of dose-response curves. A, Linear responses, whether there are positive
or inverse associations between dose and effect, allow for extrapolations from one dose to
another. Therefore, knowing the effects of a high dose permits accurate predictions of the
effects at low doses. B, Examples of monotonic, nonlinear responses. In these examples, the
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slope of the curve never changes sign, but it does change in value. Thus, knowing what
happens at very high or very low doses is not helpful to predict the effect of exposures at

moderate doses. These types of responses often have a linear component within them, and
predictions can be made within the linear range, as with other linear responses. C, Displayed

are three different types of NMDRCs including an inverted U-shaped curve, a U-shaped

curve, and a multiphasic curve. All of these are considered NMDRCs because the slope of the
curve changes sign one or more times. It is clear from these curves that knowing the effect of
a dose, or multiple doses, does not allow for assumptions to be made about the effects of

other doses. D, A binary response is shown, where one range of doses has no effect, and
then a threshold is met, and all higher doses have the same effect.
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toxicological determination of putative safe
exposures. In the standard practice of regula-
tory toxicology, the calculated safe dose, also
called a reference dose, is rarely tested. In a
system that is responding nonmonotonically, it
is not appropriate to use a high-dose test to
predict low-dose effects. Unfortunately, all
regulatory testing for the effects of chemical
exposures assume that this is possible. All cur-
rent exposure standards employed by govern-
ment agencies around the world, including the
FDA and EPA, have been developed using an
assumption of monotonicity (492, 493). The
low-dose range, which presumably is what the
general public normally experiences, is rarely,
if ever, tested directly.

The standard procedure for regulatory test-
ing typically involves a series of tests to estab-
lish the lowest dose at which an effect is ob-
servable (the LOAEL), then a dose beneath that
at which no effect is observable (the NOAEL).
Then a series of calculations are used to ac-
knowledge uncertainty in the data, species dif-
ferences, age differences, etc., and those calcu-
lations, beginning with the LOAEL or the
NOAEL, produce a reference dose that is pre-
sumed to be a safe exposure for humans (Fig.
4). Typically, the reference dose is 3- to 1000-
fold lower than the NOAEL. That reference
dose then becomes the allowable exposure and
is deemed safe, even when it is never examined
directly. For chemicals with monotonic linear
dose-response curves (Fig. 3A), this may be ap-
propriate. But for any chemicals that display
nonmonotonic patterns, it is likely to lead to false
negatives, z.e. concluding that exposure to the ref-
erence dose is safe when in fact it is not.

As described above, there are other nonlin-
ear dose-response curves that are monotonic
(Fig. 3B). These curves may also present prob-
lems for extrapolating from high doses to low
doses because there is no linear relationship
that can be used to predict the effects of low
doses. Equally troubling for regulatory pur-
poses are responses that have a binary response
rather than a classical dose-response curve
(Fig. 3D). In these types of responses, one range
of doses has no effect on an endpoint, and then
athreshold is met, and all higher doses have the
same effect. An example is seen in the atrazine
literature, where doses below 1 ppb had no
effect on the size of the male larynx but doses
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at or above 1 ppb produced a significant decrease in size
of approximately 10-15% (336). Even doses of 200 ppb,
the toxicological NOEL, produce the same effect. Thus,
this all-or-none effect is observed because atrazine does
not shrink the larynx; instead, it removes the stimulatory
agent (i.e. androgens). In the absence of some threshold
dose of androgen, the larynx simply remains at the un-
stimulated (female) size. The EPA’s assessment of this
study and others was that the lack of a dose-dependent
response negates the importance of this effect (352). The
lack of a dose response for a threshold effect like larynx
size does not mean that the effects are not dose dependent;
thus, understanding these types of effects and their impli-
cations for risk assessments is essential for determining the
safe levels of chemicals.

It is important to mention here that the appropriateness
of determining NOAEL concentrations, and therefore cal-
culating reference doses, from exposures to endogenous
hormones or EDCs has been challenged by several studies
(Fig. 4A) (494-496). These studies show that hormonally
active agents may still induce significant biological effects
even at extremely low concentrations and that presently
available analytical methods or technologies might be un-
able to detect relatively small magnitudes of effects.
Previous discussions of this topic have shown that as the
dose gets lower (and approaches zero) and the effect size
decreases, the number of animals needed to achieve the
power to detect a significant effect would have to increase
substantially (497). Even more importantly, the assump-
tion of a threshold does not take into account situations
where an endogenous hormone is already above the dose
that causes detectable effects and that an exogenous chem-
ical (whether an agonist or antagonist) will modulate the
effect of the endogenous hormone at any dose above zero
(Fig. 4B). There can thus be no threshold or safe dose for
an exogenous chemical in this situation. Forced identi-
fication of NOAEL or threshold doses based on the
assumption that dose-response curves are always mono-
tonic without considering the background activity of
endogenous hormones and the limitations of analytical
techniques supports the misconception that hormonally
active agents do not have any significant biological ef-
fects at low doses. Thus, the concept that a toxic agent
has a safe dose that can be readily estimated from the
NOAEL derived from testing high, acutely toxic doses
is overly simplistic and contradicted by data when ap-
plied to EDC (5, 497, 498).

B. Mechanisms for NMDRCs

Previously, the lack of mechanisms to explain the ap-
pearance of NMDRCs was used as a rationale for ignoring
these phenomena (492, 493). This is no longer acceptable
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because there are several mechanisms that have been iden-
tified and studied that demonstrate how hormones and
EDCs produce nonmonotonic responses in cells, tissues,
and animals. These mechanisms include cytotoxicity, cell-
and tissue-specific receptors and cofactors, receptor selec-
tivity, receptor down-regulation and desensitization, re-
ceptor competition, and endocrine negative "****“* [oops.
These mechanisms are well understood, and by providing
detailed biological insights at the molecular level into the
etiology of NMDRGC:s, they strongly negate the presump-
tion that has been central to regulatory toxicology that
dose-response curves are by default monotonic.

1.Cytotoxicity

The simplest mechanism for NMDRCs derives from
the observation that hormones can be acutely toxic at high
doses yet alter biological endpoints at low, physiologically
relevant doses. Experiments working at concentrations
thatare cytotoxic are incapable of detecting responses that
are mediated by ligand-binding interactions. For example,
the MCF7 breast cancer cell line proliferates in response to
estradiol in the low-dose range (10~ % to 10" M) and in
the pharmacological and toxicological range (10~ ' to
10~° m), but toxic responses are observed at higher doses
(38). Thus, when total cell number is graphed, it displays
an inverted U-shaped response to estrogen. But cells that
donot contain ER, and therefore cannot be affected by the
hormonal action of estradiol, also display cytotoxic re-
sponses when treated with high doses of hormone. These
results clearly indicate that the effects of estradiol at high
doses are toxic via non-ER-mediated mechanisms.

2. Cell- and tissue-specific receptors and cofactors

Some NMDRCs are generated by the combination of
two or more monotonic responses that overlap, affecting
a common endpoint in opposite ways via different path-
ways. For example, in vitro cultured prostate cell lines
demonstrate a nonmonotonic response to increasing doses
of androgen where low doses increase cell number and
higher doses decrease cell number, thus producing an in-
verted U-shaped curve (499, 500). Although the parental
cell expressed an inverted U-shaped dose-response curve,
after a long period of inhibition, the effects on cell number
could be segregated by selecting two populations of cells:
one that proliferated in the absence of androgens and
other cells that proliferated in the presence of high andro-
gen levels (501). Thus, the observed inverted U-shaped
response is due to actions via two independent pathways
that can be separated from each other in an experimental
setting (502). Similarly, estrogens have been shown to in-
duce cell proliferation and inhibit apoptosis in several cell
populations, but inhibit proliferation and induce apopto-
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Figure 4. NOAEL, LOAEL, and calculation of a safe reference dose. A, In traditional toxicology
testing, high doses are tested to obtain the maximum tolerated dose (MTD), the LOAEL, and
the NOAEL. Several safety factors are then applied to derive the reference dose, i.e. the dose
at which exposures are presumed safe. This reference dose is rarely tested directly. Yet when
chemicals or hormones produce NMDRCs, adverse effects may be observed at or below the
reference dose. Here, the doses that would be tested are shown by a dotted line, and the
calculated safe dose is indicated by a thick solid line. The actual response, an inverted U-
shaped NMDRC, is shown by a thin solid line. B, Experimental data indicate that EDCs and
hormones do not have NOAELs or threshold doses, and therefore no dose can ever be
considered safe. This is because an exogenous hormone (or EDC) could have a linear
response in the tested range (dotted fine), but because endogenous hormones are present
(thin solid line), the effects of the exogenous hormone are always observed in the context of
a hormone-containing system.
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sults described from the transcriptome of
MCEF7 cells, whereby a discrete global re-
sponse like cell proliferation manifests at sig-
nificantly lower estrogen doses than the induc-
tion of a single marker gene (135). That a
response like cell proliferation requires a sig-
nificantly lower dose of hormone than the dose
needed to induce a given target gene is coun-
terintuitive but factual; it may be interpreted as
consistent with the notion that metazoan cells,
like cells in unicellular organisms, are intrinsi-
cally poised to divide (503, 506, 507) and that
quiescence is an induced state (508, 509). The
biochemical details underlying these different
responses are largely unknown; however, re-
cent studies showed that steroid receptors con-
trol only a portion of their target genes directly
via promoter binding. The majority of the
changes are indirect, through chromatin rear-
rangements (510, 511).

Why do different cell types (in vitro and in
vivo) have different responses to the same hor-
mone? One answer is that they may express
different receptors, and these receptors have
different responses to the same hormone. For
example, some tissues express only one of the
two major ER (ERa and ERB), and actions via
these receptors are important not just for re-
sponsiveness to hormone but also for cellular
differentiation and cross talk between tissue
compartments (512). Yet other tissues express
both ERa and ER B, and the effects of signaling
via these two receptors often oppose each oth-
er; i.e. estrogen action via ERa induces prolif-
eration in the uterus, but ER 8 induces apopto-
sis (154). Complicating the situation further,
different responses to a hormone can also be
obtained due to the presence of different co-
factors in different cell and tissue types (513,
514); these coregulators influence which genes
are transcriptionally activated or repressed in
response to the presence of hormone. They can
also influence ligand selectivity of the receptor
and DNA-binding capacity, having tremen-
dousimpact on the ability of a hormone to have
effects in different cell types (105, 515, 516).

Although much of these activities occur on

sis in others (503, 504), with the combined effect beingan  a biochemical level, i.e. at the receptor, there is also evi-
inverted U-shaped curve for cell number (505). dence that nonmonotonicity can originate at the level of

Why does one single cell type have different responses  tissue organization. The mammary gland has been used as
to different doses of the same hormone? The case of the  a model to study inter- and intracompartmental effects of
prostate cell line described above is reminiscent of the re-  hormone treatment: within the ductal epithelium, estro-
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gen has distinct effects during puberty, both inducing pro-
liferation, which causes growth of the ductal tree, and
inducing apoptosis, which is required for lumen formation
(517, 518);in cell culture, the presence of stromal cells can
also enhance the effects of estrogen on epithelial cells (519,
520), suggesting that stromal-epithelial compartmental
interactions can mediate the effects of estrogen.

3. Receptor selectivity

NMDRC:s can occur because of differences in receptor
affinity, and thus the selectivity of the response, at low vs.
high doses. For example, at low doses, BPA almost exclu-
sively binds to the ER (including mER), but at high doses
it can also bind weakly to other hormone receptors, like
androgen receptor and thyroid hormone receptor (249,
521). This type of receptor nonselectivity is quite common
for EDCs, and it has been proposed that binding to dif-
ferent receptors may be an explanation for the diverse
patterns of disease observed after EDC exposures (522). In
fact, several of the chemicals shown to have low-dose ef-
fects are known to act via multiple receptors and pathways
(Table 3). Thus, the effects seen at high doses can be due
to action via the binding of multiple receptors, compared
with the effects of low doses, which may be caused by
action via only a single receptor or receptor family.

4. Receptor down-regulation and desensitization

When hormones bind to nuclear receptors, the ultimate
outcome is a change in the transcription of target genes.
When the receptor is bound by ligand, an increase in re-
sponse is observed; as discussed previously in this review,
the relationship between hormone concentration and the
number of bound receptors, as well as the relationship
between the number of bound receptors and the biological
effect, is nonlinear (38). After the nuclear receptor is
bound by hormone and transcription of target genes has
occurred (either due to binding of the receptor at a DNA
response element or the relief of a repressive event on the
DNA), the reaction eventually must cease; i.e. the bound
receptor must eventually be inactivated in some way.
Thus, nuclear hormone receptors are ubiquitinated and
degraded, usually via the proteasome (523). Importantly,
the role of the hormone in receptor degradation differs
depending on the hormone; binding of estrogen, proges-
terone, and glucocorticoid mediates the degradation of
their receptors (524-526), whereas the presence of hor-
mone may actually stabilize some receptors and prevent
degradation (527), and other receptors are degraded with-
out ligand (528). As hormone levels rise, the number of
receptors being inactivated and degraded also rises, and
eventually the number of receptors being produced cannot
maintain the pace of this degradation pathway (523). Fur-
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thermore, the internalization and degradation of receptors
can also influence receptor production, leading to an even
stronger down-regulation of receptor (529). In the animal,
the role of receptor down-regulation is actually quite com-
plex, because signaling from one hormone receptor can
influence protein levels of another receptor; i.e. ER sig-
naling can promote degradation of the glucocorticoid re-
ceptor by increasing the expression of enzymes in the pro-
teasome pathway that degrade it (530).

There is also the issue of receptor desensitization, a
process whereby a decrease in response to a hormone is not
due to a decrease in the number of available receptors but
instead due to the biochemical inactivation of a receptor
(531). Desensitization typically occurs when repeated or
continuous exposure to ligand occurs. Normally seen with
membrane-bound G protein-coupled receptors, the acti-
vation of a receptor due to ligand binding is quickly fol-
lowed by the uncoupling of the activated receptor from its
G proteins due to phosphorylation of these binding part-
ners (532). Receptor desensitization has been observed for
a range of hormones including glucagon, FSH, human
chorionic gonadotropin, and prostaglandins (533). Im-
portantly, desensitization and down-regulation can occur
in the same cells for the same receptor (534), and therefore,
both can play a role in the production of NMDRCs.

5. Receptor competition

Mathematical modeling studies suggest that the mix-
ture of endogenous hormones and EDCs establishes a nat-
ural environment to foster NMDRCs. Using mathemati-
cal models, Kohn and Melnick (42) proposed that when
EDC exposures occur in the presence of endogenous hor-
mone and unoccupied hormone receptors, some unoccu-
pied receptors become bound with the EDC, leading to an
increase in biological response (i.e. increased expression of
a responsive gene, increased weight of an organ, ezc.). At
low concentrations, both the endogenous hormone and
the EDC bind to receptors and activate this response, but
at high doses, the EDC can outcompete the natural ligand.
The model predicts that inverted U-shaped curves would
occur regardless of the binding affinity of the EDC for the
receptor and would be abolished only if the concentration
of natural hormone were raised such that all receptors
were bound.

6. Endocrine negative "°**“ Joops

In several cases, the control of hormone synthesis is
regulated by a series of positive- and negative feedback
loops. Several hormones are known to control or influence
their own secretion using these feedback systems. In one
example, levels of insulin are known to regulate glucose
uptake by cells. Blood glucose levels stimulate insulin pro-
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duction, and as insulin removes glucose from circulation,
insulin levels decline. Thus, NMDRCs can occur as the
free/available ligand and receptor concentrations are in-
fluenced by one another. In another example, thyroid hor-
mone secretion is stimulated by TSH, and thyroid hor-
mone suppresses TSH; thus, feedback between these two
hormones allows thyroid hormone to be maintained in a
narrow dose range.

Several studies indicate that these negative feedback
loops could produce NMDRCs when the duration of hor-
mone administration is changed (535). For example, short
exposures of estrogen induce proliferation in the uterus
and pituitary, but longer hormone regimens inhibit cell
proliferation (236, 536). Thus, the outcome is one where
exposure to a single hormone concentration stimulates an
endpoint until negative feedback loops are induced and
stimulation ends (537).

7. Other downstream mechanisms

Removing the variability that can come from examin-
ing different cell types, or even single cell types in the con-
text of a tissue, studies of cultured cells indicate that dif-
ferent gene profiles are affected by low doses of hormone
compared with higher doses. In a study of the genes af-
fected by low vs. higher doses of estrogen, researchers
found that there were a small number of genes in MCF7
breast cancer cells with very high sensitivity to low doses
of estradiol (10 pm) compared with the total number of
genes that were affected by higher (30 or 100 pm) expo-
sures (538). But the surprising finding was the pattern of
estradiol-induced ws. estradiol-suppressed gene expres-
sion at high and low doses; when 10 pm was administered,
the number of estradiol-suppressible genes was approxi-
mately three times higher than the number of estradiol-
inducible genes. However, the overall profile of the num-
ber of estradiol-suppressible genes was approximately
half the total number of estradiol-inducible genes. This
observation suggests that low doses of estrogen selectively
target a small subset of the total number of estrogen-sen-
sitive genes and that the genes affected by low doses are
most likely to be suppressed by that treatment. The mech-
anisms describing how low doses of estrogen differently
affect the expression of genes compared with higher doses
have yet to be elucidated, but low doses of estradiol inhibit
expression of apoptotic genes (539), indicating that which
genes are affected by hormone exposure is relevant to un-
derstand how low doses influence cellular activities.

C. Examples of nonmonotonicity

1. Examples of NMIDRCs from cell culture
A tremendous amount of theoretical and mathematical
modeling has been conducted to understand the produc-
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tion of nonlinear and nonmonotonic responses (42, 540).
These studies and others suggest that the total number of
theoretical response curves is infinite. Yet this does not
mean that the occurrence of NMDRCs is speculative;
these types of responses are reported for a wide variety of
chemicals. Cell culture experiments alone provide hun-
dreds of examples of nonmonotonic responses (see Table
6 for examples). In the natural hormone category, many
different hormones produce NMDRC:s; this is clearly not
a phenomenon that is solely attributable to estrogen and
androgen, the hormones that have been afforded the
most attention in the dose-response literature. Instead,
NMDRCs are observed after cells are treated with a range
of hormones, suggesting that this is a fundamental and
general feature of hormones.

Chemicals from a large number of categories with
variable effects on the endocrine system also produce
NMDRC:s in cultured cells. These chemicals range from
components of plastics to pesticides to industrial chemi-
cals and even heavy metals. The mechanisms for non-
monotonicity discussed in Section I11.B are likely expla-
nations for the NMDRC:s reported in a range of cell types
after exposure to hormones and EDCs. Table 6 provides
only a small number of examples from the literature, and
it should be noted that because these are studies of cells in
culture, most of these studies typically examined only a
few types of outcomes: cell number (which could capture
the effects of a chemical on cell proliferation, apoptosis, or
both), stimulation or release of another hormone, and reg-
ulation of target protein function, often examined by mea-
suring the phosphorylation status of a target.

2. Examples of NMDRCs in animal studies

Some scientists suggest that nonmonotonicity is an ar-
tifact of cell culture, however, alarge number of NMDRCs
have been observed in animals after administration of nat-
ural hormones and EDCs, refuting the hypothesis that this
is a cell-based phenomenon only. Similar to what has been
observed in cultured cells, the NMDRCs observed in
animals also span a large range of chemicals, model
organisms, and affected endpoints (Table 7). These re-
sults underscore the biological importance of the mech-
anisms of nonmonotonicity that have been largely
worked out in vitro.

Although NMDRGC:s attributable to estrogen treatment
are well documented, the induction of NMDRC:s is again
observed to be a general feature of hormone treatment; a
wide range of hormones produce these types of responses
in exposed animals. Importantly, a number of pharma-
ceutical compounds with hormone-mimicking or endo-
crine-disrupting activities also produce NMDRCs. Fi-
nally, as expected from the results of cell culture
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TABLE 6. Examples of NMDRCs in cell culture experiments

Chemicals by
chemical class Nonmonotonic effect Cell type Refs.
Natural hormones
17B-Estradiol Cell number MCF7 breast cancer cells 135,716
Dopamine uptake Fetal hypothalamic cells (primary) 717
pERK levels, prolactin release GH3/B6/F10 pituitary cells 41,718,719
B-Hexosaminidase release HMC-1 mast cells 720
Cell number Vascular smooth muscle cells 721
Production of L-PGDS, a sleep- U251 glioma cells 722
promoting substance
Sa-Dihydrotestosterone Cell number LNCaP-FGC prostate cancer cells 499
Cell number, kinase activity Vascular smooth muscle cells 721
Sa-Androstenedione Cell number LNCaP-FGC prostate cancer cells 499
Corticosterone Mitochrondrial oxidation, calcium Cortical neurons (primary) 723
flux
Insulin Markers of apoptosis (in absence Pancreatic B-cells (primary) 724
of glucose)
Progesterone Cell number LNCaP-FGC prostate cancer cells 499
Prolactin Testosterone release Adult rat testicular cells (primary) 725
hCG Testosterone release Adult rat testicular cells (primary) 725
T5 Rate of protein phosphorylation Cerebral cortex cells (primary, 726
synaptosomes)
LPL mRNA expression White adipocytes (rat primary) 727
GH IGF-I expression Hepatocytes (primary cultures from 728
silver sea bream)
Pharmaceutical hormones
DES Cell number MCF7 breast cancer cells 716
Prolactin release GH3/B6/F10 pituitary cells 41
Ethinyl estradiol CXCL12 secretion MCF7 breast cancer cells, T47D breast 729
cancer cells
R1881 (synthetic Cell number LNCaP-FGC cells 499
androgen)
Trenbolone Induction of micronuclei RTL-W1 fish liver cells 730
Plastics
BPA Cell number MCF7 breast cancer cells 135,716
Dopamine efflux PC12 rat tumor cells 40
PERK levels, intracellular Ca®* GH3/B6/F10 pituitary cells 41,718
changes, prolactin release
Cell number LNCaP prostate cancer cells 731
DEHP Number of colonies Escherichia coli and B. subtilis bacteria 732
Di-n-octyl phthalate Number of colonies E. coli and B. subtilis bacteria 732
Detergents, surfactants
Octylphenol Cell number MCF7 breast cancer cells 716
Dopamine uptake Fetal hypothalamic cells (primary) 717
PERK levels GH3/B6/F10 pituitary cells 718
hCG-stimulated testosterone levels Leydig cells (primary) 733
Propylphenol PERK levels GH3/B6/F10 pituitary cells 718
Nonylphenol PERK levels, prolactin release GH3/B6/F10 pituitary cells 41,718
B-Hexosaminidase release HMC-1 mast cells 720
Cell number MCF7 breast cancer cells 135
PAH
Phenanthrene All-trans retinoic acid activity P19 embryonic carcinoma cells 734,735
Benz(a)acridine All-trans retinoic acid activity P19 embryonic carcinoma cells 734
Naphthalene hCG-stimulated testosterone Pieces of goldfish testes 736
B-naphthoflavone hCG-stimulated testosterone Pieces of goldfish testes 736
Retene hCG-stimulated testosterone Pieces of goldfish testes 736
Heavy metals
Lead Estrogen, testosterone, and Postvitellogenic follicles (isolated from 737
cortisol levels catfish)
Cadmium Expression of angiogenesis genes Human endometrial endothelial cells 738

(Continued)
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TABLE 6. Continued

Chemicals by
chemical class Nonmonotonic effect Cell type Refs.
Phytoestrogens and
natural antioxidants
Genistein Cell number Caco-2BBe colon adenocarcinoma cells 739
CXCL12 secretion, cell number T47D breast cancer cells 729
Cell number, cell invasion, MMP-9 PC3 prostate cancer cells 740
activity
pINK levels, Ca?* flux GH3/B6/F10 pituitary cells 719
Coumesterol Prolactin release, pERK levels GH3/B6/F10 pituitary cells 719
Daidezin Prolactin release, pERK levels GH3/B6/F10 pituitary cells 719
Cell number MCF7 breast cancer cells 135
Cell number LoVo colon cancer cells 741
Resveratrol Expression of angiogenesis genes Human umbilical vein endothelial cells 742
Trans-resveratrol PERK levels, Ca®* flux GH3/B6/F10 pituitary cells 719
Artelastochromene Cell number MCF7 breast cancer cells 743
Carpelastofuran Cell number MCF7 breast cancer cells 743
Biochanin A Induction of estrogen-sensitive MCF7 breast cancer cells 744
genes in the presence of
testosterone
Licoflavone C Induction of estrogen-sensitive Yeast bioassay 745
genes
Quercetin Aromatase activity H295R adrenocortical carcinoma cells 746
Cell number SCC-25 oral squamous carcinoma cells 747
Dioxin
TCDD Cell number, gene expression M13SV1 breast cells 748
PCB
PCB-74 Cell viability, GnRH peptide levels GT1-7 hypothalamic cells 749
PCB-118 Cell viability, GnRH peptide levels GT1-7 hypothalamic cells 749
Aroclor 1242 (PCB B-Hexosaminidase release HMC-1 mast cells 720
mixture)
POP mixture Apoptosis of cumulus cells Oocyte-cumulus complexes (primary, 750
isolated from pigs)
Herbicides
Glyphosphate-based Cell death, aromatase activity, ERB HepG2 liver cells 751
herbicide (Round-Up) activity
Atrazine Cell number IEC-6 intestinal cells 752
Insecticides
Endosulfan Cell number IEC-6 intestinal cells 752
B-Hexosaminidase release HMC-1 mast cells 720
ATPase activity of P-glycoprotein CHO cell extracts 753
Diazinon Cell number IEC-6 intestinal cells 752
Dieldrin B-Hexosaminidase release HMC-1 mast cells 720
DDT Cell number MCF7 breast cancer cells 144
DDE B-Hexosaminidase release HMC-1 mast cells 720
Prolactin release GH3/B6/F10 pituitary cells 41
3-Methylsulfonyl-DDE Cortisol and aldosterone release, H295R adrenocortical carcinoma cells 754
expression of steroidogenic
genes
Fungicides
Hexachlorobenzene Transcriptional activity in the PC3 prostate cancer cells 755
presence of DHT
Prochloraz Aldosterone, progesterone, and H295R adrenocortical cells 756
corticosterone levels; expression
of steroidogenic genes
Ketoconazole Aldosterone secretion H295R adrenocortical cells 757
Fungicide mixtures Aldosterone secretion H295R adrenocortical cells 757
PBDE
PBDE-49 Activation of ryanodine receptor 1 HEK293 cell (membranes) 758
PBDE-99 Expression of GAP43 Cerebral cortex cells (primary) 759

Due to space concerns, we have not elaborated on the shape of the curve (U, inverted U, or other nonmonotonic shape) or the magnitude of observed effects in this
table. CXCL12, Chemokine (C-X-C motif) ligand 12; DEHP, bis(2-ethylhexyl) phthalate; DHT, dihydrotestosterone; hCG, human chorionic gonadotropin; MMP, matrix
metalloproteinase; PAH, polyaromatic hydrocarbons; PBDE, polybrominated diphenyl ethers; PCB, polychlorinated biphenyl; pERK, phospho-ERK; PGDS, prostaglandin-
D synthase; pJNK, phospho-c-Jun N-terminal kinase.
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TABLE 7. Examples of NMDRCs in animal studies

Chemicals by
chemical class Nonmonotonic effect Organ/sex/animal Refs.
Natural hormones
17 B-Estradiol Morphological parameters Mammary gland/female/mice 138, 541
Accumulation of CAMP Pineal/female/rats 760
Prostate weight male/mice 689
Uterine weight female/mice 761
Antidepressant effects, measured by immobility Behavior/male/mice 762
assay
Nocturnal activity, gene expression in preoptic area Brain and behavior/female/mice 763
Corticosterone Spatial memory errors Behavior/male/rats 764
Cholinergic fiber loss in cortex after treatment with Brain/male/rats 765
neurodegenerative drugs
Mitochondrial metabolism Muscle/male/rats: strain differences 766
Contextual fear conditioning Behavior/male/rats 767
Locomotor activity Behavior/male/captive Adelie 768
penguins
Glucocorticoid Na™/K*-ATPase activity Brain/tilapia (fish) 769
Testosterone Na*/K*-ATPase activity Brain/tilapia (fish) 769
Gonadotropin subunit gene expression Pituitary/sexually immature goldfish 770
11B-Hydroxyandrosterone Gonadotropin subunit gene expression Pituitary/sexually immature goldfish 770
T, Bone growth Tibia/male/rats with induced 771
hypothyroidism
Leptin Insulin production (in the presence of glucose) Pancreas/male/rats 560
Oxytocin Infarct size, plasma LDH levels, creatine kinase Brain and blood/male/rats 772
activity after ischemia/ reperfusion injury
Memory retention Behavior/male/mice 773
Melatonin Brain infarction and surviving neuron number after Brain/female/rats 774
injury
Dopamine Memory Brain/both/rhesus monkey 775
Neuronal firing rate Brain/male/rhesus monkey 776
Pharmaceutical
DES Sex ratio, neonatal body weight, other neonatal Mice 777
development
Adult prostate weight Male/mice 689
Uterine weight Female/mice 761
Expression of PDGF receptor Testes/male/rats 778
Morphological parameters Mammary gland/male and female/ 779
mice
Estradiol benzoate Dorsal prostate weight, body weight Male/rats 780
Sexual behaviors, testes morphology Male/zebra finches (birds) 781
Ethinyl estradiol GnRH neurons Brain/zebrafish 782
Tamoxifen Uterine weight Female/mice 761
Fluoxetine Embryo number Potamopyrgus antipodarum (snails) 783
(antidepressant)
Fadrozole (aromatase Aromatase activity Ovary/female/fathead minnows 784
inhibitor)
Plastics
BPA Fertility Reproductive axis /female/mice 316
Reproductive behaviors Behavior/male/rats 785
Protein expression Hepatopancreas/male/Porcellio 786
scaber (isopod)
Timing of vaginal opening, tissue organization of Reproductive axis/female/mice 577
uterus
Expression of receptors in embryos Brain and gonad/both/ mice 787
DEHP Aromatase activity Hypothalamus/male/rats 788
Cholesterol levels Serum/male/rats 569
Timing of puberty Reproductive axis /male/rats 789
Body weight at birth, vaginal opening, and first Female/rats 790
estrous
Seminal vesicle weight, epididymal weight, Male/rats 791
testicular expression of steroidogenesis genes
Responses to allergens, chemokine expression Skin/male/mice 792

(Continued)




36 Vandenberg et al.

Hormones and EDCs: Low Doses and Nonmonotonicity

Endocrine Reviews, June 2012, 33(3):0000-0000

TABLE 7. Continued

Chemicals by
chemical class Nonmonotonic effect Organ/sex/animal Refs.
Detergents, surfactants
Nonylphenol ethoxylate Fecundity Biomphalaria tenagophila (snails) 793
Octylphenol Embryo production P. antipodarum (snails) 794
Spawning mass and egg numbers Marisa cornuarietis (snails) 795
Semicarbazide Timing of preputial separation, serum DHT Male/rats 796
Antimicrobial
Triclocarban Fecundity P. antipodarum (snails) 797
PCB
Mixture of PCB Corticosterone levels Male/kestrels (birds) 798
Environmental PCB Corticosterone levels Female/tree swallows (birds) 799
mixture
UV filters
Octyl methoxycinnamate Activity, memory Behavior/both/rats 800
Aromatic hydrocarbons
B-naphthoflavone Testosterone Plasma/male/goldfish 736
Toluene Locomotor activity Behavior/male/rats 801
Dioxins
TCDD Cell-mediated immunity Immune system/male/ rats 802
Proliferation after treatment with chemical Liver/female/rats 803
carcinogen
Heavy metals
Cadmium Expression of metallothionein, pS2/TFF1 Intestine and kidney/ female/rats 804
Activity of antioxidant enzymes Earthworms 805
Size parameters, metamorphic parameters Xenopus laevis 806
Lead Growth, gene expression Vicia faba seedlings (plant) 807
Retinal neurogenesis Eye and brain/female/rats 808
Selenium DNA damage, apoptotic index Prostate/male/dogs 809
Hatching failure Eggs/red-winged blackbirds (wild 810
population)
Phytoestrogens
Genistein Aggressive, defensive behaviors Behavior/male/mice 811
Retention of cancellous bone after ovariectomy Tibia bones/female/rat 812
Expression of OPN, activation of Akt Prostate/male/mice 740
Resveratrol Angiogenesis Chorioallantoic membrane/chicken 742
embryos
Ulcer index after chemical treatment, expression of Stomach/male/mice 813
gastroprotective genes
Phytochemicals
Phlorizin Memory retention Behavior/male/mice 814
Herbicides
Atrazine Time to metamorphosis Thyroid axis/Rhinella arenarum 815
(South American toad)
Survivorship patterns Four species of frogs 363
Growth parameters Bufo americanus 816
Pendimethalin Expression of AR, IGF-/ Uterus/female/mice 817
Commercial mixture with Number of implantation sites, number of live births Female/mice 818
mecoprop, 2,4-
dichlorophenoxyacetic
acid and dicamba
Simazine Estrous cyclicity Reproductive axis/female/rat 819
Insecticides
Permethrin Dopamine transport Brain/male/mice 820
Heptachlor Dopamine transport Brain/male/mice 820
DDT Number of pups, sex ratios, neonatal body weight, Mice 777
male anogenital distance
Methoxychlor Number of pups, anogenital distance (males and Mice 777
females), neurobehaviors (males and females)
Chlorpyrifos Body weight Male/rats 821
Antioxidant enzyme activity Oxya chinensis (locusts) 822
Malathion Antioxidant enzyme activity O. chinensis (locusts) 822

(Continued)
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TABLE 7. Continued

Chemicals by
chemical class Nonmonotonic effect Organ/sex/animal Refs.
Fungicides
Carbendazim Liver enzymes, hematology parameters Blood and liver/male/rats 823
Chlorothalonil Survival, immune response, corticosterone Several amphibian species 686
levels
Vinclozolin Protein expression Testes/male/P. scaber (isopod) 786

Due to space concerns, we have not elaborated on the shape of the curve (U, inverted U, or other nonmonotonic shape) or the magnitude of observed effects in this
table. DEHP, Bis(2-ethylhexyl) phthalate; DHT, dihydrotestosterone; LDH, lactate dehydrogenase; PCB, polychlorinated biphenyl; PDGF, platelet-derived growth factor.

experiments, chemicals with many different modes of ac-
tion generate NMDRC:s in treated animals.

Perhaps most striking is the range of endpoints affected,
from higher-order events such as the number of viable
offspring (which could be due to alterations in the repro-
ductive tissues themselves or the reproductive axis), to
behavioral effects, to altered organ weights, and to lower-
order events such as gene expression. The mechanisms
responsible for these nonmonotonic phenomena may be
similar to those studied in cell culture systems, although

additional mechanisms are likely to be operating in vivo
such as alterations in tissue organization (541) and the
interactions of various players in the positive and negative
feedback loops of the endocrine system.

3. Examples of NMDRCs in the epidemiology literature
Perhaps not surprisingly, natural hormones produce
NMDRCs in human populations as well (Table 8). Al-
though the methods needed to detect NMDRCs in humans
are specific to the field of epidemiology, these results sup-

TABLE 8. NMDRCs for natural hormones identified in the epidemiology literature

Hormone Affected endpoint NMDRC Study subjects Refs.
Testosterone Incidence of coronary Incidence of 25% at extremes of Rancho Bernardo Study 824
(free) events exposure, 16% at moderate participants, women
exposure aged 40+ (n = 639)
Depression Hypo- and hypergonadal had Androx Vienna Municipality 825
higher depression scores than Study participants,
those with intermediate free manual workers, men
testosterone aged 43-67 (n = 689)
PTH Mortality ~50% excess risk for individuals Hemodialysis patients 826
with low or high iPTH (n = 3946)
Risk of vertebral or hip ~33% higher for low or high Elderly dialysis patients 827
fractures iPTH compared to normal (n =9007)
levels
TSH Incidence of Alzheimer’s About double the incidence in Framingham Study 828
disease lowest and highest tertile in participants (elderly)
women (no effects observed (n = 1864, 59% women)
in men)
Leptin Mortality Mortality ~10% higher for Framingham Heart Study 563
lowest and highest leptin participants (elderly)
levels (n = 818, 62% women)
Insulin Coronary artery Higher for low and high insulin Nondiabetic patients with 829
calcification area under the curve suspected coronary heart
measures. disease, cross-sectional
(n = 582)
Mortality Relative risk ~1.5 for highest Helsinki Policemen Study 830
(noncardiovascular and lowest fasting insulin participants, men aged
only) levels 34-64 (n = 970)
Cortisol BMI, waist Low cortisol secretion per hour Whitehall Il participants, 831
circumference for individuals with highest adults, cross-sectional
and lowest BMI, waist (n=2915men; n =
circumference 1041 women)
Major depression (by Slight increases at extremes of Longitudinal Aging Study 832

diagnostic interview)

cortisol

Amsterdam participants,
aged 65+, cross-
sectional (n = 1185)

BMI, Body mass index; iPTH, intact PTH; PTH, parathyroid hormone.
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port the idea that NMDRC:s are a fundamental feature of
hormones. Importantly, it should be noted that most of the
individuals surveyed in studies examining the effects of
natural hormones have a disease status or are elderly. This
of course does not mean that natural hormones induce
NMDRCs in only these select populations but may instead
be a reflection of the types of individuals available for these
studies (for example, there are very few clinical events in
younger people).

NMDRCs observed in the epidemiology literature
from human populations exposed to EDCs are now start-
ing to receive attention (Table 9). Here, most reports of
NMDRCs come from studies of healthy individuals ex-
posed to persistent organic pollutants POPs, chemicals
that do not easily degrade and consequently bioaccumu-
late in human and animal tissues (542). These POPs do
encompass a range of chemical classes including compo-
nents of plastics, pesticides, and industrial pollutants. A
large number of these studies have focused on endpoints
that are relevant to metabolic disease, and together, these
studies show that there is a recurring pattern of NMDRCs
related to POPs and disease. Of course, not every study of
POPs shows NMDRGCs, and this is probably due to the
distribution of EDCs in the populations examined.

In addition to the studies that show strong evidence for
NMDRCs in human populations, there is also a subset of
studies that provide suggestive evidence for nonmono-
tonic relationships between EDCs and human health end-
points (Table 9). In fact, the authors of many of these
papers clearly identify U- or inverted U-shaped dose-re-
sponse curves. However, when authors do not perform the
appropriate statistical tests to verify the presence of a
NMDRC, there is some ambiguity in their conclusions.
The usual cross-sectional vs. prospective design dichot-
omy in epidemiology also is a factor that can influence the
strength of a NMDRC, or prevent the detection of one at
all. This disjunction in design is often incongruous with
EDC exposure studies because we often know very little
about clearance rates of the chemical, interactions with
adiposity, and changes to these factors with age and gen-
der. Yet regardless of any possible weaknesses in these
studies, they provide supportive evidence that NMDRCs
are observed in human populations.

Because these reports of NMDRCs in human popula-
tions are relatively new, few mechanisms have been pro-
posed for these phenomena. Why would risk curves be
nonmonotonic over the dose distribution observed in hu-
man populations? Why would individuals with the highest
exposures have less severe health outcomes compared
with individuals with more moderate exposures? One
plausible explanation is that the same mechanisms for
NMDRC:s in animals and cell cultures operate in human
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populations: chronic exposures to high doses can activate
negative feedback loops, activate receptors that promote
changes in different pathways that diverge on the same
endpoint with opposing effects, or produce some measure
of toxicity. Accidental exposures of very large doses may
not behave the same as background doses for a variety of
reasons, including the toxicity of high doses; these large
doses tend to occur over a short time (and therefore more
faithfully replicate what is observed in animal studies after
controlled administration).

Another explanation is that epidemiology studies, un-
like controlled animal studies, examine truly complex
mixtures of EDCs and other environmental chemicals.
Some chemical exposures are likely to be correlated due to
their sources and their dynamics in air, water, soil, and
living organisms that are subsequently eaten. Therefore,
intake of these chemicals may produce unpredicted, likely
nonlinear outcomes whether the two chemicals act via
similar or different pathways.

The design of observational epidemiological studies is
fundamentally different from studies of cells or animals, in
that the EDC exposure distributions are given, rather than
set by the investigator. In particular, as shown in Fig. 5,
different epidemiological populations will have different
ranges of exposure, with the schematic example showing
increasing risk in a population with the lowest exposures
(labeled group A), an inverted U-shaped risk in a moderate
dose population (labeled group B), and an inverse risk in
a population with the highest exposures (labeled group C).
An additional example is provided (labeled group D) in
which an industrial spill shows high risk, but the compar-
ison with the entire unaffected population with a wide
variety of risk levels due to differential background expo-
sure could lead to a high- or a low-risk reference group and
a wide variety of possible findings.

It is reasonable to suggest that even though epidemio-
logical studies are an assessment of exposures at a single
time point, many of these pollutants are persistent, and
therefore a single measure of their concentration in blood
may be a suitable surrogate for long-term exposures. The
movement of people from relatively low- to higher-expo-
sure groups over time depend on refreshed exposures,
clearance rates, and individual differences in ability
to handle exposures (i.e. due to genetic susceptibilities,
amount of adipose tissue where POPs can be stored, ec.).

Figure 5 therefore further illustrates that observational
epidemiological studies yield the composite effect of vary-
ing mixtures of EDCs at various exposure levels for var-
ious durations, combining acute and chronic effects. These
studies are important, however, in that they are the only
way to study EDC effects in the long term in intact hu-
mans, as opposed to studying signaling pathways, cells,
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TABLE 9. NMDRCs for EDCs identified in the epidemiology literature
Chemicals by chemical
class Affected endpoint NMDRC Study subjects Refs.
Insecticides
Trans-nonachlor Diabetes incidence Highest risk in groups with intermediate CARDIA participants, case-control study (n = 90 833
exposures (quartile 2) cases and n = 90 controls)
Telomere length in peripheral Increased length in intermediate exposures Adults aged 40+ (Korea, n = 84) 591
leukocytes (quintile 4)
p,p'-DDE BMI, triglyceride levels, HDL Highest risk in groups with intermediate CARDIA participants (n = 90 controls from 590
cholesterol exposures (quartile 3) nested case control study)
Risk of rapid infant weight For infants born to women of normal weight Infants from Childhood and the Environment 834
gain prepregnancy, risk is highest with project, Spain (n = 374 from normal
intermediate exposures. prepregnancy weight mothers; n = 144 from
overweight mothers)
Telomere length in peripheral Increased length with intermediate exposures Adults aged 40+ (Korea, n = 84) 591
leukocytes (quintile 4)
Oxychlordane Bone mineral density of arm With low exposures, fat mass had inverse NHANES 1999-2004 participants, aged 50+ 835
bones associations with bone mineral density; (n =679 women, n = 612 men)
with high exposures, fat mass had positive
associations with bone mineral density.
Plastics
Mono-methyl phthalate Atherosclerotic plaques Increased risk in intermediate exposure Adults aged 70, living in Sweden (n = 1016) 836
(MMP) groups (quintiles 2—4)
Perfluorinated
compounds
PFOA Arthritis (self-reported) Increased risk in intermediate exposure NHANES participants, aged 20+ (both sexes, 837
groups (quartile 2) n = 1006)
Fire retardants
PBB-153 Blood triglyceride levels Increased risk in intermediate exposure NHANES participants, aged 12+ (n = 637) 604
groups (quartile 2)
PBDE-153 Prevalence of diabetes, Prevalence of diabetes highest in NHANES participants, aged 12+ (n = 1367) 604
intermediate groups (quartiles 2-3 relative
to individuals with undetectable levels)
Prevalence of metabolic Prevalence of metabolic syndrome highest in NHANES participants, aged 12+ (n = 637) 604
syndrome, levels of blood intermediate exposure groups (quartile 2
triglycerides relative to individuals with undetectable
levels); blood triglycerides highest in low
exposure groups (quartile 1 relative to
individuals with undetectable levels)
PCB
PCB-74 Triglyceride levels Lowest levels are observed in intermediate CARDIA participants (n = 90 controls from 590
groups (quartile 2) nested case-control study)
PCB-126 Bone mineral density in right With low exposures, fat mass had inverse NHANES participants, aged <50 (n = 710 835
arm associations with bone mineral density; women, n = 768 men)
with high exposures, fat mass had positive
associations with bone mineral density
PCB-138 Bone mineral density in right With low exposures, fat mass had inverse NHANES participants, women aged 50+ 835
arm associations with bone mineral density; (n = 679 women, n = 612 men)
with high exposures, fat mass had positive
associations with bone mineral density
PCB-153 Telomere length in peripheral Increased length with intermediate exposure Adults aged 40+ (Korea, n = 84) 591
leukocytes groups (quintile 4)
PCB-170 Diabetes incidence Highest risk in groups with intermediate CARDIA participants, case-control study (n = 90 833
exposures (quartile 2) cases and n = 90 controls)
Endometriosis Decreased risk in groups with intermediate Participants from the Women at Risk of 838
exposures (quartile 3) Endometriosis (WREN) study, 18—-49 yr old,
case-control study (n = 251 cases; n = 538
controls)
PCB-172 DNA hypomethylation (by Highest levels of hypomethylation in groups Adults aged 40+ (Korea, n = 86) 839
Alu assay) with lowest and highest exposures
PCB-180° BMI Highest BMI with intermediate exposures CARDIA participants (n = 90 controls from 590
(quartile 2) nested case control study)
PCB-187° HDL cholesterol levels Lowest levels with intermediate exposures CARDIA participants (n = 90 controls from 590
(quartile 2) nested case control study)
PCB 196-203 Diabetes incidence Highest risk in groups with intermediate CARDIA participants, case-control study (n = 90 833
exposures (quartile 2) cases and n = 90 controls)
PCB-196 Endometriosis Decreased risk in groups with intermediate Participants from the Women at Risk of 838

exposures (quartile 3)

Endometriosis (WREN) study, 18—49 yr old,
case-control study (n = 251 cases; n = 538
controls)

(Continued)
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TABLE 9. Continued

Chemicals by chemical

class Affected endpoint NMDRC Study subjects Refs.
PCB-199° Triglyceride levels Highest risk in groups with intermediate CARDIA participants (n = 90 controls from 590
exposures (quartiles 2-3) nested case control study)
PCB-201 Endometriosis Decreased risk in groups with intermediate Participants from the Women at Risk of 838
exposures (quartiles 2-3) Endometriosis (WREN) study, 18—-49 yr old,
case-control study (n = 251 cases, n = 538
controls)
Heavy metals
Selenium Fasting glucose levels (by Intermediate exposures have highest fasting NHANES 2003- 2004 participants, aged 40+ 840
modeled exposure) glucose levels (n=917)
Glycosylated hemoglobin (by Intermediate exposures have highest % NHANES 2003- 2004 participants, aged 40+ 840
modeled exposure) glycosylated hemoglobin (n=917)
Diabetes incidence (by Intermediate exposures have highest risk for NHANES 2003- 2004 participants, aged 40+ 840
modeled exposure) diabetes (n=917)
Blood triglyceride levels Intermediate exposures have highest NHANES participants, aged 40+ (n = 1159) 841
triglyceride levels
Arsenic Cytokines in umbilical cord Lower inflammatory markers at intermediate Pregnant women in Bangladesh (n = 130) 842
blood exposures (quartile 2)
Manganese Mental development scores Intermediate exposures had highest mental 12-month-old infants, Mexico (n = 301) 843
in infants and toddlers development scores at 12 months of age;
association lost in older toddlers
Sperm count, motility and Intermediate doses had lowest sperm counts Men aged 18-55 (infertility clinic patients, 844
morphology and motility; intermediate doses also had n = 200)
the worst sperm morphologies
Mixtures
31 POP Diabetes incidence Highest incidence in intermediate groups CARDIA participants, case-control study (n = 90 833
(sextiles 2-3) cases and n = 90 controls)
16 POP Diabetes incidence Highest incidence in intermediate groups CARDIA participants, case-control study (n = 90 833
(sextiles 2-3) cases and n = 90 controls)
Non-dioxin-like PCB Metabolic syndrome Highest incidence in intermediate groups NHANES 1999-2002 participants, aged 20+ 845
(mix) (quartile 3) (n=721)
Dioxin-like PCB (mix) Triacylglycerol levels by Highest levels in intermediate groups NHANES 1999-2002 participants, aged 20+ 845
quartile of exposure (quartile 3) (n=721)
Additional supportive evidence for NMDRC in the epidemiology literature
Insecticides
Heptachlor epoxide Prevalence of newly Highest risk in intermediate groups (quartile NHANES participants, women aged 40+, cross- 826
diagnosed hypertension 2); other endpoints do not have NMDRC sectional (n = 51 cases, n = 278 total)
B-Hexachloro- Triacylglycerol levels by Highest risk in intermediate group (quartile 2) NHANES participants, aged 20+ (n = 896 men, 845
cyclohexane quartile of exposure 175 with metabolic syndrome)
Plastics
Mono-N-butyl BMI, age-specific effects Effects seen only in elderly participants (age NHANES male participants (n = 365; age 470
phthalate (MBP) 60-80); risk is lowest in quartile 3 60-80)
Mono-benzyl BMI, age-specific effects Effects seen only in young participants (age NHANES participants (both sexes, n = 329 470
phthalate (MBzP) 6-11); risk is highest in quartiles 2-3 males; n = 327 females)
Flame retardants
PFOA Thyroid disease (self- Lowest risk in intermediate groups (quartile NHANES 1999-2000, 2003-2006 participants, 837
reported) 3) males aged 20+ (n = 3974)
Dioxin and related
compounds
TCDD Age at natural menopause Highest for intermediate exposure group Highly exposed women; Seveso Women's 468
(quintile 4) Health Study participants (n = 616)
HCDD Bone mineral density in right With low exposures, fat mass had inverse NHANES participants, women aged 50+ 835
arm by quintile of fat mass associations with bone mineral density; (n =679 women, n = 612 men)
with high exposures, fat mass had positive
associations with bone mineral density
Heavy metals
Selenium Prevalence of peripheral Disease prevalence decreased in intermediate NHANES participants, aged 40+ (n = 2062) 469

artery disease

doses, then increased gradually with
higher doses

BMI, Body mass index; HCDD, hexachloro-dibenzo-p-dioxin; HDL, high-density lipoprotein. PCB, polychlorinated biphenyls; PFOA, perfluorooctanoic acid; PBB,

polybrominated biphenyl; PBDE, polybrominated diphenyl ethers; POP, persistent organic pollutants

2 In many cases, multiple chemicals in the same class had similar effects. A few chemicals were selected to illustrate the observed effect. This list is not comprehensive.

organs, or animal models over limited periods of time.
Causal inference is not done directly from the epidemio-
logical study results; instead, it is done via combining in-
formation from the epidemiological observations with

animals.

findings from the detailed studies of pathways and

We have suggested that NMDRCs are a fundamental
and general feature of hormone action in cells and animals.
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Figure 5. Example of a NMDRC in humans and the sampling populations that could be examined in epidemiology studies. This schematic illustrates
a theoretical NMDRC in a human population. If a study were to sample only group A, the conclusion would be that with increasing exposures, risk
increases monotonically. Sampling group B would allow researchers to conclude that there is a nonmonotonic relationship between exposure level
and risk. If a study included only group C, the conclusion would be that with increasing exposures, there is decreased risk of disease. Group D
represents a population that was highly exposed, i.e. due to an industrial accident. This group has the highest risk, and there is a monotonic
relationship between exposures and risk, although risk is high for all individuals. In the group D situation, there is generally a background
population with which high-dose exposure is compared (dotted line); relative risk for group D would depend on whether that background
population resembles group A, B, or C. From this example, it is clear that the population sampled could strongly influence the shape of the dose-

response curve produced as well as the conclusions reached by the study.

It is therefore worth asking whether NMDRCs are ex-
pected in the epidemiology literature. The endpoints as-
sessed in epidemiology studies are typically integrated ef-
fects, rather than short-term effects; therefore, the various
cell- or organ-specific effects may cancel each other, par-
ticularly if they are NMDRCs (because they are unlikely to
all have nonmonotonicity at the same dose and direction).
Thus, NMDRC:s are likely to be rarer in the epidemiology
literature compared with studies examining the effects of
a wide range of doses of an EDC on animals and cultured
cells. Yetitis also important to ask what can be concluded
ifaNMDRC is detected in one epidemiology study but not
in others examining the same chemical and outcome.
There are several factors that must be considered. The first
is that differences in the populations examined between
the two studies could explain why a monotonic relation-
ship is observed in one group and a nonmonotonic rela-
tionship in another (see Fig. 5). The second is that one or
more studies may not be statistically designed to detect
NMDRGCs. Finally, it is plausible that the NMDRC is an
artifact due to residual confounding or some other factor
that was not considered in the experimental design. As
more becomes known about the mechanisms operating in
cells, tissues, and organs to generate NMDRCs, our ability
to apply this information to epidemiology studies will in-
crease as well.

4. Tamoxifen flare,a NMDRC observed in cells, animals, and
human patients

Although there is controversy in toxicology and risk
assessment for endocrine disruptors, NMDRCs are rec-
ognized and used in current human clinical practice, al-
though under a different specific term, flare. Flare is often
reported in the therapy of hormone-dependent cancers
such as breast and prostate cancer. Clinically, failure to
recognize the NMDRC that is termed a flare would be
considered malpractice in human medicine.

Tamoxifen flare was described and named as a transient
worsening of the symptoms of advanced breast cancer, par-
ticularly metastases to bone associated with increased pain,
seen shortly after the initiation of therapy in some patients
(543). If the therapy could be continued, the patients show-
ing tamoxifen flare demonstrated a very high likelihood of
subsequent response to tamoxifen, including arrest of tumor
growth and progression of symptoms for some time.

The subsequent mechanism of the flare was described in
basic lab studies in athymic mouse models of human hor-
mone-dependent breast cancer xenografts (544) and in tissue
culture of hormone-dependent human breast cancer cells
(545-547). In these models, it was observed that although
high, therapeutic concentrations of tamoxifen inhibited es-
trogen-stimulated proliferation of breast cancer cells, lower
concentrations of tamoxifen actually stimulated breast can-
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Figure 6. Dose-response ranges for tamoxifen in breast cancer therapy. This figure demonstrates the NMDRC, also called flare, in tamoxifen
treatments. As the circulating dose of tamoxifen increases when treatment starts, patients initially experience flare, i.e. growth of the tumor (546),
followed by a decrease in tumor size as the circulating levels of tamoxifen rise into the therapeutic range (676, 677). High doses of tamoxifen are
acutely toxic (546). Starting from the highest concentrations, where acute toxicity is observed, and going to lower concentrations on the X-axis,
the acute toxicity diminishes towards zero growth, i.e. therapeutic stasis (green baseline). This occurs at approximately 1E-05 m, the lowest
observed effect level (LOEL) for toxicity. The vertical arrows show the results of applying three or four 10-fold safety factors to the LOEL for the
high-dose toxicity of tamoxifen, and would calculate a safe or reference dose for tamoxifen in the region of flare, the least safe region of exposure
in actual practice. Above the diagram of dose response ranges is estimated ER occupancy by tamoxifen. This was calculated from the affinity
constant of tamoxifen for ERs determined in human breast cancer cells (Ki = 29.1 nM; Ref 678); flare appears to correspond to low receptor
occupancy (blue axis), therapeutic range with mid and upper-range receptor occupancy, and acute toxicity well above 99% receptor occupancy.

(678).

cer cell growth as long as the cells were estrogen dependent
(548). Tamoxifen was also shown to disrupt tissue organi-
zation of the mammary gland, with specific effects on the
stroma that may contribute to the observed effects on pro-
liferation of epithelial cells (549, 550).

Tamoxifen therapy is administered as 10 mg twice per
day (20 mg/d; approx 0.3 mg/kg body weight per day), but
the target circulating levels are in the near submicromolar
range (0.2—0.6 um); these levels are reached slowly, after
approximately 2 wks of therapy (551). In the initial pe-
riod, where tamoxifen flare is observed, the circulating
concentrations are ascending through lower concentra-
tions, in the range below therapeutic suppression of
growth, where breast cancer cell proliferation is actually
stimulated by the drug, both in tissue culture, in animal
xenograft studies, and in human patients (reviewed in Ref.
548). The recognition of this dual dose-response range
for tamoxifen (low-dose, low-concentration estrogenic
growth-stimulatory and higher-dose, higher-concentra-
tion estrogenic growth-inhibitory responses) led to the
definition of the term selective estrogen response modu-

lator, or SERM, activity (552-554). This SERM activity
has since been observed for many or even most estrogenic
EDCs, including BPA (3, 555-557).

These observations defined three separate dose-re-
sponse ranges for the SERM tamoxifen in human clinical
use. The lowest dose-response range, the range of flare,
stimulated breast cancer growth and symptoms in some
patients with hormone-dependent cancer. The next higher
dose-response range is the therapeutic range where tamoxifen
inhibits estrogen-dependent tumor growth. The highest dose
range causes acute toxicity by the SERM (see Fig. 6).

Tamoxifen provides an excellent example for how
high-dose testing cannot be used to predict the effects of
low doses. For tamoxifen (as for other drugs), the range of
acute human toxicity for tamoxifen was determined in
phase I clinical trials. Phase I trials also defined an initial
therapeutic range, the second dose-response range, as a
dose below which acute toxicity was not observed. The
therapeutic dose range was tested and further defined in
phase II and later clinical trials to determine efficacy (see
forexample Ref. 558). Standard toxicological testing from
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Figure 7. Leptin as an example of a NMDRC. Several studies report NMDRCs in response to leptin treatments. A, NMDRCs are observed in cultured
primary adipocytes after leptin exposure. This graph illustrates the relationship between administered leptin dose and glucose uptake in two types
of adipocytes, those isolated from omental tissue (green) and others from sc fat (purple) (schematic was made from data in Ref. 559). These data
are on a log-linear plot. B, Ex vivo rat pancreas was treated with leptin and various doses of glucose, and the insulin response curves were
examined. Area under the curve is a measure of the ability of the pancreas to bring glucose levels under control. Different dose-response curves
were observed depending on the amount of glucose administered: a U-shaped curve when 8 mmol/liter was included (pink) or a multiphasic curve
with 4 mmol/liter (blue) (schematic made from data in Ref. 560). These data are on a linear-linear plot. C, U-shaped NMDRCs were also observed
when food intake was compared with leptin levels in the blood of rats administered the hormone. This response was similar in males (orange) and
females (cyan) (schematic made from data in Ref. 562). These data are on a linear-linear plot.

high doses to define a LOAEL or NOAEL are equivalent
to the phase I clinical testing, and in risk assessment, a safe
dose or reference dose is calculated from these tests. How-
ever, the lowest dose range, with the highly adverse effects
termed flare, was not detected in the phase I trials and was
determined only for tamoxifen in breast cancer therapy at
the therapeutic doses (543). The implication for risk as-
sessment is that NMDRCs for EDCs, particularly those
already identified as SERMs, would likely not be detected
by standard toxicological testing at high doses. That s, the
consequence of high-dose testing is the calculation of a
defined but otherwise untested safe dose that is well within
the range equivalent to flare, i.e. a manifestly unsafe dose
of the EDC (Fig. 6).

5. Similarities in endpoints across cell culture, animal, and
epidemiology studies: evidence for common mechanisms?

There are common trends in some findings of
NMDRGC:s in cell, animal, and human studies and there-
fore evidence for related mechanisms for NMDRCs at var-
ious levels of biological complexity. Tamoxifen flare, dis-
cussed in Section I11.C.4, is an informative example.
Another illustrative example is that of the effect of the
hormone leptin (Fig. 7). In cultured primary adipocytes,
NMDRCs are observed after leptin exposure; moderate
doses of leptin significantly reduce insulin-mediated glu-
cose intake, whereas low and high doses maintain higher
glucose intake in response to insulin (559). The rat pan-
creas shows a similar response to leptin; the amount of
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secreted insulin has an inverted U-shaped response to lep-
tin (560, 561). Even more striking is the relationship be-
tween leptin and food intake. Rats administered moderate
doses of leptin consume less food compared to rats dosed
with low or high levels of leptin (562); mechanistically,
this lower food intake could be due to higher circulating
glucose levels in these animals due to ineffective insulin
action. And finally, in a human study, leptin levels were
found to correlate with body mass index but have a U-
shaped relationship with mortality (563). These results
suggest that hormones can produce similar responses at
several levels of biological complexity (cell, organ, animal,
and population).

A large number of epidemiology studies with NMDRCs
have found relationships between EDC exposures like POPs
and metabolic diseases including obesity and diabetes (Table
9) (see also Ref. 564 for a review), and the mechanisms for
these relationships have begun to be explored. Human and
animal cells treated with EDCs in culture display NMDRCs
that are relevant to these diseases: BPA has nonmonotonic
effects on the expression of adipocyte proteins in preadi-
pocytes and the release of adiponectin from mature adi-
pocytes (565-567). Similarly, in female rodents, low doses
but not high doses of BPA increased adipose tissue weight
and serum leptin concentrations (568), and intermediate
doses of phthalates decrease serum cholesterol levels (569).
Thus, although understanding the mechanisms operating at
the cellular level of organization has not yet led to definitive
knowledge of the mechanisms producing NMDRCs in hu-
man populations, there appear to be strong similarities in
cells, animals, and humans that support a call for continued
work focusing on metabolic disease endpoints at each level of
biological organization.

D. NMDRC summary

We have demonstrated that nonmonotonicity is a com-
mon occurrence after exposures to hormones and EDCs in
cell culture and animals and across human populations.
Because of the abundance of examples of NMDRCs, we
expect that if adequate dose ranges are included in animal
and cell culture studies, including the use of negative and
well-chosen positive controls, NMDRCs may be observed
more often than not. Here, we have focused mainly on
studies that examined a wide range of doses, including
many that examined the effects of doses that span the
low-dose and toxicological ranges. We also discussed sev-
eral mechanisms that produce NMDRCs. Each of these
mechanisms can and does operate at the same time in a
biological system, and this cooperative action is ultimately
responsible for NMDRCs.

Understanding nonmonotonicity has both theoretical
and practical relevance. When a chemical produces mono-
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tonic responses, all doses are expected to produce similar
effects whose magnitude varies with the dose, but when a
chemical produces a NMDRC, dissimilar or even opposite
effects will be observed at different doses. Thus, mono-
tonic responses can be modeled using the assumption that
each step in a linear pathway behaves according to the law
of mass action (43, 570); high doses are always expected
to produce higher responses. In contrast, NMDRCs are
not easy to model (although they are quite easy to test for),
requiring detailed knowledge of the specific mechanisms
operating in several biological components. From a reg-
ulatory standpoint, information from high doses cannot
always be used to assess whether low doses will produce
a biological effect (38).

IV. Implications of Low-Dose Effects
and Nonmonotonicity

Both low-dose effects and NMDRCs have been observed
for a wide variety of EDCs as well as natural hormones.
Importantly, these phenomena encompass every level of
biological organization, from gene expression, hormone
production, and cell number to changes in tissue architec-
ture to behavior and population-based disease risks. One
conclusion from this review is that low-dose effects and
NMDRC:s are often observed after administration of en-
vironmentally relevant doses of EDCs. For both hormones
and EDCs, NMDRCs should be the default assumption
absent sufficient data to indicate otherwise. Furthermore,
there are well-understood mechanisms to explain how
low-dose effects and NMDRCs manifest iz vitro and in
vivo. Accepting these phenomena, therefore, should lead
to paradigm shifts in toxicological studies and will likely
also have lasting effects on regulatory science. Some of
these aspects are discussed below. Additionally, we have
briefly explored how this knowledge should influence fu-
ture approaches in human and environmental health.

At a very practical level, we recommend that research-
ers publishing data with low-dose and nonmonotonic ef-
fects include key words in the abstract/article that identify
them as such specifically. This review was unquestionably
impeded because this has not been standard practice. We
also strongly recommend that data showing nonmono-
tonic and binary response patterns not be rejected or crit-
icized because there is no dose response.

A. Experimental design

1. Dose ranges must be chosen carefully

To detect low-dose effects or NMDRCs, the doses in-
cluded for testing are of utmost importance. Most of the
studies we examined here for nonmonotonicity tested
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doses over severalfold concentrations. Unfortunately, reg-
ulatory guidelines only require that three doses be tested.
Both low-dose effects and NMDRCs can be observed
when examining only a few doses, but some studies may
detect significant results purely by luck, because a small
shift in dose can have a large impact on the ability to
observe differences relative to untreated controls.

In the multitude of chemicals that have never been
tested at low doses, or in the development of new chem-
icals, to determine whether a chemical has low-dose effects
in laboratory animals, we suggest setting the NOAEL or
LOAEL from traditional toxicological studies as the high-
est dose in experiments specifically designed to test endo-
crine-sensitive endpoints. We suggest setting the lowest
dose in the experiment below the range of human expo-
sures, if such a dose is known. Several intermediate doses
overlapping the range of typical human exposures should
be included also, bringing the total number in the range of
five to eight total doses tested. Importantly, although the
levels of many environmental chemicals in human blood
and/or urine have been reported by the CDC and other
groups responsible for population-scale biomonitoring, it
is often not known what administered doses are needed to
achieve these internal exposure levels in animals (4, 253);
thus, toxicokinetic studies are often needed before the on-
set of low-dose testing. This is important because the crit-
ical issue is to determine what effects are observed in an-
imals when circulating levels of an EDC match what is
measured in the typical human. Due to differences in me-
tabolism, route of exposure, and other factors, a relatively
high dose may need to be administered to a rodent to
produce blood concentrations in the range of human lev-
els; however, this should not be considered a high-dose
study.

It has also been suggested that animal studies that are
used to understand the potential effects of a chemical on
humans should use a relevant route of administration to
recapitulate human exposures (571, 572) because there
may be differences in metabolism after oral and nonoral
administration. Many chemicals that enter the body orally
undergo first-pass metabolism and are then inactivated via
liver enzymes, whereas other routes (i.e. sc) can bypass
these mechanisms and lead to a higher concentration of the
active compound in circulation (573). Studies indicate,
however, that inactivation of chemicals via first-pass me-
tabolism is not complete and also that deconjugation of
metabolites can occur in some tissues allowing the re-re-
lease of the active form (574, 575). Additionally, for some
chemicals, it is clear that route of administration has little
or no impact on the availability of the active compound in
the body (241, 384), and other studies show that route of
administration has no impact on the biological effects of
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these chemicals; i.e. regardless of how it enters the body,
dioxin has similar effects on exposed individuals (384),
and comparable results have been observed for BPA (141).
Although understanding the typical route of human ex-
posure to each environmental chemical is an important
task, it has been argued that any method that leads to
blood concentrations of a test chemical in the range they
are observed in humans is an acceptable exposure proto-
col, and this is especially true with gestational exposures,
because fetuses are exposed to chemicals only via their
mothers’ blood (31, 576).

2. Timing of exposures is important

Rodent studies indicate that EDC exposures during de-
velopment have organizational effects, with permanent
effects that can manifest even in late adulthood, whereas
exposures after puberty are for the most part activational,
with effects that are abrogated when exposures cease. For
example, the adult uterus requires relatively large doses of
BPA (in the parts-per-million range) to induce changes
associated with the uterotrophic assay (555, 577), whereas
parts-per-trillion and ppb exposures during the fetal pe-
riod permanently and effectively alter development of the
uterus (279, 310, 578). Thus, the timing of exposures is
profoundly important to detect low-dose effects of EDCs.

Human studies also support this conclusion. The 1976
explosion of a chemical plant in Seveso, Italy, which led to
widespread human exposure to large amounts of TCDD,
a particularly toxic form of dioxin, and the deposition of
this chemical on the land surrounding the chemical plant,
provided evidence in support of the organizational and
activational effects of endocrine-active chemicals in hu-
mans (579). Serum TCDD concentrations showed corre-
lations between exposure levels and several disease out-
comes including breast cancer risk, abnormal menstrual
cycles, and endometriosis (580-582), butindividuals who
were either infants or teenagers at the time of the explosion
were found to be at greatest risk for developing adult dis-
eases (583, 584). Importantly, many scientists have argued
that organizational effects can occur during puberty, i.e.
that the period where hormones have irreversible effects
on organ development extends beyond the fetal and neo-
natal period (585), and for some endpoints this appears to
be the case (586, 587).

It has also been proposed that the endocrine system
maintains homeostasis in the face of environmental insults
(210). The adult endocrine system does appear to provide
some ability to maintain a type of homeostasis; when the
pharmaceutical estrogen DES is administered to pregnant
mice, the circulating estradiol concentrations in the dam
respond by decreasing linearly (224). In contrast, fetal
concentrations of estradiol respond nonmonotonically in
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a way that is clearly not correlated with maternal levels.
Similarly, there is evidence that BPA can induce aromatase
and therefore increase estradiol levels in situ in the fetal
urogenital sinus (588). This is an example of a feed-for-
ward positive-feedback effect rather than a homeostatic
response. The effects of EDCs on adult subjects, both an-
imal and people, suggest that diseases often result from
low-dose adult exposures (589-595); this argues against
a view of the endocrine system as a means to maintain
homeostatic control. Instead, individuals can be perma-
nently changed, in an adverse way, after EDC exposures.

In one example, pregnant mice were exposed to low
concentrations of BPA, and their male offspring had al-
tered pancreatic function at 6 months of age (158). Sur-
prisingly, however, the mothers (exposed only during
pregnancy) were also affected, with altered metabolic ma-
chinery and body weight at 4 months postpartum, long
after exposures had ended. The increased incidence of
breast cancer in women that took DES during pregnancy
also illustrates this point (596, 597). These studies suggest
that even the adult endocrine system is not invariably ca-
pable of maintaining a so-called homeostatic state when
exogenous chemicals affecting the endocrine system are
present. Thus, although adult exposures to EDCs have
been given some attention by bench scientists (29), more
work of this kind is needed to better understand whether
and how EDCs can have permanent organizational effects
on adult animals.

At the beginning of this review, we justified the need to
critically examine the low-dose literature because of recent
epidemiological findings linking EDC exposures and dis-
eases. Yet there is inherent difficulty in examining neona-
tal exposures to EDCs and their connection to diseases due
to the length of time needed for these studies; thus, many
studies of this type have examined high doses of pharma-
ceuticals (i.e. DES) or accidental exposures to industrial
chemicals (i.e. dioxin) (66, 398, 399, 581, 597-601).

Only recently, with the availability of biomonitoring
samples from large reference populations, have lower
doses begun to receive widespread attention from epide-
miologists. Many recent studies have examined adult ex-
posures to EDCs and correlated exposures with disease
statuses (see for example Refs. 15, 16, and 602—604). Hu-
man studies examining fetal/neonatal exposures to low-
dose EDCs and early life effects have also begun to be
studied (6, 333, 605-607), although studies linking these
early life exposures to adult diseases are likely to be de-
cades away. More than anything, these studies support
our view that the effects of low-dose exposures should be
considered when determining chemical safety.
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3. Importance of endpoints being examined

Traditional toxicology testing, and in particular those
studies performed for the purposes of risk assessment, typ-
ically adhere to guideline studies that have been approved
by international committees of experts (608). The end-
points assessed in these guideline-compliant studies are
centered around higher-order levels, including death,
weight loss, mortality, and changes in organ weight, and
alimited number of histopathological analyses (609, 610).
When pregnant animals are included in toxicological
assessments, the endpoints measured typically include
the ability to maintain pregnancies, the number of off-
spring delivered, sex ratios of surviving pups, and mea-
sures regarding maternal weight gain and food/water
intake (610).

Yet low-dose EDCs are rarely toxic to the point of kill-
ing adult animals or causing spontaneous abortions, and
traditional tests such as the uterotrophic assay have been
shown to be relatively insensitive (72, 577). It has been
argued that this type of testing is insufficient for under-
standing the effects of EDCs (31, 70, 495, 611). Many
EDC studies have instead focused on examining newly
developed, highly sensitive endpoints that span multiple
levels of biological organization, from gene expression to
tissue organization to organ systems to the whole animal
(612), which may not be rapidly lethal but which none-
theless have enormous importance for health, including
mortality. Thus, for example, studies designed to examine
the effects of chemicals on obesity no longer focus on body
weight alone but also analyze gene expression; fat content
in adipose cells and the process of adipogenesis; inflam-
mation, innvervation, and vascularization parameters in
specific fat pads; conversion rates of white and brown
adipose tissues; systemic hormone levels and response to
glucose and insulin challenges; and food intake and energy
expenditures, among others (314, 613-615). As our
knowledge of EDCs and the endocrine system continue to
grow, the most sensitive endpoints should be used to de-
termine whether a chemical is disrupting the development
of organisms (70).

In moving beyond traditional, well-characterized
health-related endpoints like mortality and weight loss, an
important question has been raised: how do we define
endpoints as adverse? This is an important point, because
it has been suggested that the creative endpoints examined
inindependent EDC studies are not validated and may not
represent adverse effects (609). There is also debate over
whether the mechanism (or mode) of action must be ex-
plained for each effect to determine whether a relevant
pathway is present in humans (616, 617). Yet, when orig-
inally assessing the low-dose literature, the NTP expert
panel chose to examine all effects of EDC exposure, re-
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gardless of whether the endpoint could be deemed adverse
(2). From the perspective of developmental biology, any
change in development should be seen as adverse, even if
the change itself is not associated with a disease or dys-
function. Some of these developmental changes, in fact,
may increase sensitivity or susceptibility to disease later on
in life but will otherwise appear normal. Furthermore,
studies of heavy metals have shown that small shifts in
parameters like IQ may not have drastic effects on indi-
viduals but can have serious repercussions on the popu-
lation level (618), and therefore changes in the variance/
observable range of a phenotype should also be considered
adverse (52).

4. Importance of study size

National Institutes of Health guidelines require that the
number of vertebrate animals used in experiments be as
small as possible to show statistically significant effects
based on power analysis. Yet many traditional toxicology
studies have used large numbers of animals to draw con-
clusions about chemical safety. When the endpoints being
assessed have binary outcomes (i.e. animal has a tumor vs.
animal does not have a tumor) and the incidence of the
phenotype is not high, a large number of animals is re-
quired to reveal statistically significant effects. In contrast,
many of the endpoints examined in the field of endocrine
disruption are more complex and are not binary; thus,
power analysis allows researchers to determine how many
animals are needed to observe statistically significant (and
biologically relevant) differences between control and ex-
posed populations. For this reason, arbitrary numbers set
as cutoffs for determining whether a study is acceptable or
unacceptable for risk assessments are not appropriate. In-
stead, the number of animals required for a study to be
complete is dependent on the effect size, precision/vari-
ance, minimal meaningful difference to be considered be-
tween populations, and the a-value set in statistical tests.

B. Regulatory science

For decades, regulatory agencies have tested, or ap-
proved testing, of chemicals by examining high doses and
then extrapolating down from the NOAEL, NOEL, and
LOAEL to determine safe levels for humans and/or wild-
life. As discussed earlier, these extrapolations use safety
factors that acknowledge differences between humans and
animals, exposures of vulnerable populations, interspe-
cies variability, and other uncertainty factors. These safety
factors are informed guesses, not quantitatively based cal-
culations. Using this traditional way of setting safe doses,
the levels declared safe are never in fact tested. Doses in the
range of human exposures are therefore also unlikely to be
tested. This has generated the current state of science,
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where many chemicals of concern have never been exam-
ined at environmentally relevant low doses (see Table 4 for
a small number of examples).

Assumptions used in chemical risk assessments to esti-
mate a threshold dose below which daily exposure to a
chemical is estimated to be safe are false for EDCs. First,
experimental data provide evidence for the lack of a
threshold for EDCs (619). More broadly, the data in this
review demonstrate that the central assumption underly-
ing the use of high doses to predict low-dose effects will
lead to false estimates of safety. The use of only a few high
doses is based on the assumption that all dose-response
relationships are monotonic and therefore that it is ap-
propriate to apply a log-linear extrapolation from high-
dose testing to estimate a safe reference dose (Fig. 4). The
Endocrine Society issued a position statement on EDCs
(620) and urged the risk assessment community to use the
expertise of their members to develop new approaches to
chemical risk assessments for EDCs based on principles of
endocrinology. Undertaking this mission will represent a
true paradigm shift in regulatory toxicology (79). The En-
docrine Society statement was then supported in March
2011 by a letter to Science from eight societies with rele-
vant expertise representing over 40,000 scientists and
medical professionals (621).

Studies conducted for the purposes of risk assessment
are expected to include three doses: a dose that has no ef-
fects on traditional toxicological endpoints (the NOAEL),
a higher dose with effects on traditional endpoints (the
LOAEL), and an even higher dose that shows toxicity.
Although reducing the number of animals used for these
types of studies is an important goal, more than three doses
are often needed for a true picture of a chemical’s toxicity.
The examination of a larger number of doses would allow
for 1) the study of chemicals at the reference dose, i.e. the
dose that is calculated to be safe; 2) examination of doses
in the range of actual human exposures, which is likely to
be below the reference dose; and 3) the ability to detect
NMDRCs, particularly in the low-dose range. The impact
of testing more doses on the numbers of animals required
can be mitigated by use of power analysis, as suggested
above. Because no amount of research will ever match the
diversity and reality of actual human experience, there
should be ongoing epidemiological study of potential ad-
verse effects of EDCs even after safe levels are published,
with periodic reevaluation of those safe levels.

One issue that has been raised by regulatory agencies is
whether animal models are appropriate for understanding
the effects of EDCs on humans. These arguments largely
center around observed differences in hormone levels dur-
ing different physiological periods in rodents and humans
(57), and differences in the metabolic machinery and ex-
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cretion of chemicals between species (622). To address the
first issue, it should be noted that the FDA uses animals to
test pharmaceuticals and other chemicals before any safety
testing in humans because it is widely recognized that,
although animals and humans do not have exactly the
same physiologies, there is evolutionary conservation
among vertebrates and specifically among mammals (62).
Furthermore, animal studies proved to be highly predic-
tive of the effects of DES on women, indicating that ro-
dents are sufficiently similar to humans to reliably forecast
affected endpoints in the endocrine system (64, 623).
Thus, the default position must be that animal data are
indicative of human effects until proven otherwise.
With regard to the second issue, BPA researchers in
particular have examined species-specific differences in
metabolism of this EDC. Interestingly, the pharmacoki-
netics of BPA in rodents, monkeys, and humans appear to
be very similar (624), and regulatory agencies have sub-
sequently concluded that rodents are appropriate models
to assess the effects of this chemical (625, 626). Thus,
researchers should select animal models that are sensitive
to low doses of hormones and select appropriate species
for the endpoints of interest. As the scope of our knowl-
edge has broadened about how chemicals can alter the
endocrine system, well beyond estrogens, androgens, and
the thyroid, it is imperative that considerable thought be
given to how to apply this for regulatory purposes.

C. Human health

Asdiscussed several times throughout this review, there
is now substantial evidence that low doses of EDCs have
adverse effects on human health. Thus, although many
epidemiological studies originally focused on occupation-
ally exposed individuals and individuals affected by acci-
dental exposures to high doses of environmental chemi-
cals, these recent studies have suggested wide-ranging
effects of EDCs on the general population.

Importantly, human exposures are examples of true
mixtures; dozens if not hundreds of environmental chem-
icals are regularly detected in human tissues and fluids
(91), yetvery little is known about how these chemicals act
in combination (627). Several studies indicate that EDCs
can have additive or even synergistic effects (143, 323,
628-630), and thus these mixtures are likely to have un-
expected and unpredictable effects on animals and hu-
mans. The study of mixtures is a growing and complex
field that will require considerable attention in the years
ahead as knowledge of EDCs in the laboratory setting are
applied to human populations (631, 632).

How much will human health improve by testing chem-
icals at low, environmentally relevant doses and using the
results to guide safety determinations? Current testing
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paradigms are missing important, sensitive endpoints; be-
cause they are often unable to detect NMDRCs, they can-
not make appropriate predictions about what effects are
occurring at low doses. At this time, it is not possible to
quantify the total costs of low-dose exposures to EDCs.
However, current epidemiology studies linking low-dose
EDC exposures to a myriad of health problems, diseases,
and disorders suggest that the costs of current low-dose
exposures are likely to be substantial.

The weight of the available evidence suggests that
EDC:s affect a wide range of human health endpoints that
manifest at different stages of life, from neonatal and in-
fant periods to the aging adult. As the American popula-
tion ages, healthcare costs continue to rise, and there are
societal costs as well, with decreased quality of life con-
cerns, decreases in work productivity due to illness or the
need for workers to care for affected family members, and
the psychological stresses of dealing with some outcomes
like infertility. Thus, it is logical to conclude that low-dose
testing, followed by regulatory action to minimize or elim-
inate human exposures to EDCs, could significantly ben-
efit human health. This proposal effectively calls for
greatly expanded research to give human communities
feedback about themselves. It emanates from a view that
human society benefits greatly from the many chemical
compounds it uses but that extensive epidemiological sur-
veillance and other focused research designs are needed to
assure that the balance of risk/benefit from those chemi-
cals is acceptable.

How much would human health benefit by a reduction
in the use of EDCs? For some chemicals, minor changes in
consumer habits or industrial practices can have drastic
effects on exposures (633-636). Other chemicals like
DDT that have been regulated in the United States for
decades continue to be detected in human and environ-
mental samples; the persistent nature of many of these
agents suggests they may impact human health for decades
to come. Even less-persistent chemicals like BPA are likely
to remain in our environment long after a ban is enacted
because of the large amounts of plastic waste leaching BPA
(and other estrogenic compounds) from landfills into wa-
ter sources (637) and its presence on thermal receipt paper
and from there into recycled paper (638-640). Yet, de-
spite these challenges, reducing human exposure to EDCs
should be a priority, and one way to address that priority
is to decrease the production and use of these chemicals.
The Endocrine Society has called for such a reduction and
the use of the precautionary principle, i.e. action in the
presence of concerning information but in the absence of
certainty to eliminate or cut the use of questionable chem-
icals even when cause-effect relationships are not yet es-
tablished (620).
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D. Wildlife

Much of the recent focus on EDCs has been on the
impact of these chemicals on human health. Yet the ear-
liest studies of EDCs that focused on the impact of these
chemicals on wildlife should not be forgotten. Rachel Car-
son’s work on DDT and other pesticides provided some of
the earliest warning signs that there were unintended con-
sequences of chemical use. Carson’s work was ahead of its
time; she understood that exceedingly small doses of these
chemicals produced adverse effects, that the timing of ex-
posures was critical, and that chemical mixtures produced
compounded effects (641). Now, decades after some of the
most dangerous EDCs have been regulated, they continue
to be measured in environmental samples as well as the
bodies of wildlife animals.

Furthermore, it should be pointed out that humans, like
wildlife, are not insulated from the environment, and ef-
fects in wildlife, including nonmammalian species, are in-
dicative of and mirror effects in humans. For example,
BPA has estrogen-like effects in fish (642—644), amphib-
ians (645, 646), and reptiles (647, 648). A recent review
showed that demasculinizing and feminizing effects of
atrazine have been demonstrated in fish, amphibians, rep-
tiles, birds, and mammals, i.e. every vertebrate class ex-
amined (326); and in fact, the first report to suggest that
atrazine induced aromatase was conducted in reptiles
(649). Similarly, perchlorate affects fish (650-653), am-
phibians (654-658), and birds (659-661) via mecha-
nisms consistent with those described for humans, and
some of the earliest reports on perchlorate’s effects on
thyroid function were conducted in amphibians (661,
662). Finally, ecological studies of dioxin and dioxin-like
chemicals reveal effects on a range of exposed wildlife
including birds (663, 664), fish (665, 666), and inverte-
brates (667). Although these studies have highlighted
some of the species-specific effects of dioxin (389), and
orders of magnitude differences in toxic equivalency fac-
tors between species (668), they also indicate the con-
servation of mechanisms for the effects of dioxin on a
range of biological endpoints in wildlife, laboratory an-
imals, and humans (384). In fact, in many cases, non-
mammalian species are much more sensitive to EDC
effects, and wildlife species serve as sentinels for envi-
ronmental and public health (669-673). Thus, the ef-
fects of these chemicals on wildlife populations are
likely to continue; for this reason, the low-dose effects
of these chemicals are particularly worth understanding
(674, 675).

V. Summary

In conclusion, we have provided hundreds of examples
that clearly show that NMDRCs and low-dose effects are
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common in studies of hormones and EDCs. We have ex-
amined each of these issues separately and provided mech-
anistic explanations and examples of both. These topics
are related, but they must be examined individually to be
understood. The concept of nonmonotonicity is an essen-
tial one for the field of environmental health science be-
cause when NMDRCs occur, the effects of low doses can-
not be predicted by the effects observed at high doses. In
addition, the finding that chemicals have adverse effects
on animals and humans in the range of environmental
exposures clearly indicates that low doses cannot be
ignored.

In closing, we encourage scientists and journal editors
to publish data demonstrating NMDRCs and low-dose
effects, even if the exact mechanism of action has not yet
been elucidated. This is important because the study of
EDC is a growing specialty that crosses many scientific
fields, and scientists that work on or regulate EDCs should
appreciate and acknowledge the existence of NMDRCs
and low-dose effects and have access to this important
information. We further recommend greatly expanded
and generalized safety testing and surveillance to detect
potential adverse effects of this broad class of chemicals.
Before new chemicals are developed, a wider range of
doses, extending into the low-dose range, should be fully
tested. And finally, we envision that the concepts and em-
pirical results we have presented in this paper will lead to
many more collaborations among research scientists in
academic and government laboratories across the globe,
that more and more sophisticated study designs will
emerge, that what we have produced herein will facilitate
those making regulatory decisions, that actions taken in
light of this information will begin to abate the use of
EDCs, and ultimately that health impacts in people and in
wildlife will be averted.
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CHAPTER 1V

REGULATORY PROGRAMS AND RECOMMENDED
INDUSTRY PROCEDURES

INTRODUCTION

This chapter identifies and reviews the current State and Federal regulatory programs
and industry-recommended, procedures applicable to either reduce the potential for routine
emissions and/or accidental hydrogen sulfide releases from oil and gas production or to
mitigate the consequences of such emissions and releases.”  ~-.. . ...~ .-

STATE REGULATIONS

Currently, there are no national ambient air quality standards (NAAQS) for H,S.
Most oil- and gas-producing States have their own regulations pertaining to H,S gas. Table
IV-1 lists States that have set ambient air quality standards for H,S emissions.

The EPA gathered and reviewed several States’ regulations and related guidance
documents and later contacted State agencies to obtain additional information on the unique
aspects of the State regulations governing H,S emissions in the oil and gas industry. EPA
staff also met with officials from North Dakota during a trip to North Dakota oil and gas
well sites. In addition, the Interstate Oil and Gas Compact Commission (IOGCC) was
contacted to obtain information pertaining to regulatory programs (IOGCC, 1990).

This chapter contains a review of existing State regulations for nine States (California,
Louisiana, Michigan, New Mexico, North Dakota, Oklahoma, Pennsylvania, Texas, and
Wyoming). \

These nine States were chosen for review because of their large production volumes,
the potential presence of H,S in their well fields, and their distribution across the United
States. The nine States contain over 68 percent of the total oil wells (419,989 wells/613,810
total U.S. wells) and 54 percent of the gas wells (147,360 wells/272,541 total U.S. wells)
producing in the United States in 1991 (Petroleum Independent, 1992). For these States,
regulatory agencies are identified, H,S regulations for routine emissions and accidental
releases are described, enforcement programs are discussed, records and programs to track
accidental H,S release are included, and the effectiveness of each State program is assessed
qualitatively. The qualitative evaluation identifies existing control standards and the
populations or ecosystems the .standard is intended to protect.

In addition, these States account for 67 percent of the total U.S. oil production and 87

percent of the total U.S. natural gas production (Petroleum Independent, 1992). State
regulations for H,S emissions from the oil and gas industry in Oklahoma, Texas, Michigan,




Table IV-1. Ambient Air Quality Standards for H,S

State

Concentration Average Time
(ppb) (hours)

California
Connecticut
Kentucky
Massachusetts
Minnesota

Missouri

Montana
Nevada

New York
North Dakota

Oklahoma
Pennsylvania
Rhode Island
Texas
Virginia
Hawaii
Delaware

Indiana

30 1
8

. 10.
14

3ob

30

10
80

40
30
50

*Not to be exceeded more than two times/year.
bNot to be exceeded more than two times/five consecutive

days.

“Not to be exceeded more than one time/year.
4Not to be exceeded more than one time/month.




and California were reviewed in greatest detail because they are major oil and gas producing
States. These states have extensive regulations dealing with H,S in the oil and gas industry.
California’s air quality program is managed by 33 independent air pollution control districts
and its Division of Oil and Gas is divided into 6 districts where District heads have great
flexibility in enforcing rules. Therefore, California’s program is discussed in the greatest
detail.

Selected Oil and Gas Producing States
Oklahoma

The H,S regulations for Oklahoma (10.3.16, "Operation of Hydrogen Sulfide -Areas")
were listed in Guidelines for Petroleum Emergency Field Situations in the State of Oklahoma,
a guidance manual that expands on the regulations. The guidance manual contains sections
on characteristics and effects of H,S, recommended guidelines for safe drilling and
production operations in an H,S environment.

The following égex‘lcies regulate oil and gas activities in Oklahoma:

Oklahoma Corporation Commission (OCC), Oil and Gas Conservation Division
Oklahoma Air Quality Service :

Osage Indian Tribe (OIT)

U.S. Bureau of Land Management

U.S. Environmental Protection Agency.

The OCC has jurisdiction over laws and regulations "relating to the conservation of
oil and gas and the prevention of pollution in connection with the exploration, drilling,
producing, transporting, purchasing, processing and storage of oil and gas..." (OCC, 1986).
The OIT has sole jurisdiction regarding oil and gas operations in Osage County. The U.S.
Bureau of Land Management has responsibility for cases where both surface and mineral
rights are owned by the Bureau or by an Indian tribe other than the Osage Tribe.

As noted earlier in this chapter, Oklahoma has an H,S ambient air quality standard.
This regulatory program (administered by the Air Quality Service) is used to control routine
emissions (through permit) from oil and gas facilities.

The accidental release of H,S from facilities is regulated by the OCC. Rule 165:10-3-
16 of the OCC rules requires operators to-assess their facilities for H,S release potentials that
would gause harm to the public. The rule is applicable to all facilities that handle natural gas
containing 1 x 10° ppb H,S or more and have a significant radius of exposure to cause
- adverse effects on the public with the exception of storage tanks. The "radius of exposure"
is that distance from. a source where the ground level concentration of hydrogen sulfide
resulting from a release of gas from a facility is 1 x 10° ppb or 5 x 10° ppb whichever is
applicable in the Rule. The Rule applies as follows:




° Does the facility (drilling, producing, injection, storage, etc.) handle
hydrocarbon fluids containing 1 x 10° ppb H,S or more? If yes;

® Determine the 1 x 10° ppb radius of exposure using an equation required in the
Rule or other methods approved by the Commission. The H,S escape rate
from the facility must be determined as required by the Rule.

® If the 1 x 10° ppb radius of exposure is in excess of 50 feet, warning, marker
and security provisions must be provided at the facility.

] If the 1 x 10° ppb radius of exposure is in excess of 50 feet and includes a

1 public area or if the 5 x 10° ppb-radius of exposure is in excess ‘of 50 feet and
includes a public road or if the 1 x 10° ppb radius of exposure is in excess of
3000 feet, control and safety equipment and a contingency plan must be
provided for the facility.

L4 . Facility storagé tanks near atmospheric pressure containing 5 x 10° ppb or
greater H,S must have warning signs, wind indicators and possible fencing.
Radius of exposure calculations are not applicable to storage tanks.

° H,S training, injection or flaring provisions, accident notification and other
requirements are addressed in the Rule (personal communication, W. Freeman,

Shell Oil, 6/23/93).

The OCC does not keep an emissions inventory of accidental H,S releases, but it does
keep an inventory of wells with actual or potential H,S problems. Furthermore, an inventory
of inspection data is kept by individual inspectors in the State and the local field offices.

Any emissions of H,S exceeding the OCC standard of 2.5 x 10* ppb must be reported to the
OCC by the emitting facility. Rule 3-2032, H,S Operation, is intended to provide for the
protection of the public’s safety in areas where H,S concentrations greater than 1 x 10° ppb
may be encountered.

Drilling facilities are not required to submit data periodically to show that they are in
compliance with regulations. Facilities report release of H,S on an "honor system" once
permits are granted. When noncompliance is discovered, the OCC can use administrative
proceedings to shut down or fine the operation. However, in recent years, there has been no
evidence of noncompliance with the H,S regulations.

. The OCC lists training requirements for employees who will work in areas of
potential H,S exposure. The training must cover hazards and characteristics of H,S,
operation of safety and life support systems, and emergency response procedures. OCC
safety inspectors-attend annual industry-sponsored training programs in order to stay current
on safety developments and to check the safety of their breathing equipment. Each H,S
inspector is required to have an H,S monitor, a manual, H,S gas monitoring test tubes, and a
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self-contained air breathing apparatus. Specific H,S provisions also exist regarding H,S
detection and alarm equipment, accident notification, injection, and flaring. In 1991, the
OCC and the industry jointly sponsored an H,S safety seminar. A film about H,S safety was
presented to regulatory and industry personnel, and questions about H,S safety were
answered. Safety training has also been provided to local police, fire, sheriff and ambulance
services, and to interested oil and gas operators, as requested.

The enforcement, field monitoring, and inspection departments of the OCC employ 69
people. The State currently has two H,S inspectors and a third is anticipated. In 1991, one
emergency involving the accidental release of H,S was reported to the OCC. However, the
accident, which resulted in the death of one worker, was not related to the extraction of oil
- and gas resources. - - - - - S '

Texas
Six agencies regulate oil and gas activities in Texas:

Railroad Commission of Texas

Texas Water Commission

Texas Air Control Board

Texas Parks and Wildlife Department
U.S. Army Corps of Engineers

U.S. Environmental Protection Agency.

The Railroad Commission regulates most of the operations of the oil and gas industry
but has no authority over the Clean Air Act Amendments. The Railroad Commission is
responsible for the well spacing, construction requirements (casing etc.), and most aspects of
environmental protection and works with other State Agencies to ensure that their concerns
are addressed. The Texas Water Commission works with the Railroad Commission on water
quality issues. The Texas Air Control Board has jurisdiction over the regulation of oil field
activities that generate air emissions. The Texas Parks and Wildlife Department investigates
fish kills and water pollution complaints and evaluates the effects of discharged wastes on
fish and wildlife. The Railroad Commission has jurisdiction over all oil and gas activities on
Federal lands in Texas, regardless of who owns the mineral rights. The U.S. Army Corps
of Engineers has permitting responsibility for activities that would affect statutory wetlands.

The Texas Air Control Board (TACB) is responsible for enforcing the Texas ambient
air quality standard for H,S (discussed previously). Certain allowances are made from the
air standard if the hydrogen sulfide affects only property used for other than residential,
recreational, business, or commercial purposes, such as industrial property and vacant tracts
and range lands not normally occupied by people (i.e., the emission limit is raised to 120
ppb/30 min). If an operator violates these ambient air levels, corrective action must be taken
such as flaring, installation of vapor recovery, etc. Consequently, the unauthorized emission
of H,S that exceeds the time weighted averages for the land use discussed above is a




violation of regulation and must be addressed by the operator. In addition, the TACB
requires permits for facilities that handle sour gas emissions from crude oil storage which
also address emergency releases from these type facilities.

Texas regulations on H,S for drilling, extraction, and abandonment are listed under
Statewide Rule 36 - Hydrogen Sulfide Safety, Section 3.36 (051.02.02.036, "Qil, Gas, or
Geothermal Resource Operation in Hydrogen Sulfide Areas," as amended September 1,
1976). The Hydrogen Sulfide Safety Rule in Texas—issued to address accidental
_ releases—applies to facilities that could expose the public to concentrations of H,S in excess

of 1 x 10° ppb as a result of an accidental release. Operators handling hydrocarbon fluids
containing 1 x 10° ppb or more H,S must determine if the Rule applies to their facility. If it
does, they must calculate the radius of exposure; determine if the public will be impacted;.. .
and, if so, install waming signs, ensure security measures, address storage tank
requirements, install appropriate safety equipment, develop contingency plans, provide
training and implement other requirements as necessary. In addition, all operators subject to
Rule 36 must submit a Certificate of Compliance to the Railroad Commission to demonstrate
that they have complied with these requirements. This rule requires that employees working
in H,S areas be trained in the characteristics and effects of the gas. The Railroad -
Commission of Texas publishes a training manual containing this information. The Texas
and Oklahoma regulations are virtually identical. Most of the Texas regulations were
discussed in the previous section on Oklahoma regulations. The Hydrogen Sulfide Safety
Rule in Texas does require safety equipment, alarm equipment, monitors, etc., but does not
specify exact types in an attempt to remain flexible and allow for new technology. It was
designed for the protection of the general public rather than industry, since OSHA rules are
designed to protect industry workers (personal communication, W. Freeman, Shell Oil,
6/23/93).

In Texas, the Railroad Commission does keep an emissions inventory on accidental -
H,S releases. Any emissions of H,S that are found to be of sufficient volume to present a
hazard and/or any H,S-related accidents must be reported to the Railroad Commission by the
emitting facility.” Operator certificates are required by the Railroad Commission to
demonstrate that prevention and response measures have been taken to address accidental
releases of H,S.

There was one case of noncompliance during 1991, which involved natural gas
leaking from a pipeline. The Railroad Commission canceled the Certificate of Compliance
for the operators of the well, which prevented the facility from producing or selling the
product until the leak was fixed. In 1991, there were emergencies involving the accidental
releases of H,S. Those accidents were discussed in Chapter III.

The enforcement, field monitoring, and inspection departments of the Railroad
Commission employ 215 people. Ground testing for traces of H,S is performed near the
wells. Emission data on each well are submitted to the Railroad Commission using the Form
of Compliance. When noncompliance: is discovered, the Commission uses administrative




proceedings to implement the following enforcement actions: enforcement letter, pipeline
severance, zero allowable emissions, sealing, permit revocation and/or administrative
penalties. The Railroad Commission may also seek civil penalties through the Attorney
General’s Office.

. The Michigan regulatory program is published in Michigan’s Oil and Gas
Regulations - Act 61 (P.A. 1939 as amended and promulgated rules - Circular No. 15 ,
revised in 1987, MDNR). Most of the regulations in the Michigan guidance were covered in
the sections on Texas and Oklahoma regulations.

A review of Michigan’s Oil and Gas Regulations reveals that the State has a
comprehensive set of regulations dealing with H,S. The Michigan rules require extensive
training for all employees and contractors involved in drilling, completing, testing,
producing, repair, workover or service operations. Employees must receive training in the
following areas: physical properties and physiological effects of H,S, effects of H,S on
metals and elastomers, emergency escape procedures, location and use of safety equipment,
the location and operation of detection and warning systems and the location of primary and
secondary briefing areas. Briefing areas are defined in Michigan’s Oil and Gas Regulations
as the areas "nearby where personnel can assemble in case of an emergency." Michigan
defines safety equipment as including items such as first aid Kkits, dry chemical fire
extinguisher, ropes, flare guns, portable H,S detectors and warning signs.

In addition to training requirements, the Michigan oil and gas regulations contain
comprehensive rules for the preparation of a contingency drilling plan in order to provide a
plan for alerting and protecting. personnel and the public in case of an emergency.

Five agencies regulate oil and gas activities in Michigan:

Michigan Department of Natural Resources (MDNR)

Michigan Department of Commerce, Public Service Commission
U.S. Forest Services

U.S. Bureau of Land Management

U.S. Environmental Protection Agency.

The Department of Natural Resources is responsible for the well spacing, construction
requirements (casing, etc.), and most aspects of environmental protection. The Michigan
Public Service Commission regulates the production of gas from dry natural gas reservoirs
and the safety of gas pipeline construction. When dealing with split estate situations, the
U.S. Forest Service will issue a Special Use Permit which allows an operator to drill within
the-forest boundary. When both the forest surface and corresponding mineral rights are
Federally owned, the U.S. Bureau of Land Management (BLM) issues drilling permits and
the U.S. Forest Service issues Surface Use Plans. The BLM issues drilling permits in all
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cases related to onshore Federal mineral estates (personal communication, T. Alexander,
DOE, 2/22/93).

Worker safety issues are the responsibility of the Michigan Department of Labor.
Part 57 of the General Industry Safety Standards Commission Safety Standards deals with oil
and gas drilling operations safety standards. Under Rule 5717(1), the drilling and servicing
of wells containing H,S shall be conducted as prescribed in the American Petroleum
Institute’s Recommended Practice No. 49 (API, 1987).

The MDNR’s Air Quality Division regulates H,S emissions from all sources in the oil
and gas industry. Rule 336.1403 states: "It is unlawful for a person to cause or allow the
emission of sour gas from an oil or natural gas producing or transporting facility or a natural -
gas processing facility without burning or equivalent control of hydrogen sulfide and
mercaptans.” The Rule does allow operators with stripper wells to emit small quantities of
H,S unless one complaint is received from the public which would require some type of
abatement technique to be imposed. All fac:htles handling H,S are subject to these
regulations.

The Geological Survey Division (GSD) of the Department of Natural Resources
regulates accidental releases of H,S in the oil and gas industry. In addition, it overlaps with
the Air Quality Division on emission controls at production facilities. It appears that two
agencies in the MDNR regulate H,S handling facilities. Under Rule 299.1911-1939,
operators handling hydrocarbon fluids containing more than 3 x 10° ppb H,S must define a
Well Class (defined by the radius of exposure in Rule 299.1912) to determine the
applicability of the Rule. The radius of exposure is defined using the same dispersion
equation as Texas Rule 36. The Rule addresses equipment standards, location standards for
drilling and production equipment, contingency planning, training, drilling, testing,
production operations, servicing operations and nuisance odor requirements (personal
communication, W. Freeman, Shell Oil, 6/23/93).

The enforcement, field monitoring, and inspection departments for oil and gas
regulation by the Geological Survey Division (GSD) of the MDNR employ 47 people. Wells
are retested one year after the initial well test was performed, to check for compliance with
laws. Further periodic tests are required only at the request of the MDNR. When a well is
not in compliance, the MDNR can use administrative proceedings to shut down drilling
processes and production, stop issuing permits to drill, stop well ownership transfers, and
issue fines. Fines are also issued for falsifying records required by the GSD enabling
legislation (Act 61, P.A. of 1939, amended). Violation of the Act or a rule or order under
the Act carries a penalty of not more than $1,000.00 per day that the violation continues. In
1991, there was no evidence of noncompliance for the release of H,S.

The MDNR does not keep an emissions inventory of the accidental releases of H,S
from well blowouts and flare gas releases. Emissions of H,S are reported by industry
personnel to MDNR field personnel, who may keep records on the releases. One incident
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was reported to the MDNR in'1990, which involved a pumper who was working on a
storage tank. The exact date and nature of the incident were not available.

California
- The following agencies regulate oil and gas activity in California:

® California Department of Conservation, Division of. Oil and Gas

® California Water Resources Control Board and the nine Regional Water Quality
Control Boards :

® California Department of Health Services

. California Department of Fish-and Game, -Office of. Spill Prevention and Response

® California/EPA Department of Toxic Substances Control

® California State Fire Marshall’s Office

® California Public Utilities Commission

® California OSHA .

® California Air Resources Board and the county or multi-county regional Air
Pollution Control Districts ' ;

® California Governor’s Office of Emergency Services

® State Lands Commission

® California Coastal Commission

® Local government agencies

® U.S. Bureau of Land Management

® U.S. Department of Energy

® U.S. Environmental Protection Agency.

The Division of Oil and Gas of the California Department of Conservation is
responsible for the management and conservation of oil and gas resources. The Division
issues permits for and inspects the drilling, reworking, and abandonment of oil and gas
wells. Under delegated authority from the EPA, the division also issues underground
injection control well permits for Class II injection wells.

Division 3 - Oil and Gas, part of the California Code of Civil Procedure, contains the
California laws for conservation of petroleum and gas (CDC, 1991). Table IV-2 highlights
key sections of the law applicable to H,S releases. Although, there is no quantitative limit to
H,S emissions, the law grants the supervisor of the Qil and Gas Division, discretionary
authority to control H,S releases to ensure protection of human health and the environment.

California’s Code of Regulations contains the oil and gas regulatory program enforced
by the Division of Oil and Gas. These regulations are highlighted in Table IV-3. These
rules include the definition of the term “critical well," requirements for contingency plans,




Table IV-2. Highlights of California Laws for Conservation of Petroleum
and Gas Pertaining to H,S Emissions

Ch., Art., Section

Subject

Description

1, 4,3219
1, 4, 3224

1, 4, 3228

1, 4, 3235
1, 4,3236

1,4.1,3241

1,4.2,3251

3, ,3600

Blowout
prevention

Order for repair

Abandonment
of wells

Cou{plaint
Penalty

Strategy to
extract gas in
high risk areas

Define
“hazardous well”

Spacing wells

" Where high-pressure gas exists, use

adequate casing and safety devices

Authorizes supervisor to order tests
or repairs needed to prevent damage to
life, health, natural resources, etc.

Protects ground and surface water
from gas-bearing strata

Authority to investigate complaints

For obstructing enforcement,
$100 - $1,000 or up to 6 months
imprisonment per offense

Develop strategy.to extract hazardous
gases from abandoned wells to protect
public health and safety

Poses danger to life, health, or natural
resources

Well must be at least 100 feet from
parcel's boundary or public road




rules include the definition of the term “critical well," requirements for contingency plans,
and environmental protection. ~

The Division of Oil and Gas has also published a guidance document on H,S, Drilling
and Operating Oil, Gas, and Geothermal Wells in an H,S Environment (Dosch and Hodgson,
1986). This guidance document reflects the American Petroleum Institute’s publication
RP 49, Safe Drilling of Wells Containing Hydrogen Sulfide (API, 1987) and recommends
safety procedures for H,S release scenarios. The California Division of Oil and Gas
(CDOQG) is divided into six districts. Figure IV-1 shows the six districts and the distribution
of H,S in California, presenting parts per million of H,S gas in some California oil and
geothermal fields. Table IV-4 shows the documented concentration by oil field in each
~ district.  Three of the districts are discussed here. ' :

District 1 of the Division of Oil and Gas has three oil and gas inspectors and seven
energy engineers who inspect well drilling and rework operations. The inspectors wear
tri-gas monitors (H,S, oxygen, and combustibles). The well-permitting program does not
specify H,S limits. All wells are inspected at least once a year. Idle wells must be
pressure-tested periodically to minimize casing leaks. Steam flooding, an enhancement
process that often creates H,S, is used frequently in the district. District 1 authorities know °
of past H,S incidents leading to human injuries; however, because records are not
computerized, exact data are not available (personal communication, K. Carlson, CDOG,
8/27/92).

District 3 has 1,929 producing wells and 2,845 shut-in wells (i.e., no production is
made on the well; its pump is turned off, the stuffing box is closed, and it is inspected to
ensure no leakage). Three field inspectors cover District 3 (personal communication,

A. Kollar, CDOG, 8/28/92). '

District 4, which includes Kern County, has nine field inspectors, each equipped with
an "escape pack” for H,S protection. An environmental inspection is performed for every
lease on every well. The inspection covers the surface area, well condition, tank condition,
and operation. There are more than 40,000 wells in Kern County alone. District 4 had no
records of H,S incidents. However, inspectors in Kern County/San Joaquin Air District
(described below) have documented incidents of H,S releases (personal communication, R.
Bowles, CDOG, 8/27/92).

The California Air Resources Board is authorized to enforce a statewide ambient air
quality limit for H,S emissions of 30 ppb over one hour’s averaging time. However,
California’s air quality program is managed on a smaller scale by the 33 county or multi-
county air pollution control districts (APCDs) shown in Figure IV-2 (CA Air Resources
Board, 1991). Each district acts as an independent regulatory agency, establishing and




Table IV-3. Highlights of Title 14, Chapter 4 of the California Code of
Regulations - Development, Regulation, and Conservation
of Oil and Gas Resources

Article, Section Subject Description
Subchapter 1
1,1712 Scope Onshore drilling and production;
grants Oil and Gas Division Supervisor
authority to establish field rules
2,1720 Critical well Addresses distances to public areas
and navigable waters
21,1721 Well spacing Objectives include protecting public
healith, safety, welfare and the
environment
3,1722 General Good oilfield practices, blowout
prevention and control plan, prompt
reporting of significant gas leaks
3,1724.3 Well Safety Devices Required of certain critical wells
3,1724.4 Testing/inspecting Test at least every 6 months
Safety Devices.
Subchapter 2 Environmentai Requires covers on well cellars,
Protection no excessive leakage including

wellheads and pipelines
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Figure IV-1. Parts per million of H,S gas in some Caﬁfornia oil
and geothermal fields. Data compiled in 1976.




Table IV4. H,Sin California Oil, Gas, and Geothermal Fields

Fields with H,S Fields with H,S" Fields with H,S
Oil and Gas Concentrations . Concentrations Odor, But With
District 1x10° ppb or Above Under 100 ppm Concentrations Unknown
1 - —_ Wilmington, 'Huntington Beach,
Newport, Torrance, Brea Olinda
2 Rincon, 1 x 10° ppb Shiells Canyon Aliso Canyon, Bardsdale, Big Mountain,
San Miguelito, 2x 105 ppb 60 ppm " Del Valle, Las Llajas, Oak Park,
Ventura, 3x 10°ppb ~ -- - { = - . Oakridge, Ojai; Piru, Santa Paula, Santa.

Susana, Simi, South Mountain, Tapo
Canyon So., Temescal, Torrey Canyon,
and West Mountain

3 Casmalig, 1.3 x 107 pé:b : — Capitan Onshore, King City
Cat Canyon, 2.5 x 10° ppb Four Deer

Cuyama So., 1.3 x 106 ppb

N Blwood So., Offshore, 2x 107 ppb
Guadalupe, 1.35x 108 ppb |
Lompoe, 1.31 x 106 ppb

Orecutt, 3.06 x 10° ppb

Russell Ranch, 1.53 x 108 ppb
San Ardo, 4 x 105 ppb

Santa Maria Valley, 2.7 x 108 ppb

Zaca, 4 x 105 ppb
4 Midway Sunset, 1 x 10° ppb —_ North Belridge, South Belridge, Blackwells
Cymaric, 1.6 x 10° ppb Corner, Edison, Northeast Edison, Kern River,
Lost Hills, McKittrick, Mount Poso, Poso
Creek, Railroad Gap, and Wheeler Ridge
5 - —_ _— Coalinga
6 . — —
Geothermal
District
G3 The Geysers, 4x10* - 4.5x106 ppb - —_

in some California oil and geothermal fields. Data compiled in September 1976. (Data in the first two columns are on
Figure IV-1).
Source: Dosch and Hodgson, 1986.




enforcing air quality rules tailored to the district’s needs. Districts with significant oil
production are:

Ventura County

Santa Barbara County

San Joaquin Unified Air District

South Coast Air Quality Management District
Monterey Bay Unified Air District

Bay Area Air Quality Management District.

. This report highlights H,S emissions programs in four districts: Ventura County,
- Santa Barbara County, SanJoaquin. Unified Air District, and the South Coast District.

Ventura County has Rule 54, "Sulfur Compounds,” in place for air emissions
containing sulfur compounds. This rule, adopted in 1968 and most recently revised in 1983,
includes a limit for H,S not to exceed 1 x 10* ppb by volume at the point of discharge. The
point of discharge includes any distinguishable emission point such as valves, flanges, or
process vents. There are no control technology regulations for H,S in Ventura County other
than these equipment standards. Another H,S rule requires that the aboveground average
concentration at or beyond the property boundary shall not be in excess of 60 ppb for over 3
minutes. The Ventura County limits were adopted in 1968 when the APCD was formed.
Natural emissions of H,S are low in the county’s oil well fields, and H,S monitoring is only
performed when a problem is suspected (i.e., when the odor is detected). The APCD uses
hand-held monitoring devices to inspect problem. areas. No routine monitoring records are
kept on file in Ventura County, but wells are inspected at least once a year, with large wells
inspected more frequently (personal communication, XK. Duval, Ventura APCD, 8/29/92).
Ventura County has an enforcement staff of about 20 people, including 8 field inspectors
(personal communication, K. Duval, Ventura APCD, 11/23/92).

Emission standards in Santa Barbara County are basically the same as in Ventura
County. However, tighter emission limits are applied in parts of the county with SO, (an
oxidation product of H,S) nonattainment areas. Rule 309, “Specific Contaminants," for
Santa Barbara County states that sulfur recovery units shall not emit more than 5 x 10° ppb
as SO, or 1 x 10* ppb as H,S. Rule 310 for odorous organic sulfides states that
concentrations of organic sulfides beyond the property boundary shall not exceed 60 ppb/3
minutes or 30 ppb/hr. For gas produced and used as fuel in equipment on a well site, the
sulfur content limit in the county’s northern air shed is 7.96 x 10° ppb sulfur; in the southern
county air shed, the limit is 2.5 x 10° ppb. Control technologies are not used on well heads
for H,S emissions. However, controls do exist for volatile organic compound (VOC)
emissions from well fittings, stuffing boxes, well cellars, sumps and pits. Rules are being
developed to require these controls, primarily in the surface area of the well cellar to control
the release of VOC. This technology will also control H,S emissions indirectly. The
county’s 10 field inspectors inspect wells for all types of emission sources at least once a
year. H,S violations via the total sulfur emission limit are not a problem because by the time
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1 Bay Area (415) 771-6000
2 Feather River (July 1, 1990)
Sutter (916) 741-7500
Yuba (916) 741-6484
Great Basin (619) 872-8211
Monterey Bay (408) 443-1135
North Coast (707) 443-3093
Northern Sierra (916 265-1398
South Coast (818) 572-6200
Yolo-Solano (916) 669-6700
San Joaquin Valley (209) 222-6111

( Multi-County Districts

Woangd W

County APC Districts

Amador (209) 223-6406
Butte (916) 891.2882
Calaveras (209) 754-6400
Colusa (916) 458-5891

El Dorado (916) 621-5897
Glenn (916) 934-6500
Imperial (619) 339-4606
Lake (707) 263-7000
Lassen (916) 357-8311 x110

Mariposa (209) 966-3689 ° S
Mendocino (7070 463-4354

Modoc (916) 233-3939 x401

No. Sonoma (707) 433-5911

Placer (916) 889-7130

Sacramento (916) 386-6650

San Bernardino (619) 243-8920

San Diego (619) 694-3307

San Luis Obispo (803) 549-5912

Santa Barbara (803) 961-8800

Shasta (916) 225-5674

Siskiyou (916) 842-8029

Tehama (916) 5274504

Tuolumne (209) 533-5693

Ventura (805) 654-2806

. -

Source: California Air Resources Board, 1991.

Figure IV-2. Multi-county districts.




the ambient air quality standard is exceeded, the operator has already been alerted to a safety
problem and is responding. The county has seven currently active H,S ambient monitoring
stations; however, these are at oil and gas processing facilities, rather than at well fields
(personal communication, J. Top, St. Barbara APCD, 8/20/92).

The San Joaquin Unified Air District enforces Rule 407, "Sulfur Compounds," which
limits the emission concentration of sulfur compounds at the point of discharge to 0.2 percent
volume calculated as SO, (or 2 x 10° ppb SO,). This rule, adopted in 1972 and renumbered
in 1989, applies to any gas line or vapor control line from a well. Rule 220.1, "New and
Modified Stationary Source Review Rules," has a trigger value for H,S or total reduced
sulfur or sulfur compounds other than SO, of 54.79 Ib/day. If this value is exceeded, the
responsible party must use Best Available Control Technology (BACT).on the-emission. ..~ ... ...
source. Rule 220.1 was adopted in September 1991 and revised March of 1992.

The San Joaquin District does not look at or enforce H,S regulations until the 2 x 10°
ppb SO, emission limit is exceeded, because the rule is based on the impact of SO, on human
health and the environment, not on the health effects of H,S. No ambient monitoring of H,S
is required by the district. However, the oil companies are required to keep their own
records of SO, monitoring for two years. Companies also have H,S monitoring data, and the
State has the authority to request these data at any time (personal communication,

M. Amundsen, San Joaquin, 8/21/92).

Kern County, part of the San Joaquin Unified Air District, has three of the largest
producing wells in the United States. The county’s production volume is exceeded only by
Alaska, Texas, and Louisiana. The wells in Kern County produce a unique heavy crude and
some use steam injection to enhance pumping. H,S is a problem in well fields in the county,
-where numerous stripper wells (defined in Chapter II) are operating. The county has a ten-
person enforcement team that performs inspections at least once a year. Steam casing
collection systems, valves, fittings, etc., are inspected by staff wearing H,S monitors.
Inspectors in Kern County have been exposed to H,S in the field. In one case, an inspector
was exposed to greater than 1 x 10° ppb. The case involved a report from a fire department
station downwind of a well and complaints of odor and illness. H,S was measured at the
station at 5 x 10* ppb. The source was a leaking underground gas recovery line. Companies
are required to keep records of such incidents and report them to CAL OSHA (personal
communication, M. Amundsen, San Joaquin Unified Air District, 8/21/92).

During conversations with Kern County representatives, it was noted that an
important control technology for H,S at wells is a casing collection system, which can be
«added to collect natural gas containing H,S that has built up in the casing over time. If the
natural gas pressure is not relieved, well production is hindered. Companies tend to release
this gas to the atmosphere, but a casing collection system can treat the gas by vapor
incineration (98 to 99 percent hydrocarbon destruction efficiency). However, the economic
incentive to put casing collection systems on stripper wells is normally low due to the low
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volume of oil produced (personal communication, M. Amundsen, A. Phillips, San Joaquin,
8/21/92).

The South Coast Air Quality Management District has no specific regulations
pertaining to H,S or oil production. Rules in place that indirectly control H,S emissions
include Rule 431.1, "Sulfur Content of Gaseous Fuels," which states that, effective May
1994, natural gas cannot be burned or sold for burning if it contains greater than 4 x 10* ppb
total sulfur. This rule also requires organic vapor recovery systems, which would recover
any H,S gas along with the volatile organics. Rule 402 could also apply to H,S, particularly
for stripper wells that are too small for permitting. This rule is a nuisance rule that could be
used to close wells if, for example, neighbors complained about H,S odors or other health
effects (personal communication, C. Bhatti, South Coast AQMD, 8/25/92). Thé& South Coast
District’s enforcement program is managed as part of the Stationary Source Compliance
Office, which has a staff of S00 (personal communication, C. Bhatti, South Coast AQMD,

11/23/92).

. California’s Occupational Safety and Health Administration is authorized to administer
the Federal OSHA program. There are two OSHA standards that apply to H,S. One focuses
on the maintenance and use of valves. The second is the Permissible Exposure Limit for
H,S. 1t is difficult to monitor compliance with this limit because operations are outdoors.
CAIL OSHA maintains a database of occupational accidents. No accidents were found in the
database related to H,S releases at California oil wells dating back to 1982 (personal
communication, R. Hayes, CAOSHA, 9/11/92). However, H,S incidents were recorded in
some of the Air Pollution Control Districts and Division of Oil and Gas Districts (personal

communication, M. Amundsen, San Joaquin Unified Air District, 8/21/92).

The California Water Resources Control Board is generally responsible for the
protection of the State’s waters and for preserving all present and anticipated beneficial uses
of these waters. The California Department of Health Services is responsible for the
regulation of hazardous wastes. It determines which waste streams and constituents are
hazardous under California’s laws. The State Land Commission has joint responsibility with
the Division of Oil and Gas for wells on State-owned, onshore lands.

The Office ¥f Emergency Services administers Chapter 6.95 of the California Health
and Safety Code which states that every business handling any hazardous material greater
than 55 gal., 500 1b. or 200 cubic feet (gaseous material) must register and develop an
emergency response plan and business plan. If the business handles extremely hazardous
substances onsite exceeding threshold planning quantities (500 1b for H,S), a preliminary
analysis of the facility must be made to determine if a significant risk potential exists for
accidental release of the extremely hazardous substance. If the potential does exist, the
facility must develop and submit a "risk management and prevention program” that addresses
how to reduce or eliminate the potential for accidental release (personal communication,

Dr. F. Lercari, Office of Emergency Services, 9/13/93).
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A _Comparison of H,S Regulatory Programs in Four States

Table IV-5 presents a summary of regulatory programs for H,S across California,
Michigan, Oklahoma, and Texas. This summary addresses the area of "state ... control
standards, techniques, and enforcement” designated for evaluation in Section 112(n)(5) of the
Clean Air Act Amendments. Appendix B tabulates components of the States’ regulatory
programs in greater detail.

Texas, Oklahoma, and California have H,S ambient air quality standards in place.
The California standard (30 ppb over 1-hr averaging time) is more stringent than the Texas
standard (80 ppb over 0.5-hr averaging time) and the Oklahoma standard (100 ppb over

*0.5-hr averaging-time).~-Michigan does not have ambient air quality standards for. H,S.. ... . .. .

The number of agencies in each State regulating oil and gas operations ranges from
two in Oklahoma and Michigan to eleven in California. The enforcement staff, which
includes inspectors and field monitoring staff, numbers 69 in Oklahoma, 215 in Texas, and
47 in Michigan. California’s air emissions program is regulated by districts. The Santa
Barbara District, an area with high concentrations of H,S in its oil fields, has 10 field
inspectors who are also responsible for inspecting other commercial operations. Kern
County, California, has a staff of 10 field inspectors who also have other inspection
responsibilities.

Michigan, Oklahoma, and Texas each have H,S-specific regulations related to public
safety. In California, State law grants the Director of the Division of Oil and Gas discretion
to require additional controls (for areas such as H,S emissions) on a case-by-case basis.
However, none of the four States has specific H,S standards in place to protect the
environment, i.e., ecological protection. '

Of the four States reviewed, only Texas maintains an inventory of accidental releases
of H,S from drilling and production operations. However, all four states require notification
when threatening accidental releases occur. None of the four States requires reporting of
H,S routine emissions. "Routine" excludes such incidents as vapor recovery unit failures and
other equipment upsets.

Texas, Oklahoma, and Michigan require worker safety training for H,S. California’s
Division of Oil and Gas, however, provides guidance on worker safety in the form of a
publication (Dosch and Hodgson, 1986).

Other Large Producing States

The EPA gathered initial information on several State regulations and later contacted
selected State agencies to obtain additional information on the unique aspects of the State
regulations governing H,S emissions in the oil and gas industry. The results of each State
review are summarized in the following sections.




Table IV-5. A Comparison of Four States' H,S Regulatory Programs

H,S Area Oklahoma Texas California

Ampbient air . 0.10 (0.5 hr) 0.08 (0.5 hr) ' 0.03 (1 hr)
quality standard?

Number of State
agencies regulating oil/gas

Size of enforcement/
inspection staff’

Specific H,S regulations for:
Public Safety Yes

Ecological Protection Not clear
(administered by
environmental agency)

Inventory of accidental * No
releases kept by State?

Routine reporting of emissions No
required?

Notification of a threatening - Yes
accidental release?

H,S training required? Yes ' Guidance

*Enforcement staff in California (example counties)

Santa Barbara County Air Pollution Control District:
Kern County (in San Joaquin Unified Air District):
California Division of Oil and Gas — District 7
California Division of Oil and Gas - District 4:




Louisiana
Five agencies regulate oil and gas activity in Louisiana:

® ILouisiana Department of Natural Resources, Office of Conservation

® ILouisiana Department of Environmental Quality

® U.S. Bureau of Land Management

® U.S. Army Corps of Engineers

® U.S. Environmental Protection Agency. X

The Louisiana Department of Natural Resources, Office of Conservation, regulates ail

 subsurface and surface disposal of oil- and gas-associated wastes (Statewide Order Governing
the Drilling for the Producing of Oil and Gas in the State of Louisiana). The office has
primary responsibility for all classes of underground injection control wells. The Office of
Conservation coordinates with the Louisiana Department of Environmental Quality, Office of
Water Resources, on any problem dealing with discharges in the oil and gas industry. The
U.S. Bureau of Land Management has jurisdiction over lease arrangements and post-lease
activity on Federal lands where the mineral rights are Federally held. The Office of
Conservation does not keep an emissions inventory for accidental H,S releases. Any
emissions of H,S that exceed the Office of Conservation standard must be reported to the
Office by the emitting facility.

The enforcement, field monitoring, and inspection departments of the Office of
Conservation employ 34 inspectors. Emission data are sent to the Office of Conservation
- when an accidental release has occurred at the well site. The Office of Conservation,
through administrative proceedings, can respond with the following enforcement actions
when complizance is not met: compliance letters, compliance orders, civil penalty
- assessments, suspension/revocation of permits and pipeline severance.

In recent years, there has been no evidence of noncompliance and no emergencies
involving the release of H,S from oil or gas wells. The drilling process is not a significant
threat because underground sources of H,S are much deeper than the wells being drilled.

New Mexico

Five agencies have responsibilities for regulating oil and gas activities in New
Mexico: :

® New Mexico Oil Conservation Division of the Energy, Minerals and Natural
Resources Department (OCD)

® New Mexico Oil Conservation Commission

® New Mexico Water Quality Control Commission

¢ U.S. Environmental Protection Agency




® U.S. Bureau of Land Management.

The Oil Conservation Division of the Energy, Minerals and Natural Resources
Department is responsible for regulating oil and gas industry exploration and drilling,
production, and refining. Its duties include regulating "nonhazardous" liquid and solid
wastes from these operations to protect water quality, public health, and the environment.
The Oil Conservation Commission works in conjunction with the Oil Conservation Division.
The Commission initiates rules and orders to be administered by the Division. The Water
Quality Control Commission develops water quality control standards and water pollution
regulations. The U.S. Bureau of Land Management has jurisdiction over all Federally
owned land, with the exception of Indian lands. )

The Oil Conservation Division of Energy Resources (OCD) keeps emissions
inventories at the district level. There are four districts in the State of New Mexico; any
accidental release of H,S must be reported to the district division of tlie OCD. The
enforcement, field monitoring and inspection departments of the OCD employ 18 people.
Inspections are made by each district OCD office. In recent years, there has been no
evidence of noncompliance with the H,S regulations set forth by the OCD, and no
emergencies involving H,S have been reported.

New Mexico’s Oil Conservation Commission Rule 118 is intended to provide for the
protection of the public safety in areas where H,S concentrations greater than 1 x 10° ppb
may be encountered. This rule adopts the guidance of the American Petroleum Institute
publications RP 49 and RP 55 (discussed later in this chapter) and covers drilling, extraction,
and abandonment.

North Dakota
Five agencies regulate oil and gas activities in North Dakota:

North Dakota Industrial Commission, Qil and Gas Division

North Dakota State Department of Health and Consolidated Laboratories
U.S. Department of Agriculture, Forest Service

U.S. Bureau of Land Management

U.S. Environmental Protection Agency.

The North Dakota Industrial Commission, Oil and Gas Division, has regulatory
authority over the drilling and production of oil, and is responsible for protecting the
correlative rights- of the mineral owners, preventing waste, and protecting all sources of =
drinking water. The Bureau of Land Management has jurisdiction over drilling and
production on Federal lands, but the operator must obtain a permit from the Division of Oil
and Gas. Drilling on forest land must comply with the rules of the U.S. Forest Service.




Any well completed or recompleted on or after July 1, 1987 must be registered with
the State Department of Health and Consolidated Laboratories (NDSDH&CL). The
registration process includes completion and submittal of a form which provides information
about the well operator, well equipment (such as size and number of storage tanks, existence
of a heater treater and type of fuel on which it is fired, flare stack height, etc.), surface
equipment location, and disposition of produced gas. This form, submitted along with an
analysis showing the H,S concentration of any produced gas, constitutes registration.
Information derived from the registration is entered into a shared database, which is used by
the North Dakota Industrial Commission’s Qil and Gas Division, for storing production data;
thus, an emissions inventory which represents actual emissions can be generated from the
database for all registered wells. H,S concentrations in wellhead gas are field-pool specific;
for example, within the Little Knife Oil Field, gas produced from the Madison Pool will -
have an H,S concentration of approximately 9.56 percent, gas produced from the Red River
Pool will be approximately 7.91 percent H,S, and gas produced from the Duperow and
Bakken pools is likely to contain only negligible amounts of H,S. H,S data from the
registrations are, therefore, entered into the database as field-pool specific data (personal
communication, D. Harman, NDSDH&CL, 5/19/93).

The enforcement, field monitoring, and inspection departments of the Division of Oil
and Gas employ 14 people. The NDSDH&CL handles most of these complaint-related
inspections. The Division of Oil and Gas can shut down an operation and fine up to $12,500
per day when compliance is not met. The NDSDH&CL can impose a fine and/or
imprisonment.

H,S typically constitutes between 4 and 10 percent of the oil and gas found in North
Dakota. Because of this prevalence, the State has established an ambient air quality standard
(shown in Table IV-1).

The NDSDH&CL typically becomes more involved in situations where routine
emissions (as opposed to catastrophic/episodical releases) from a production facility result in
excessive ambient concentrations. This scenario typically manifests itself in the form of
citizen complaints. In these situations, it has been the Department’s experience that an
equipment problem, such as flare stack ignitor malifunction (i.e., low efficiency flare),
storage tank gasket degradation and leakage, etc., has been the primary cause. Correction of
the immediate problem and implementation of a more rigorous maintenance schedule will
typically resolve these cases (personal communication, D. Harman, NDSDH&CL, 5/19/93).
Acute, unpredictable releases of H,S, such as natural gas pipeline rupture, etc., are typically
handled by the North Dakota Industrial Commission; however, the Industrial Commission
has had no reports of emergencies involving accidental releases of H,S in the past two years.




Pennsylvania

Six agencies regulate oil and gas activities in Pennsylvania:

Department of Environmental Resources,

Bureau of Oil and Gas Management (BOGM) -
U.S. Environmental Protection Agency, Region III
Pennsylvania Fish Commission

U.S. Forest Service

U.S. Bureau of Land Management.

The Bureau of Oil and Gas Management (BOGM) was-created to coordinate-and . .-
combine all regulatory activities of the oil and gas industry (Oil and Gas Operators’
Manual). The U.S. Environmental Protection Agency issues permits for underground
injection and secondary recovery. The Pennsylvania Fish Commission identifies pollution of
surface waters and takes appropriate action under the Pennsylvania Fish and Boat Code.

The BOGM does keep records of any accidental releases; however, routine emission
rates are not reported. Nearly all of Pennsylvania’s H,S problems have occurred in the
northern part of the State, around Lake Erie.

The enforcement, field monitoring, and inspection departments of the BOGM employ
38 people. The Department of Environmental Resources has the following enforcement
options available when compliance is not met: notice of violation, citation for summary
offense, misdemeanor, civil penalty, injunction, administrative order, consent order and
agreement, permit suspension and/or revocation, and bond forfeiture.

Six wells near Lake Erie have significant concentrations of H,S that could be a threat
to the surrounding environment and people. One incident in 1990 involved discharges of
H,S from a well blowout. Local authorities evacuated a neighboring town until the H,S
could be contained and the well plugged. The blowout did not cause any negative health
effects or other types of injury.

In the past,"Pennsylvania explored the possibility of establishing a committee that
would include consultants, gubernatorial appointees, and citizens to examine H,S in relation
to the oil and gas industry and determine if a serious problem exists. It is understood that
this project is currently inactive due to budget limitations.




Wyoming
There are four agencies that regulate oil and gas activities in Wyoming:

® Wyoming Oil and Gas Conservation Commission
® Wyoming Department of Environmental Quality
e U.S. Bureau of Land Management

® U.S. Environmental Protection Agency.

The Oil and Gas Conservation Commission has the general authority over oil and gas
production in the State. The Department of Environmental Quality is responsiblé for land
applications of all types of exploration and production wastes. The Bureau of Land
 Management is tesponsible for all drilling and production on-Federal lands.. - ... . .

The Wyoming Oil and Gas Conservation Commission does keep emissions inventories
on accidental releases of H,S. Any accidental release of the gas must be reported to the
Commission immediately.

The enforcement, field monitoring, and inspection departments of the Oil and Gas
Conservation Commission employ ten people. The Commission has the following
enforcement options when compliance is not met: civil assessments, permits denial and
revocations, and bond forfeiture.

In 1989, approximately 2,982 stripper wells in Wyoming produced over 5 million
barrels of oil. In recent years, there have been no signs of noncompliance; however, there
have been emergencies involving accidental H,S releases.

FEDERAL REGULATORY PROGRAMS

Current Federal regulations potentially applicable to the oil and gas production
industry’s handling of hydrogen sulfide are summarized below. These include regulations of
the Occupational Safety and Health Administration (OSHA), Bureau of Land Management,
(BLM), U.S. Geological Survey, (USGS), Superfund Amendments and Reauthorization Act
(SARA) Title II, the Clean Air Act, and others. Although the OSHA standards are
applicable only to workers, they are analyzed as guidelines for reducing exposure to H,S
from both accidental releases and routine emissions.

OSHA Regulations

Currently, hydrogen sulfide emissions from oil and gas exploration and drilling are
not directly addressed by OSHA regulations. The regulations that are in effect to protect
workers are: OSHA Standards for General Industry (29 CFR Part 1910.1000), and the
respirator standards (29 CFR Part 1910.134) and the OSHA Process Safety Management
Standards (listed in Chapter IIT). Industries in which hydrogen sulfide occurs in quantities in
excess of 1500 pounds are covered in the Process Safety Management of Highly Hazardous
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Chemicals Standard (29 CFR 1910.119), but retail facilities and remote, unmanned
operations are exempted. Oil and gas well drilling or servicing operations are also
exempted. The potential exists that oil and gas operations that are the focus of this Report to
Congress may be exempt from this OSHA standard if the facility is remotely located or if
servicing operations include those studied in this Report. Table IV-6 lists current and
proposed regulations pertaining to hydrogen sulfide.

Current Regulations

General Industry Standards (29 CFR 1910.1000). . Acceptable concentrations for
chemical exposure are listed in Section 1910 under Table Z-1-A., Limits for Air
Contaminants, of the General Industry Standard (1910.1000). Effective December 315 1992,
the permissible exposure limit (PEL) time weighted average (TWA) for H,S is 1 x 10* ppb)
(14 mg/m®). That is, an 8-hour time weighted average, such that.an employee’s exposure to
hydrogen sulfide in any 8-hour workshift of a 40-hour workweek, shall not exceed 1 x 10*
ppb. Also for hydrogen sulfide, the short-term exposure limit (STEL) is 1.5 x 10% ppb (21
mg/m’). The 1.5 x 10* ppb STEL is the employee’s 15-minute (time weighted average)
exposure, which shall not be exceeded at any time dunng the workday. The basis for the
STEL is eye irritation.

The transitional OSHA standard, whose levels have been in effect since 1966, are
ceiling limits and are listed in Table Z-2 of the OSHA standard. The acceptable ceiling
concentration for hydrogen sulfide is 2 x 10* ppb, with an acceptable maximum peak above
the ceiling concentration of 5 x 10* ppb lasting no more than 10 minutes, and occurring only
once in an 8-hour shift, if no other measurable exposure occurs. The definition of a ceiling
is the employee’s exposure that shall not be exceeded during any part of the workday. If
instantaneous monitoring is not feasible, then the ceiling shall be assessed as a 15-minute

“time weighted average exposure that shall not be exceeded at any time over a working day.

Respirator_Standards (29 CFR 1910.134). The OSHA Personal Protective Equipment
Standard (29 CFR 1910.134) outlines the types of personal protective devices (respirators)
that should be worn when the ambient concentration exceeds the standards. Specific rules
pertaining to hydrogen sulfide are not included in the standard. Covered in the standard are
rules requiring written standard operating procedures, and employee training and screening
for ability to use the equipment. Respirator selection, use, inspection and maintenance,
storage, and cleaning are covered in the standard, as is air quality in supplied air respirators.

Process Safety Management of Highly Hazardous Chemicais (29 CFR 1910.119).

The CAAA instructed OSHA (in section 304), in coordination with EPA, to promulgate a
chemical process safety standard to prevent accidental releases of chemicals that could pose a
threat to employees. This standard was finalized in February 1992 (57 Federal Register
6356). -

The OSHA requirements for employers include standards to:
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Table IV-6. Summary of Occupational Exposure Standards for H,S

Agency/Association

Background

Standard or Guideline

Occupational Safety and Health
Administration (OSHA)?
General Industry Standards

29 CFR 1910.1000

Current: Lists acceptable concentrations
for chernical exposurs.in the work
environment. H,S — listeéd under

Table Z-1-A.

TWA 10 ppm 8-hour Time Weighted
Average (TWA)

STEL 15 ppm 15-minute Short Term 29
Exposure Limit (STEL)

" OSHA Respirator Standards
29 CFR 1910.134

“Current: Covers respirator selection, use,"

inspection and maintenance, storage and
cleaning. Requires standard operating
procedures; employee screening and
training.

No specific rules pertaining toHySm -

OSHA Process Safety Management
of Highly Hazardous Chemicals
Standards '

29 CFR 1910.119

Current: Remote unmanned facilities and
drilling and servicing exempted.
Purpose: To prevent or minimize the
consequences of catastrophic releases of
highly hazardous chemicals. Some
elements specified by the 1990 Clean Air
Act Amendments.

Threshold quantity for H,S: 1500
pounds; meaning that the potential
exists for a catastrophic accident at
facilities with more than 1500 pounds
on site.

OSHA Oil and Gas Well Drilling
and Servicing Standards
29 CFR 1910.270

Proposed: 1983 proposal; OSHA still
supports a specific standard for cil and gas
production, thus their exemption from

29 CFR 1910.119 above.

Specifics pertaining to H,S include:
monitoring programs, personal
protective devices, automatic flare
ignitors, spark arrestors, drilling mud
programs.

National Institute for Occupational
Safety and Health (NIOSH)®
Criteria Document for a
Recommended Standard for
Occupational Safety and Health

Recommendations for safe levels of
worker exposure to H?S
Standards developed for healthy workers,

_ not for the public at large.

S ceiling cone.: 15 mg/m? (approx.
1x 10% ppb), 10-minute sampling,
10-hour workday, 40-hour workweek.
Evacuation: 70 mg/m? (approx.
5x 10 ppb)

American Conference of Governmen-
tal Industrial Hygienists (ACGIH)®
.Threshold Limit Values for
Chemical Substances in the Work
Environment

Professional organization of industrial
hygienists which publishes annually
updated Threshold Limit Values (TLVs)
as guidelines in the control of ocupational
health standards.

TLV-TWA: 1x 10* ppb, for an 8-hour
workday, 40-hour workweek.

TLV-STEL: 1.5x 104 ppb, 15-minute
weighted average, not more than
4 times/dayday.

Federal regulatory agency with enforceable standards; 25 of the States and
. programs.
°Recommended standard.

territories run their own occupational safety




1)

2)

3)

4)
5)
6)
7
8)
9

Develop and maintain written sé.fety information identifying workplace chemical
and process hazards, equipmept, and process technology;

Perform a process hazard analysis which shall include an estimate of workplace
effects of a range of releases and their health and safety effects on employees;

Consult with employees and their representatives on the conduct and development
of the process safety management program.

Develop and implement written operating procedures for the chemical process;
Provide training to employees; | |

Evaluate and monitor contractor safety standards and performance;

Perform pre-startup safety reviews for new and modified facilities;

Establish maintenance systems for critical process related equipment;

Establish and implement written procedures to manage changes to the process;

10) Investigate every incident that has resulted or could result in a major accident;

11) Establish and implement a plant emergency action plan.

OSHA issued its final process safety standard on February 24, 1992.

Appendix A to the process safety standard (1910.119), lists the chemicals that present
a potential for a catastrophic event with respective threshold -quantities. For H,S, the
threshold quantity is 1500 pounds. This means that facilities with 1500 Ibs or greater of H,S
on-site would be subject to the process safety management standard. OSHA further requires
that the 25 States and territories with their own occupational safety organizations adopt
similar rules withimr'6 months.

Although hydrogen sulfide is covered in this standard, oil and gas drilling or servicing
operations are exempted, along with retail facilities and normally unoccupied remote
facilities. OSHA explains the reason for the drilling and servicing exemptions in its
preamble to the final rulemaking (57 FR 6369), stating that "OSHA continues to believe that
oil and gas well drilling and servicing operations should be covered in a standard designed to
address the uniqueness of the industry.” This exclusion is retained in the final standard since
OSHA continues to believe that a separate standard dealing with such operation is necessary.
The potential exists that oil and gas operations that are the focus of this Report to Congress
may be exempt form this OSHA standard if the facility is remotely located or if servicing
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operations include those studied in this Report. Table IV-6 lists current and proposed
regulations pertaining to hydrogen sulfide.

Proposed Regulations

In 1983, OSHA proposed an Oil and Gas Well Drilling and Servicing Standard (48
FR 57202). The proposed standard would supplement the general standards already in effect
and -address the operation’s unique hazards, such as those related to the unusual equipment,
.special situations dictated by the locations of operations, and hazards resulting from well
pressures. According to the Bureau of Labor Statistics, the oil and gas well drilling and
servicing industry was ranked among the most hazardous industries in the United States.

- OSHA estimated that 95,000 workers at approximately 5,400 rigs were employed in various __ .

occupations relating to oil and gas well drilling and servicing operations. The National
Institute for Occupational Safety and Health (NIOSH) conducted a study of the oil and gas
industry and provided OSHA with recommendations for developing a standard. In addition
to a discussion of the Bureau of Labor Statistics injury data, NIOSH’s "Comprehensive
Safety Recommendation - Land Based Oil and Gas Well Drilling" also referenced in an early
draft a study of data NIOSH received on fatalities and injuries occurring between 1973 and
1978 in Texas and California drilling operations. NIOSH applied these statistics for the
entire drilling industry and concluded that the injury incidence and severity rates for the oil
and gas drilling industry were more than six times the rate of general industry. However,
these statistics include hazards other than H,S.

In 1973 OSHA decided to regulate this industry under its Construction Safety
Standards (29 CFR 1926); however, the applicability of this rule was contested by the
industry. As a result of the industry contention, the Occupational Safety and Health Review
Commission (OSHRC) ruled several times that the construction standards were not
applicable. According to OSHRC, employers engaged in oil and gas well drilling and
servicing should be subject to the general industry standards found in 29 CFR 1910. New
enforcement problems emerged as a result of applying general industry standards. At the
time of the issuance of the proposed standard, OSHA data showed that the oil and gas
industry received a higher percentage of citations than any other industry. These citations
are issued only when a standard does not exist to address the hazard, but the hazard is well
recognized as a potential source of serious injury. OSHA felt that the high number of
citations indicated the need for standards directed to these hazards in order to assist
employers in meeting their obligations under the Occupational Safety and Health Act. They
stated that it was apparent that the general industry standards either did not address or
inadequately addressed hazards unique to oil and gas production, possibly even contributing
to the higher injury and illness rate experienced by this industry. With the help of data from
numerous studies of injury and illness in the oil and gas production industry, and input from
numerous states, trade associations, labor unions and industry representatives, the draft oil
and gas standards were proposed in 1983. No known action on this proposal has occurred
since then. Currently, the proposed oil and gas well drilling and servicing rule has not been
withdrawn, but it is also not on the regulatory agenda for finalizing.




OSHA proposed specific requirements for drilling, servicing, and special services
operations performed in areas where a potential for exposure to H,S gas exists. The
requirements proposed establishing and implementing a monitoring program in specified
areas of the rig. The monitoring program would be applicable where the potential exists for
H,S exposure, including areas where data are unavailable or inconclusive with respect to the
potential H,S exposure. The program would use automatic environmental monitoring
systems connected to an employee alarm system. Details of the program and its procedures
would be required from the regulated community in written form. Testing and maintenance
of the monitoring system would also be regulated under the proposal, because improperly
maintained or untested systems may lead to a false sense of security for employees who rely

on them for warning.

Specific respiratory protection equipment requirements were also included in the
proposed regulation. All employees working in an area of potential hydrogen sulfide
exposure would be required to wear or carry an approved escape-type, self-contained
breathing apparatus. An approved positive-pressure respirator would be required for
employees who remain in or return to the danger area.

A

In Appendix A to the proposed rule, OSHA also suggested the following practices to
control or limit hydrogen sulfide exposure:

® automatic ignitors on the flare from the degasser, choke manifold, and mud-gas
separator to burn off hydrogen sulfide;

spark arrestors for all internal combustion engines to lessen the chance of the
engine serving as a source of ignition in the event of a blowout;

regular checking of drilling mud to assure it has the right constituents and pH to
counteract H,S;

addition of hydrogen sulfide neutralizer to the drilling mud to prevent the gas
from reaching the surface;

installation of H,S monitoring systems on all rigs working within 1000 feet of
known or suspected H,S zones.

Although the oil and gas well drilling and servicing rule (1910.270) was proposed in
1983 and has not been enacted, OSHA has continued to express a preference for a specific
regulation pertaining to the 011 and gas drilling and servicing operation in 1992, by
exempting these industries from the Process Safety Management of Highly Hazardous
Chemicals; Explosives and Blasting Agents Final Rule (29 CFR 1910.109 and 1910.119; 57

FR 6356).




Impact of OSHA Regulations on Occupational and Human Health

OSHA regulations are designed to protect the worker rather than the general public or
the environment. In this respect, they set levels that protect the health of workers exposed
for a 40-hour workweek, rather than residents who may be exposed continuously. The
OSHA permissible exposure limit (PEL) for H,S is 10 ppb. Levels set to protect human
health in general are often much more conservative since they are often based on models
which assume exposure scenarios in which the person is exposed 24-hours a day for a
lifetime. Non-occupational health effects levels may also account for p0551b1e developmental
effects on young children and the effects of pollutants on those whose health is already
compromised due to age or a chronic condition.

Four OSHA standards have the potential to protect workers exposed to H,S. Two of
these OSHA standards could apply to both workers and the public, while the other two apply
specifically to workers. The OSHA general industry air contaminants and respirator
standards protect the worker from H,S exposures above certain levels. These standards
address the protection of the worker from an exposure in excess of a set level through the

- use of personal protective equipment. The public is not protected through these two
standards, since they aim to protect workers from contact with H,S rather than prevent the
release of the H,S into the atmosphere. The process safety management standard and the
proposed oil and gas well drilling and servicing standard have the potential to protect both
the worker and the general public by preventing the release of H,S.

National Institute for Occupational Safety and Health

Recommendations for safe levels of worker environmental exposure to H,S are
presented in the May 1977, National Institute for Occupational Safety and Health (NIOSH)
Criteria Document for a Recommended Standard for Occupational Exposure to Hydrogen
Sulfide (NIOSH, 1977). Hydrogen sulfide was cited as the leading cause of sudden death in
the workplace (Ellenhorn and Barceloux, 1988). It was recognized as a serious hazard to the
health of workers employed in energy production from hydrocarbon or geothermal sources,
in the production of. fibers or sheets from viscous syrup, in the production of deuterium
oxide (heavy water), in tanneries, sewers, sewage treatment and animal waste disposal, in
work below ground, fishing boats, and in chemical operations. Table IV-6 presents specific
work practices recommended by NIOSH for the gas and oil industry.

A ceiling concentration was proposed to prevent eye effects and other adverse effects,
including anorexia, nausea, weight loss, insomnia, fatigue, and headache, from prolonged
exposure to hydrogen sulfide at low concentrations. The proposed ceiling concentration
would also prevent acute eye effects, unconsciousness, and death, which can rapidly follow
exposure to hydrogen sulfide at high concentrations. NIOSH suggests no employee be
exposed to hydrogen sulfide at a ceiling concentration greater than 15 mg/m (approximately
1 x 10* ppb), as determined with a sampling period of 10 minutes, for up to a 10-hour work
shift in a 40-hour workweek. Evacuation of the area shall be required if the concentration of
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hydrogen sulfide equals or exceeds 70 mg/m® (approximately 5 x 10* ppb). NIOSH warns
that the standard was not developed for the population-at-large, and any extrapolation beyond
occupational exposures is not warranted.

The document includes monitoring requirements for all areas where there is
occupational exposure to H,S. First, there should be personal monitoring to detect each
employee’s ceiling exposure, with source and area monitoring as a supplement. The
monitoring should be done quarterly, or as recommended by an industrial hygienist.
Recording automatic monitors would be permitted to show short-term (less than 1-minute)
peaks of up to 5 x 10¢ ppb, as long as no more than one occurs in any 30-minute period.
These recording automatic monitors should be set up to signal spark-proof audible or visual
alarms. They should have different alarms to signal-concentrations of 1-x-10* ppb.as an alert
level to employees and 5 x 10* ppb as the level for employee evacuation.

The Secretary of Labor weighs NIOSH’s recommendations, along with other
considerations such as feasibility and means of implementation, in developing regulatory
standards. The criteria document also contains sections on medical screening and followup
of exposed employees, labeling and posting of H,S hazards, personal protective equipment,
hazard information for employees, work practices, sanitation, and monitoring and
recordkeeping.

Bureau of Land Management

If a sour oil and gas well is located on Federal or Indian land, the facility operator or
owner is subject to the requirements imposed by the Onshore Oil and Gas Order No. 6
developed by the Bureau of Land Management. This order requires submittal of a public
protection plan by operators of sour oil and gas facilities upon detection of the potential to
release a hazardous volume of H,S (defined as concentrations of H,S that exceed 1 x 10°
parts per billion in the gas stream). Site-specific conditions are also criteria for determining
whether or not a facility needs to submit a public protection plan. These conditions include
(1) proximity to public buildings, public gathering centers, and roadways used for public use;
and (2) radius and concentration of exposure. The order also has requirements for danger
signs, fencing and gates, and wind direction indicators. Additional requirements include well
control equipment, corrosion protection, and automatic safety valves or shutdowns for
accidental release prevention.

The Bureau of Land Management does have procedures for enforcing Onshore Oil
-and Gas Order No. 6. Penalties for failure to comply with are cited in
43 C.F.R. 3163.1 (1992).

Minerals Management Service

The Minerals Management Service (Department of the Int—erior) Outer Continental
Shelf Standard, MMS-OCS-1, Safety Requirements for Drilling Operations in a H,S




Environment is the name for the former U.S. Geological Survey Outer Continental Shelf
(OCS) Standard No.1. In February of 1976, the Conservation Division of the U. S.
Geological Survey (USGS) released offshore rules for safety and pollution prevention in
Standard No. 1, Safety Requirements for Drilling Operations in a Hydrogen Sulfide
Environment (USGS, 1976). Required details of a contingency plan for emergency hydrogen
sulfide situations are listed in the standard, and each platform is required to have the plan
developed prior to drilling. The standard also specifies details of the personnel training
program, and type, storage location and use of personnel protective equipment. Finally, the
standard requires state-of-the-art equipment for blowout prevention, and specifies details of
the mud program, well-testing procedures and flare system.

7~ The standard requires- H,S ‘monitoring-equipment-at-all-wells, ‘except when drilling in .- _..._ .. . .

areas known to be free of hydrogen sulfide. Upon encountering hydrogen sulfide, the safety
requirements of the rules go into effect, and when concentrations reach 2 x 10* ppb the
remainder of the rules dealing with hydrogen sulfide’s corrosive effects must be observed.
The precautions in the American Petroleum Institute Recommended Practice for Safe Drilling
of Wells Containing Hydrogen Sulfide, (API RP 49) are considered supplemental to the
requirements of the standard (API, 1987).

Two separate operational conditions are outlined with requirements for warning flags
and notification of authorities. Moderate danger, when the threshold limit value of 10 ppm
is reached, requires the display of signs and flags reading "DANGER - HYDROGEN
SULFIDE - H,S." If the concentration reaches 2 x 10* ppb, protective-breathing apparatus is
required to be worn by all working personnel, and non-working personnel are required to
evacuate to safe briefing areas. Extreme danger, when H,S reaches the injurious level (5 x
10* ppb), is the point when all personnel (or all non-working personnel as appropriate) are
required to evacuate. Radio communications are required to alert all known air and water
craft in the immediate vicinity of the danger.

The Minerals Management Service is in the process of reproposing its standards for
hydrogen sulfide.

CERCLA and EPCRA

The Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) of 1980 establishes broad Federal authority to deal with releases or threatened
releases of hazardous substances from vessels and facilities. The Act defines a set of
hazardous substances chiefly by reference to other environmental statutes; currently there are
over 700 CERCLA hazardous substances. Commonly known as "Superfund," CERCLA
requires that the person in charge of a vessel or facility notify the National Response Center
as soon as that person has knowledge of a release of a hazardous substance in an amount
equal to or greater than the reportable quantity (RQ) for that substance. Currently, hydrogen
sulfide is listed as a CERCLA hazardous substance with a reportable quantity of 100 pounds.
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On October 17, 1986, the President signed into law the Superfund Amendments and
Reauthorization Act of 1986 (SARA), which revises and extends the authorities established
under CERCLA and other laws. The Emergency Planning and Community Right-to-Know
Act (EPCRA), enacted in 1986 as Title IIT of SARA, establishes new authorities for
emergency planning and preparedness, community right-to-know reporting, and toxic
chemical release reporting. It is intended to encourage and support emergency planning
efforts at the State and local levels and to provide citizens and local governments with
information concerning potential chemical hazards present in their communities. EPCRA is
organized into three subtitles (A-C), each containing a number of subsections.

Subtitie A establishes the framework for State and local emergency planning. Section
301 requires each State to establish an émergency response commission and local emergency -
planning committees. Section 303 governs the development of comprehensive emergency
response plans by local emergency planning committees and provision of facility information
to the committee. Section 302 requires EPA to publish a list of extremely hazardous
substances and threshold planning quantities (TPQs) for such substances. This list was
established by EPA to identify chemical substances that could cause serious irreversible
health effects from accidental releases. The list includes hydrogen sulfide, with a threshold
planning quantity of 500 pounds. Any facility where an extremely hazardous substance is
present in an amount in excess of the threshold planning quantity is required to notify the
State commission and be included in local planning efforts. Section 304 establishes
requirements for immediate reporting of certain releases of reportable quantities of extremely
hazardous substances, and CERCLA Hazardous Substances, to the local planning committees
and State emergency response commissions. These requirements are similar to the release
reporting provisions under Section 103 of CERCLA. Section 304 also requires follow-up
reports on each release, its effects, and response actions taken.

Oanly those sour oil and gas wells and well-site facilities that have 500 pounds or more
of H,S present at the well facility are subject to the planning requirements. The reportable
quantity of H,S is 100 pounds. Therefore, releases into the environment at or above 100
pounds must be reported in accordance with CERCLA 103 and EPCRA 304.

Subtitle B provides the mechanism for community awareness of hazardous chemicals
present in the locality. This information is critical for effective local contingency planning.
If the owner or operator of a facility is required to prepare or have available a Material
Safety Data Sheet (MSDS) for a hazardous chemical under the Occupational Safety and
Health Act of 1970 and regulations promulgated under that Act, Section 311 requires that
owner or operator to submit MSDSs, or a list of the chemicals for which the facility is
required to have an MSDS, to the local emergency planning committees, State emergency
response commissions, and local fire departments. Under Section 312, owners and operators
of facilities that must submit an MSDS under Section 311 are also required to submit
chemical inventory information on the hazardous chemicals present at the facility. The
threshold for reporting for H,S under sections 311 and 312 is 500 pounds. Only facilities
that have more than the threshold quantity need to report under sections 311 and 312, unless
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MSDS or inventory information is specifically requested by the State Emergency Response
Commission (SERC) or Local Emergency Planning Committee (LEPC). The owner or
operator must submit an inventory form containing an estimate of the maximum amount of
hazardous chemicals present at the facility during the preceding year, an estimate of the
average daily amount of hazardous chemicals at the facility, and the location of these
chemicals at the facility. Section 313 requires that certain facilities with ten or more
employees that manufacture, process, or use a "toxic chemical” in excess of a statutorily-
prescribed quantity submit annual information on the chemical and releases of the chemical
into the environment. This information must be submitted to EPA and to the appropriate
State offices annually. Hydrogen sulfide is not listed as a toxic chemical for which annual
release information is required. '

Subtitle C contains generalﬁ.bro{/isidhs‘édnceﬁiliﬁé trade secret protection,
enforcement, citizen suits, and public availability of information.

Clean Air Act Section 112(r) - Accident Prevention

The Clean Air Act Amendments of 1990 established programs to prevent accidental
releases of extremely hazardous substances and to assure that mitigation and response
measures are in place in the event that a release does occur. Section 112(r) of the Clean Air
‘Act establishes the responsibility for prevention of releases of extremely hazardous
substances as the general duty of owners and operators of facilities that produce, process,
handle or store such substances. Section 112(r) also requires that EPA promuigate a list of

*at least 100 substances that could cause death, injury or serious. adverse effects to human
health or the environment. Facilities with threshold quantities of the listed substances will be
required to establish risk management programs and to prepare risk management plans. The
statute requires EPA to promulgate regulations concerning risk management plans and other
aspects of accident prevention. H,S is one substance to which these requirements will apply
as mandated in the statute. |

The general duty clause is intended to establish as a responsibility of the facility
owner the prevention of accidental releases and minimization of the consequences of
accidental releases which do occur. Responsibilities include the conduct of appropriate
hazard assessments and the design, operation, and maintenance of a safe facility. This means
that facilities must be equipped for release mitigation and community protection should a
release occur. The clause in the Clean Air Act Amendments refers to and is correlated with
the general duty clause contained in the Occupational Safety and Health Act administered by
OSHA. The OSHA clause was designed for situations for which there is no specific OSHA
regulation or standard. Recognition of the hazard by the owner or operator, or within an
industry, of the industry has been one standard under the OSHA general duty clause (U.S.
Senate 1989). Therefore, the general duty clause places on the owners and operators of
facilities the responsibility to adhere to applicable _industry codes and standards for safety,
accident prevention, and response. '




The accidental release prevention list criteria include severity of acute adverse health
effects, likelihood of accidental release, and potential magnitude of human exposure. A
threshold quantity is to be established for each regulated substance to account for toxicity,
dispersibility, reactivity, volatility, combustibility, or flammability of the substance and the
amount anticipated to cause adverse health effects in an accidental release. The list and
threshold quantities were proposed on January 19, 1993 (58 FR 5102). H,S is listed as a
toxic, and other substances present at oil and gas sites, such as methane, ethane, propane,
and other hydrocarbons, are listed as flammables. Facilities with threshold quantities of the
regulated substances will be required to prepare risk management plans (RMPs) and
implement risk management programs. The RMPs will include a summary of assessments of
offsite consequences for a range of accidental releases (including worst-case accidental
releases) and a history of accidental releases. Facilities must also describe release prevention
and emergency response programs developed under the risk management regulations as part
of the RMP process.

Clean Air Act - PSD Program

There is no NAAQS which addresses hydrogen sulfide; however, emissions of H,S
are regulated under the Prevention of Significant Air Quality Deterioration (PSD) Program.
PSD is designed to allow for industrial growth within specific air quality goals. The basic
goals of the PSD regulations are (1) to ensure that economic growth will occur in harmony
with the preservation of existing clean air resources to prevent any new nonattainment
problems; (2) to protect the public health and welfare from any adverse effect which might
occur even at air pollution levels better than the national ambient air quality standards; and
(3) to preserve, protect and enhance the air quality in areas of special national or regional
natural, recreational, scenic, or historic value, such as national parks and wilderness areas.

PSD permits are required for stationary sources located in areas designated, pursuant
- to section 107 of the CAA, as attainment or unclassifiable for a criteria pollutant. Major
sources or modifications are those emitting either at least 100 tons per year or 250 tons per
year of any pollutant regulated under the CAA, depending on the source category of the PSD
listed pollutants. Major sources in nonattainment areas would be regulated under permit
requirements persuant to Part D under title I of the CAA.

The CAA has set significance levels, below which a PSD permit is not required.
Two tables set the significance values, one for defining significant emissions changes, in tons
per year; and the other for defining significant air quality changes, in ug/m*. For hydrogen
sulfide, the applicable emissions threshold is the significant emission rate of 10 tons per year.
An exemption from the monitoring provision of the permitting regulations for hydrogen
sulfide is set as a 1-hour average concentration of 0.02 ug/m®. Hydrogen sulfide emissions
are also counted as part of the Total Reduced Sulfur and Reduced Sulfur, both having
significance values set at 10 tons per year. These pollutant classes are regulated primarily to
avoid nuisance (odor) problems.




The applicability of the PSD permit program to oil and gas extraction wells would be
dependent on the amount of emissions and the grouping of the wells (i.e., whether several
wells would be combined for calculation of emissions). In general, it appears that most oil
and gas extraction wells would not likely be subject to PSD regulations based on the

applicability criteria.

INDUSTRY-RECOMMENDED SAFETY AND ENVIRONMENTAL PROTECTION
PROCEDURES | _

This section summarizes selected industry standards and practices for managing H,S
releases to the atmosphere. The American Petroleum Institute (API) has developed and

published design, construction,” and operating standards.. .Certain_aspects. of these standards = = . .- ..

pertaining to accidental release prevention were discussed in the previous chapter.

API Recommended Practices

The American Petroleum Institute (API), an industry-wide technical organization, has
published several recommended practices (RP) pertaining to hydrogen sulfide in the oil and
gas production industry. These voluntary guidelines are intended to maintain worker and
public safety and health. Table IV-7 lists API Recommended Practices pertinent to
production and operations in formations containing H,S.

Control Standards

API RP 49, Recommended Practices for Safe Drilling of Wells Containing Hydrogen
Sulfide (April 15, 1987) and API RP 55, Recommended Practices for Conducting Oil and
Gas Production Operations Involving Hydrogen Sulfide (October 1981; reissued March,
1983; and preparation of a second edition began in 1990) are the two main documents
dealing with H,S in oil and gas production. It is expected that the revised RP 55 will
provide information similar in scope to that in the document currently under revision, but
with additional detail and more current references. These recommended practices do not set
a control level for H,S emissions; rather they identify situations to which the practices apply.
They are applicable in oil and gas operations where the potential exists for atmospheric
concentrations of H,S to reach 2 x 10* ppb. They also apply "where the fluids handled
contain sufficient H,S to produce a partial pressure above 0.05 pounds per square inch
absolute (psia) and the total pressure is 65 psia or greater, or where internal or external
stresses are present which could result in pipe or equipment failure due to sulfide stress
cracking and/or hydrogen embrittlement" (API, 1987). 1In these cases, materials must meet
National Association of Corrosion Engineers (NACE) standards.

Control Tecﬁnigues

The control techniques discussed in the API Recommended Practices take two
approaches to worker and public safety. First, when hydrogen sulfide has already been
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Table IV-7. Reviewed American Petroleum Institute* Documents Pertaining to IS in Oil and Gas
Production

Document

Date

Title

Topics Covered

Recommended
Practice 49
(RP49)

2nd Edition
April 15, 1987

Recormmended Practices
for Safe Drilling of Wells
Containing Hydrogen Sulfide

Personnel training and protective equipment.
Locations. Rig and well equipment. Rig operations
in H,S environments. Contingency planning and
emergency procedures. Properties and effects of
H,S and SQ,,. Sour envircnment definition.

Recommended
Practice 51
{(RP51)

1st Edition

October 1974

Reissued
May 1982

.|-. .API Recommended Onshore-

Production Operating
Practices for Protection of the
Environment

Producing wells. Lease roads, gathering systems
and pipelines. Production and water handling
facilities. Oil discharge — prevention and cleanup.

Recommended
Practice 53
(RP53)

2nd Edition
May 25, 1984

Recommended Practice

for Blowout Prevention

Equipment Systems for
- Drilling Wells

Arrangement (surface and subsea) and/or
installation of: blowout preventers, choke and kill
units and lines, closing units, auxlliary equipnient,
pipe stripping, marine riser systems. Inspection
and testing. Sealing components. Blowout
modifications for H,S environments.

Recommended
Practice 54
(RP54)

2nd Edition
May 1, 1992

Recommended Practices for
Occupational Safety for

0il and Gas Well Drilling
and Servicing Operations

Injuries and first aid. Protective equipment.

Fire prevention. Drilling and well servicing rig
equipment and electrical systems. Wireline
service. Stripping and snubbing. Drill stem
testing. Operations (including H,S environment).

Recommended
Practice 55
(RP55)

1st Edition
October 1981
Reissued
March 1983
(revision

in progress)

Recommended Practices for
Conducting Oil and Gas
Production Operations
Involving Hydrogen Sulfide

Personnel training and protective equipment.
Contingency plans and emergency procedures.
Design, construction, and operating procedures.
Surveillance and maintenance. Continuous H,S
monitoring equipment. Supplementary guidance
and reference material for H,S operations.

Specification 6A
(SPEC 64)

16th Edition
Qctaober 1, 1989

Specification for Wellhead
and Christmas Tree
Equipment, Supplement
land 2

Design and performance. Materials. Welding.
Quality control. Equipment marking, shipping,
storing, and specific requirements.

“American Petroleum Institute; 1220 L Street, Northwest; Washington, DC 20005.




released, worker and public safety is protected through the use of monitoring programs,
personal protective devices and contingency plans for evacuations. Second, the engineering
approach uses design, construction, and operating procedures to prevent the release of
hydrogen sulfide to the atmosphere. The prevention of equipment damage due to corrosion
(sulfide stress cracking) and the techniques for prevention of blowouts in API RP 53,
Recommended Practice for Blowout Prevention Equipment Systems for Drilling Wells, are
two main considerations in this more site- specific engineering control technique.

API RP 49, which deals with drilling in a hydrogen sulfide environment, contains the
following recommendations for well siting in order to protect workers from the effects of
hydrogen sulfide accumulation at the well site: "Rig components should be arranged on a
location such-that prevailing winds.blow across the rig in a direction.that will disperse any-
vented gas from the areas of the wellhead, choke manifold, flare stack or line, mud/ gas
separator, drilling fluid tanks, reserve pits, shale shaker, and degasser away from any
potential ignition source (i.e., engines, generators, compressors, crew quarters, etc.) and
areas used for personnel assembly. All equipment should be located and spaced to take
advantage of prevailing winds and to provide for good air movement to eliminate as many
sources of potential gas accumulation as possible” (API, 1987).

Other siting recommendations in API RP 49, shown in Figure III-4, are the use of
caution signs at entrance and exit roads to warn of hydrogen sulfide concentrations above
2 x 10* ppb and danger flags to warn of extreme danger when the concentration exceeds
5 x 10* ppb. These signs are required to stay in place when flaring of the hydrogen sulfide
‘could produce sulfur dioxide concentrations in excess of 5 x 10° ppb. Protection or briefing
centers should be placed upwind or perpendicular to the prevailing wind, with wind direction
indicators easily visible from the briefing location and all work locations. Mechanical
ventilation, large fans or bug blowers, should be available for use during light wind
conditions to prevent the hydrogen sulfide from accumulating in'low lying locations. The
locations of drilling fluid systems, power plants, burn pits, and flare stacks are also discussed
from the vantage point of worker safety after the release of hydrogen sulfide.

Both API RP 49 (pertaining to drilling in a hydrogen sulfide environment) and API
RP 55 (dealing with production operations) contain recommendations for personnel training.
RP 55 training program topics include: the effects upon humans of various concentrations of
hydrogen sulfide; protective equipment, including the use of self contained breathing
apparatus rather than canister type gas masks (a filtering type mask is not appropriate for
protection from hydrogen sulfide); monitoring devices; emergency procedures; material
selection; and the importance of ventilation. Monitoring equipment that would set off a
visual alarm at 1 x 10* ppb and an audible one at 2 x 10* ppb is recommended. Breathing
equipment requirements are also discussed, including selection and storage (where they are
readily available in an emergency).

Contingency plans are outlin;d in Section 4 of API RP 55 (API, 1983). They are
recommended for each operation that has the potential for an accidental release capable of
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exposing the public to hazardous concentrations of hydrogen sulfide. Contingency plans
should include the locations of: equipment that contains hydrogen sulfide, residences and
other public facilities, evacuation routes, safety equipment, telephones, and designated
briefing areas for employees. The contingency plan should also include procedures for
calculating the dispersion of releases and lists of emergency telephone numbers. Finally, it
is suggested that public and local officials should be briefed about the potential hazard prior
to an incident, and that periodic tests of the contingency plan should be conducted.

RP 55 also covers protection of workers from the toxic effects of hydrogen sulfide
due to build-up of gas concentration in confined areas. Protective equipment or purging is
recommended for vessels that have previously held hydrogen sulfide. Extreme caution
should be-used when -entering: buildings. containing .equipment used to handle fluids containing
hazardous concentrations of hydrogen sulfide. Routine use of personal protective devices is
suggested in these instances.

API RP 54, Recommended Practices for Occupational Safety for Oil and Gas Well
Drilling and Servicing Operations (May 1, 1992) also addresses some aspects of personal
protection from the toxic effects of hydrogen sulfide (API, 1992). This document was
released after OSHA’s implementation of the 1 x 10* ppb time-weighted average standard.
RP 54 does not mention any specific standard or level, rather it refers the reader back to API
RP 49 and API RP 55, which state that they apply to oil and gas operations where the
potential exists for atmospheric concentrations to reach 2 x 10* ppb (the old OSHA ceiling
standard), or where the gas could cause corrosion of the equipment. API does caution
throughout their documents that the latest local, State and Federal regulations should be
consulted.

Engineering controls used to prevent the production of, or the release of, hydrogen
‘sulfide to the atmosphere are covered in the recommended practices for drilling and
production (RP 49 and RP 55). API RP 55, pertaining to production, warns of the potential
for introducing sulfur-reducing bacteria, which produce hydrogen sulfide, into a formation
during pressure maintenance or water flooding operations (i.e., enhanced oil recovery).
Operators are warned to be aware of the possibility and to act quickly if introduction occurs.
If care is taken to prevent the bacteria from being introduced into formations that do not
contain hydrogen sulfide, the danger of hydrogen sulfide pollution will be prevented.

Other engineering controls such as those used in design, construction, and operating
practices are covered in Section 5 of RP 55. API recommends that construction materials
meet specifications of the National Association of Corrosion Engineers (NACE) Standard
MR-01-75: Material Requirements for Sulfide Stress Cracking Resistant Metallic Material for
Oil Field Equipment. These materials include all those that are exposed to fluids containing
hydrogen sulfide and critical to its containment. Process factors for consideration are
discussed, including the concentration of hydrogen sulfide, the maximum atmospheric
temperatures expected, pressure, pH, water content of fluids, mechanical stresses,
corrosional or scale effects on the system, and any others unique to each situation. Finally,




piping design should eliminate dead or slow-flow areas where fluids containing hydrogen
sulfide gas can collect.

Drilling fluids are important to the control of the drilling environment. According to
API RP 49 (Recommended Practices for Safe Drilling of Wells Containing Hydrogen
Sulfide), the following practices help to maintain environmental control: maintenance of a
PH of 10 or higher to neutralize hydrogen sulfide (failing to maintain proper pH can cause
release of hydrogen sulfide from the drilling fluid system), the use of chemical sulfide
scavengers, and the use of oil-based drilling fluids. When hydrogen sulfide gas is breaking
out of drilling fluids, the fluids should be routed through a mud-gas separator until the level
is reduced to a safe one. Corrosion inhibitors that create a film which protects the equipment

from pitting and eventual sulfide stress cracking. are.also. recommended. . Finally, extreme . . .

caution is urged in storing fluids that have been exposed to hydrogen sulfide, and in entering
enclosed areas where drilling fluids have been stored.

Drill stem, casing, tubing, and wellhead selection must meet specifications of API,
NACE, the American Society of Mechanical Engineers, and the American National Standards
Institute, detailed in Section 5 of RP 49. Section 5 also covers procedures for limited entry
tests and equipment considerations for blowout preventer units, closing units, remote choke
control lines, and kill lines. Hydrogen sulfide considerations in mud/gas separators,
degassers and flare system are also discussed.

Abandonment procedures are included in API RP 55, with the disclaimer that the
suggested procedures do not supersede local, State or Federal regulations. Section 6.5
discusses spontaneous combustion of iron sulfide, which is produced by the reaction of H,S
with steel. Because spontaneous combustion is possible when iron sulfide is exposed to air,
RP 55 suggests that iron sulfide be kept wet until it can be burned or buried. Iron sulfide
also poses a hazard during well servicing operations. Acids react with the iron sulfide to
produce H,S. Damage may also occur in pipes exposed alternately to hydrogen sulfide and
air. API stresses the use of monitoring equipment when well servicing operations are
performed on wells where a hydrogen sulfide hazard exists.

Hydrogen sulfide in oil and gas production is also mentioned in API RP 51, API
Recommended Onshore Production Operating Practices for Protection of the Environment
(October 1974, reissued May 1982). General information on the protection of personnel and
equipment are presented in this document (API, 1982). ' '

FINDINGS

1. Eighteen States have short-term H,S ambient air quality standards. Four of the nine
major oil and gas producing States reviewed in this report do not have ambient air
standards.




Ambient air quality standards range from 160 ppb per 24 hr average time to 50 ppb
per 0.5 hr average time.

The number of State agencies involved in controlling oil and gas operations varies
widely.

The size of enforcement staffs at the State level varies greatly, with some staff having
inspection responsibility beyond oil and gas operations.

No specific H,S environmental (i.e., ecological) protection standards were found for
Texas, Michigan, Oklahoma and California.

Not all States maintain notification requirements for accidental releases of H,S from
oil and gas wells. Some do require notification when a threatening accidental release

OCCUr.

Reporting of routine H,S emissions is not required in Texas, Oklahoma, Michigan, or
California. "Routine” excludes such incidents as vapor recovery unit failures and
other equipment upsets.

NIOSH suggests no employee be exposed to H,S at a ceiling concentration greater
than 15 mg/m® (about 1 x 10* ppb) for up to a 10 hr work shift in a 40 hr work week.
Evacuation is required if the concentration equals or exceeds 70 mg/m® (5 x 10* ppb).

NIOSH requires monitoring in work areas with alarms soundmg at 1 x 10* ppb and
5 x 10* ppb.

The Minerals Management Service requires for offshore rigs drilling in an H,S
environment: contingency plan, personnel training, state-of-the-art blowout prevention
equipment, monitoring equipment and response procedures at 1 x 104, 2 x 10%, and

5 x 10* ppb. Special mud programs, well-testing procedures, and flare systems are
also required. This Federal regulatory program does not have an eqmvalent onshore

program.

The PSD permit program applies to significant emissions of H,S from new sources
emitting greater than 250 tons per year (or 100 tons per year for certain source
categories) of any regulated pollutant, i.e., major PSD sources. It also applies to
modifications of existing facilities if the net emissions increase of H,S from the
modification is significant. In either case, the significant emission rate for H,S is 10
tons per year. Also, permits do not require monitoring if the 1-hr average
concentration is below 0.014 ppb (0.02 pg/m®). H,S is also regulated under the PSD
program for its nuisance odor as part of a larger group of Total Reduced Sulfur and
Reduced Sulfur (significant = 10 tons/yr).




12.  Accidental releases of H,S can be prevented by application of process safety
management principles. The following are among the ways that these principles are
adopted: : :

a. Under the Clean Air Act, as amended, industry has a responsibility to
identify hazards, take the actions necessary to prevent chemical accidents,
and to take action to mitigate accidents in the event that they do occur.

b. OSHA has promulgated a process safety management standard that requires
facilities to implement process safety management programs for chemicals
including H,S to protect workers from accidents. These same measures can
also prevent chemical accidents that might affect the public. However, the
OSHA requirements do not apply to remote or unstaffed facilities such as
most oil and gas well sites.

¢. Under the Clean Air Act, as amended, EPA must promulgate rules that
require facilities handling H,S to implement a risk management plan designed
to prevent chemical accidents that adversely affect the public.

d. The Bureau of Land Management’s Onshore Oil and Gas Order No. 6
addresses the prevention of accidental releases of H,S on Federal or Indian
lands.

e. Several State programs address the prevention of accidental releases of H,S.
States with such programs include Oklahoma, Texas, Michigan, California,
and New Mexico.

f. Voluntary industry initiatives (e.g., codes, standards, recommended
practices) such as the API RP 55, Recommended Practices for Conducting
Oil and Gas Operations Involving H,S, which is currently being revised,
have been implemented by many facilities.

13. A number of Federal and State requirements exist for emergency planning in the
event that an accidental release of H,S occurs.

a. Facilities handling quantities of H,S greater than threshold amounts are
subject to the emergency planning requirements of the Emergency Planning
and Community Right-to-Know Act (EPCRA).

b. The accidental release prevention provisions of the Clean Air Act
Amendments will require facilities handling amounts of H,S above threshold
quantities to implement an emergency response program.

¢. For Federal and Indian lands, the Bureau of Land Management requires
public protection plans for sour oil and gas production operations that meet
certain criteria. ‘ ' -

d. Several States require contingency plans in the event of accidental H,S
releases. State requirements include those of Oklahoma, Texas, Michigan,
California, and New Mexico. ’




e. APIRP 55 recommends that contingency plans be developed for oil and gas
extraction facilities where an accidental release of H,S could be immediately

hazardous to life or health.
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CHAPTER V
RECOMMENDATIONS

ROUTINE EMISSIONS

From the limited data available, there appears to be no evidence that a significant
threat to public health or the environment exists from routine H,S emissions from sour oil
and gas extraction. States and industry are encouraged to evaluate existing design, -
construction, and operation principles within the framework of process safety management.
EPA recommends no further legislation pertaining to routine H,S emissions from oil and gas
extraction at this time.

ACCIDENTAL RELEASES
General _ )

The EPA recommends no further legislative action pertaining to accidental H,S
releases from oil and gas extraction activities at this time. The regulations already
promulgated, and being developed, under the authorities provided to EPA in CERCLA,
EPCRA, and the accidental release prevention provisions of the CAA, provide a good
framework for the prevention of accidental releases and preparedness in the event that they
occur.

] EPA should track implementation of current and future industry standards and
recommended practices at sour oil and gas extraction facilities. An example of such
industry standards is the American Petroleum Institute Recommended Practices for
Conducting Oil and Gas Production Operations Involving Hydrogen Suifide (API
RP55). EPA should consider outreach specifically directed at non-participating
sectors.

® The EPA should participate in the investigation of any accidental releases associated
with H,S that cause or have the potential to cause public impacts in order to
determine the root cause of such accidents. Such investigations should be coordinated
with the Occupational Safety and Health Administration (OSHA) in order to
encompass worker safety issues.

° The EPA should continue to investigate the need for additional rulemaking under the
accidental release prevention provisions of the Clean Air Act to require
implementation of certain prevention, detection, monitoring and mitigation efforts at
facilities where extremely hazardous substances (such as H,S) could generate denle
gas clouds and impact the public.. The level of voluntary industry initiatives and
degree of participation, and accident history should be taken into account.




Facility and Local Emergency Planning Committee (LEPC)

Facilities that handle hazardous substances that could form dense vapor clouds if
accidentally released, such as H,S, should work closely with their LEPC to prevent accidents
and to be prepared to respond to such accidents.

o Facilities should identify and thoroughly understand the hazards and conditions that
can lead to accidental releases and the potential impacts on the public. These hazards
and potential impacts should be communicated to the LEPC.

° All sour oil and gas extraction facilities and the LEPC for that area should conduct
drills and exercises with workers, the community, first responders. and others to test
mitigation, response, and medical treatment for a simulated major H,S accident. All
such facilities should have training programs in place for H,S emergencies.

Preparedness and Response

" All sour oil and gas extraction facilities should actively conduct outreach efforts to -
ensure that the community is aware of the hazards of H,S, that protective measures are in ’
place to prevent public health impacts, and that proper actions will be taken during an
emergency. Such outreach should be conducted through the LEPCs.

L All sour oil and gas extraction facilities should able to rapidly detect, mitigate, and
respond to accidental releases in order to minimize the consequences. Site-specific
risk factors should be taken into account.

L Because a general duty exists to design, operate, and maintain a safe facility, owners
and operators of sour oil and gas facilities should use appropriate equipment for the
facility to provide public safety and should implement a program to remedy the
effects of wear and tear and corrosion on equipment.

L In addition to regular inspection of ail equipment, owners and operators should pay
particular attention to corrosion monitoring of existing flow and gathering lines and to
the condition of temporarily abandoned equipment. Remedial action should be taken
before accidental releases occur.

] EPA should foster the development and continued refinement of release detection and
mitigation systems for hazardous substances, such as H,S, in order to improve their
reliability and effectiveness.

L All facilities that handle oil and gas with potentially harmful levels of H,S should
have proper medical treatment supplies and trained personnel available and should
ensure that first responders, hospitals, and clinics in the area are prepared to treat H,S
exposure.

V-2




Research and Further Studies

Further study on the acute exposure levels of H,S that result in irreversible health
effects or lethality in humans should be continued in order to improve emergency
planning tools such as atmospheric dispersion models.

Further research on the effects of surface roughness and obstacles on dense-gas
dispersion behavior should be continued to determine their influences on toxic
substance concentrations in a dispersing vapor cloud. The Liquefied Gaseous Fuels
Spill Test Facility could be used for spill tests to assist in this research.

- EPA should continue.to study the issues surrounding :worst-case releases, their . = .. ...
consequences, and the likelihood of worst-case or other significant releases for
extremely hazardous substances and the role and relationship of these issues to
prevention, preparedness, and response. v
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GLOSSARY

Abandon: To cease producing oil or gas from a well when it becomes unprofitable. A wildcat may
be abandoned after it has been proven nonproductive. Usually, before a well is abandoned, some of
the casing is removed and salvaged and one or more cement plugs are placed in the borehole to
prevent migration of fluids between the various formations. In many States, wells may not be
abandoned unless approved by an official regulatory agency.

Accidental Release: The upanticipated emissions of a regulated substance or other extremely
hazardous substance into the air from a stationary source.

Acid: Any chemical compound; one element of which is hydrogen, that dissociates in solution to .. .
produce free-hydrogen ions. For example, hydrochloric acid, HCI, dissociates in water to produce
hydrogen ions, H*, and chloride ions, CI.

Additive: A substance or compound added in small amounts to a larger volume of another substance
to change some characteristic of the latter. In the oil industry, additives are used in lubricating oil,
fuel, drilling mud, and cement for cementing casing. .

Air drilling: A method of rotary drilling that uses compressed air as its circulation medium. This
method of removing cuttings from the wellbore is as efficient or more efficient than the traditional
methods using water or drilling mud; in addition, the rate of penetration is increased considerably
when air drilling is used. However, a principal problem in air drilling is the penetration of
formations containing water, since the entry of water into the system reduces its efficiency.

Alkﬂinity: The combining power of a base, or alkali, as measured by the number of equivalents of
an acid with which it reacts to form a salt. '

Annular injection: Long-term disposal of wastes between the outer wall of the drill stem or tubing
and the inner wall of the casing or open hole.

Annulus or annular space: The space around a pipe in a wellbore, the outer wall of which may be
the wall of either thie borehole or the casing.

API: The American Petroleum Institute. Founded in 1920, this national oil trade organization is the
leading standardizing organization on oil-field drilling and production equipment. It maintains
departments of transportation, refining, and marketing in Washington, D.C., and a department of
production in Dallas.

Artificial lift: Any method used to raise oil to the surface through a well after reservoir pressure has
declined to the point at which the well no longer produces by means of natural energy. Artificial lift
may also be used during primary recovery if the initial teservoir pressure is inadequate to bring the
hydrocarbons to the surface. Sucker-rod pumps, hydraulic pumps, submersible pumps, and gas lift
are the most common methods of artificial lift. :

Barrel (bbl): A measure of volume for petroleum products. One barrel (1 bbl) is equivalent to 42
U.S. gallons or 158.97 liters. One cubic meter (1 m®) equals 6.2897 bbl.
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Basin: A synclinal structure in the subsurface, formerly the bed of an ancient sea. Because it is
composed of sedimentary rock and its contours provide traps for petroleum, a basin is a good
prospect for exploration. For example, the Permian Basin in West Texas is a major oil producing

area.

Bit: The cutting or boring element used in drilling oil and gas wells. Most bits used in rotary
drilling are roller-cone bits. The bit consists of the cutting element and the circulating element. The
circulating element permits the passage of drilling fluid and uses the hydraulic force of the fluid
stream to improve drilling rates. In rotary drilling, several drill collars are joined to the bottom end
of the drill-pipe column for added weight. The bit is attached to the end of the drill collar.

Blowdown: The emptying or depressurizing of a material from a vessel. The material thus
" discarded. ‘ : , - , .

Blowaut preventer (BOP): Equipment installed at the wellhead, at surface level on land rigs and on
the seafloor of floating offshore rigs, to prevent the escape of pressure either in the annular space
between the casing and drill pipe or in an open hole during drilling and completion operations.

Blow out: To suddenly expel oil-well fluids from the borehote with great velocity. To expel a
portion of water and steam from a boiler to limit its concentration of minerals.

Borehole: The wellbore; the hole made by drilling or boring.

Casing: Steel pipe placed in an oil or gas well as drilling progresses to prevent the wall of the well
from caving in during drilling and to provide a means of extracting petroleum if the well is
productive.

Casing string: Casing is manufactured in lengths of about 30 ft, each length or joint being joined to
another as casing is run in a well. The entire length of all the joints of casing is called the casing
string.

Cement: A powder consisting of alumina, silica, lime, and other substances which hardens when
mixed with water. Extensively used in the oil industry to bond casing to the walls of the wellbore.

Cement plug: A portion of cement placed at some point in the wellbore to seal it.

Christmas tree: Assembly of fittings and valves at the tip of the casing of an oil well that controls
the flow of oil from the well.

Close-in: A well capable of producing oil or gas, but temporarily not producing.

Collar: A coupling device used to join tyo lengths of pipe. A combination collar has left-hand
threads in one end and right-hand threads in the other. A drill collar.

Commercial production: Oil and gas output of sufficient quantity to justify keeping a well in
production.




Completion fluid: A special drilling mud used when a well is being completed. It is selected not
only for its ability to control formation pressure, but also for its properties that minimize formation
damage. '

Completion operations: Work performed in an oil or gas well after the well has been drilled to the
point at which the production string of casing is to be set. This work includes setting the casing,
perforating, artificial stimulation, production testing, and equipping the well for production. It is
done prior to the commencement of the actual production of oil or gas in paying quantities, or in the
case of an injection or service well, prior to when the well is plugged and abandoned.

Corrosion: A complex chemical or electrochemical process by which metal is destroyed through
reaction with its environment. Rust is an example of corrosion.

Crude oil: Unrefined liquid petroleum. It ranges in gravity from 9° to 55° API and in color from
yellow to black, and it may have a paraffin, asphalt, or mixed base. If a crude oil, or crude, contains
a sizable amount of sulfur or sulfur compounds, it is called a sour crude; if it has little or no sulfur, it
is called a sweet crude. In addition, crude oils may be referred to as heavy or light according to API
gravity, the lighter oils having the higher gravities. .

Cuttings: The fragments of rock dislodged by the bit and brought to the surface in the drilling mud.
Washed and dried samples of the cuttings are analyzed by geologists to obtain information about the
formations drilled.

Demuisify: To resolve an emulsion, especially of water and oil, into its components.

Desander: A centrifugal device used to remove fine particles of sand from drilling fluid to prevent
abrasion of the pumps. A desander usually operates on the principle of a fast-moving stream of fluid
being put into a whirling motion inside a cone-shaped vessel.

Desilter: A centrifugal device, similar to a desander, used to remove very fine particles, or silt, from -
drilling fluid to keep the amount of solids in the fluid to the lowest possible level. The lower the
solids content of the mud, the faster the rate of penetration.

Disposal well: A well into which salt water is pumped; usually part of a saltwater-disposal system.

Drill: To bore a hole in the earth, usually to find and remove subsurface formation fluids such as oil
and gas.

Drill collar: A heavy, thick-walled tube, usually steel, used between the drill pipe and the bit in the
drill stem to weight the bit in order to improve its performance.

Drill cutting: The formation rock fragments thatr are created by the drill bit during the drilling
process. . °

" Drilling fluid: The circulating fluid (mud) used in the rotary drilling of wells to clean and condition
the hole and to counterbalance formation pressure. A water-based drilling fluid is the conventional
drilling mud in which water is the continuous phase and the suspended medium for solids, whether or
not oil is present. An oil-based drilling fluid has diesel, crude, or some other oil as its continuous
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phase with water as the dispersed phase. Drilling fluids are circulated down the drill pipe and back
up the hole between the drill pipe and the walls of the hole, usually to a surface pit. Drilling fluids
are used to lubricate the drill bit, to lift cuttings, to seal off porous zones, and to prevent blowouts.
There are two basic drilling media: muds (liquid) and gases. Each medium comprises a number of
general types. The type of drilling fluid may be further broken down into numerous specific
formulations.

Drill pipe: The heavy seamless tubing used to rotate the bit and circulate the drilling fluid. Joints of
pipe 30 ft long are coupled together by means of tool joints. '

Drill site: The location of a drilling rig.

Drill stem: The entire length of tubular pipes, composed of the kelly, the drill pipe,-and drill collars,
that make up the drilling assembly from the surface to the bottom of the hole.

Drill string: The column, or string, of drill pipe, not including the drill collars or kelly. Often,
however, the term is loosely applied to include both the drill pipe and drill collars.

Emulsion: A mixture in which one liquid, termed the dispersed phase, is uniformly distributed
(usually as minute globules) in another liquid, called the continuous phase or dispersion medium. In
an oil-water emulsion, the oil is the dispersed phase and the water the dispersion medium; in a water-
oil emulsion the reverse holds. A typical product of oil wells, water-oil emulsion also is used as a
drilling fluid.

Embrittlement: Through chemical reactions with H,S, steel and other materials become more brittle
and more likely to break.

Emulsion breaker: A system, device, or process used for breaking down an emulsion and rendering
it into two or more easily separated compounds (like water and oil). Emulsion breakers may be (1)
devices to heat the emulsion, thus achieving separation by lowering the viscosity of the emulsion and
allowing the water to settle out; (2) chemical compounds, which destroy or weaken the film around
each globule of water, thus uniting all the drops; (3) mechanical devices such as settling tanks and
wash tanks; or (4) electrostatic treaters, which use an electric field to cause coalescence of the water
globules. This is also called electric dehydration.

Enhanced oil recovery (EOR): A method or methods applied to depleted reservoirs to make them
productive once again. After an oil well has reached depletion, a certain amount of oil remains in the
reservoir, which enhanced recovery is targeted to produce. EOR can encompass secondary and
tertiary production.

EPA: United States Environmental Protection Agency.

. .Exploration: The search for reservoirs of oil and gas, including aerial and geophysical surveys,
geological studies, core testing, and the drilling of wildcats.

Extraction: The physical removal of oil and gas from a well.




Field: A geographical area in which a number of oil or gas wells produce from a continuous
reservoir. A field may refer to surface area only or to underground productive formations as well.
In a single field, there may be several separate reservoirs at varying depths.

Flare: Combustion of wastegases, such as H,S or natural gas, which are not able to be profitably
brought to market.

Flowing well: A well that produces oil or gas without any means of artificial lift.

Formation: A bed or deposit composed throughoﬁt of substantially the same kinds of rock; a
lithologic unit. Each different formation is given a name, frequently as a result of the study of the
formation outcrop at the surface and sometimes based on fossils found in the formation. .

Gas plant': A plant for the processing of natural gas, by other than solely mechanical means,r for the
extraction of natural gas liquids, and/or the fractionation of the liquids into natural gas liquid products
such as ethane, butane, propane, and natural gasoline.

Heater-treater: A vessel that heats an emulsion and removes water and gas from the oil to raise it to
a quality acceptable for pipeline transmission. A heater-treater is a combination of a heater, free-
water knockout, and oil and gas separator.

Hydrocarbons: Organic compounds of hydrogen and carbon, whose densities, boiling points, and
freezing points increase as their molecular weights increase. Although composed of only two
elements; hydrocarbons exist in a variety of compounds because of the strong affinity of the carbon
atom for other atoms and for itself. The smallest molecules of hydrocarbons are gaseous; the largest
are solid.

Ignitability (RCRA): The hazardous characteristic of ignitability for purposes of RCRA is defined in
40 CFR 261.21 and is generally a liquid with a flash point less than 140 degrees F., a non-liquid that
causes fire under a friction condition, an ignitable compressed gas, or is an oxidizer.

Inhibitor: An additive used to retard undesirable chemical action in a product. It is added in small
quantities to gasolines to prevent oxidation and gum formation, to lubricating oils to stop color
change, and to corrosive environments to decrease corrosive action.

Injection well: A well in which fluids have been injected into an underground stratum to increase
reservoir pressure.

Kelly: A pipe attached to the top of a drill string and turned during drilling. It transmits twisting
torque from the rotary machinery to the drill string and ultimately to the bit. :

LC,, (median lethal concentration): The concentration of a chemical required to cause death in
50% of the exposed population when exposed for a specified time period, and observed for a
specified period of time after exposure. Refers to inhalation exposure concentration in the context of
air toxics (may refer to water concentration for tests of aquatic organisms or systems).




Lease: A legal document executed between a landowner (or a lessor) and a company or individual,
as lessee, that grants the right to exploit the premises for minerals or other products. The area where
production wells, stock tanks, separators, and production equipment are located.

Lowest-observed-adverse-effect level (LOAEL): The lowest dose or exposure level of a chemical in
a study at which there is a statistically or biologically significant increase in the frequency or severity
of an adverse effect in the exposed population as compared with an appropriate, unexposed control

group.

Mud: The liquid circulated through the wellbore during rotary drilling and workover operations. In
addition to its function of bringing cuttings to the surface, drilling mud cools and lubricates the bit
and drill stem, protects against blowouts by holding back subsurface pressures, and deposits a mud
cake on the wall of the borehole to prevent loss of fluids to the formation. Although it originally was .
a suspension of earth solids (especially clays) in water, the mud used in modern drilling operations is
a more complex, three-phase mixture of liquids, reactive solids, and inert solids. The liquid phase
may be fresh water, diesel oil, or crude oil and may contain one or more conditioners.

Natural gas: Naturally occurring mixture of hydrocarbon and non-hydrocarbon gases found in
geologic formations beneath the earth’s surface. The principal hydrocarbon constituent is methane.

No-observed-adverse-effect level NOAEL). The highest experimental dose at which there is no
statistically or biologically significant increases in frequency or severity of adverse health effects, as
seen in the exposed population compared with an appropriate, unexposed population. Effects may be
produced at this level, but they are not considered to be adverse.

Odor perception threshold: The lowest concentration at which a substance is first able to be
smelled.

Oil base muds: A drilling fluid that is a water-oil emulsion with oil as the continuous phase. The
oil content ranges from 50-98% oil. Oil muds are used to reduce drilling torque and to stabilize
reactive shales that impede the drilling process.

Oil and gas separator: An item of production equipment used to separate the liquid components of
the well stream from the gaseous elements. Separators are vertical or horizontal and are cylindrical
or spherical in shape. Separation is accomplished principally by gravity, the heavier liquids falling to
the bottom and the gas rising to the top. A float valve or other liquid-level control regulates the level
of oil in the bottom of the separator.

Oil field: The surface area overlying an oil reservoir or reservoirs. Commonly, the term includes
not only the surface area but also the reservoir, wells, and production equipment.

Operator: The person or company, either proprietor or lessee, actually operating an oil well or
lease.

Packer: A piece of downhole equipment, consisting of a sealing device, a holding or setting device,
and an inside passage for fluids. It is used to block the flow of fluids through the annular space
between the tubing and the wall of the wellbore by sealing off the space. The packer is usually made
up in the tubing string some distance above the producing zone. A sealing element expands to
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prevent fluid flow except through the inside bore of the packer and into the tubing. Packers are
classified according to configuration, use, and method of setting and whether or not they are
retrievable (i.e., whether they can be removed when necessary, or whether they must be milled or
drilled out and thus destroyed).

Perforate: To pierce the casing wall and cement to provide holes through which formation fluids
may enter, or to provide holes in the casing so that materials may be introduced into the annulus
between the casing and the wall of the borehole. Perforating is accomplished by lowering into the
well a perforating gun, or perforator, that fires electrically detonated bullets or shaped charges from
the surface.

Permeability: A measure of the ease with which fluids can flow through a porous rock.

pHA méasure of the acidity or alkalinity of a solution, numerically equal to 7 for neutral solutions,
increasing with increasing alkalinity and decreasing with increasing acidity.

Primary recovery: Oil production in which only existing natural energy sources in the reservoir
provide for movement of the well fluids to the wellbore.

Produced water: The water (brine) brought up from the hydrocarbon-bearing strata during the
extraction of oil and gas. It can include formation water, injection water, and any chemicals added
downhole or during the oil/water separation process.

Producing zone: The zone or formation from which oil or gas is produced.

Production: The phase of the petroleum industry that deals with bringing the well fluids to the
surface and separating them. Production also includes storing, gauging, and otherwise preparing the
product for the pipeline.

Production casing: The last string of casing or liner that is set in a well, inside of which is usually
suspended the tubing string.

RCRA (Resource Conservation and Recovery Act): The Federal statute enacted in 1976 (and
subsequent amendments) which amended the Solid Waste Disposal Act. Among other things, RCRA
and its amendments established and/or augmented three significant programs: the hazardous waste
management program, the solid waste program, and the underground storage tank program:

Reference concentration (RfC): An estimate (with uncertainty spanning perhaps an order of
magnitude) of a daily inhalation exposure of the human population (including sensitive subgroups) that
is likely to be without an appreciable risk of deleterious effects during a lifetime.

Reservoir: A subsurface, porous, permeable rock body in which oil or gas or both are stored. Most
reservoir rocks are limestones, dolomites, sandstones, or a combination of these. The three basic
types of hydrocarbon reservoirs are oil, gas, and condensate. An oil reservoir generally contains
three fluids--gas, oil, and water--with oil the dominant product. In the typical oil reservoir, these
fluids occur in different phases because of the variance in their gravities. Gas, the lightest, occupies
the upper part of the reservoir rocks; water occupies, the lower part; and oil occupies, the
intermediate section. In addition to occurring as a cap or in solution, gas may accumulate



independently of the oil; if so, the reservoir is called a gas reservoir; Associated with the gas, in
most instances, are salt water and some oil. In a condensate reservoir, the hydrocarbons may exist as
a gas, but when brought to the surface, some of the heavier ones condense to a liquid or condensate.
At the surface the hydrocarbons from a condensate reservoir consist of gas and a high gravity crude
(i.e., the condensate). Condensate wells are sometimes called gas-condensate reservoirs).

Rig: The derrick, drawworks, and attendant surface equipment of a drilling or workover unit.

Routine emissions: The anticipated emissions of a regulated substance or other extremely hazardous
substance into the air from a stationary source during its normal operation.

Secondary recovery: Any method by which an essentially depleted reservoir is restored to producing
status by the injection of liquids or gases (from extraneous sources) into the wellbore. This injection
effects a restoration of reservoir energy, which moves the formerly unrecoverable secondary reserves
through the reservoir to the wellbore.

Shale shaker: A series of trays with sieves that vibrate to remove cuttings from the circulating fluid
in rotary drilling operations. The size of the openings in the sieve is carefully selected to match the
size of the solids in the drilling fluid and the anticipated size of cuttings. It is also called a shaker.

Short-term exposure limit (STEL): A time-weighted average that the American Conference of
Government and Industrial Hygienists (ACGIH) indicates should not be exceeded any time during the
work day. Exposures at the STEL should not be longer than 15 minutes and should not be repeated
more than 4 times per day. There should be at least 60 minutes between successive exposure at the

STEL.

Shut-in well: A non-producing well with its pump turned off, and the stuffing box closed, which has
been inspected to ensure there is no leakage.

Sour: Containing hydrogen sulfide or caused by hydrogen sulfide or another sulfur compound.
Stripper well: A well nearing depletion that produces a very small amount of oil or gas.

Tail gas: gas that leaves a sulfur recovery process after rﬁost of the H,S has been converted to SO,.
Tank battery: A group of production tanks located in the field, used.for storage of crude oil.

Tertiary recovery: A recovery method used to remove additional hydrocarbons after secondary
recovery methods have been applied to a reservoir. Sometimes more hydrocarbons can be removed
by injecting liquids or gases (usually different from those used in secondary recovery and applied with
different techniques) into the reservoir.

Threshold limit value (TLV): The concentration of a substance below which no adverse health
effects are expected to occur for workers, assuming exposure for 8 hours per day, 40 hours per week.
TLVs are published by the American Conference of Governmental Hygienists (ACGIH). This listing
may be useful in identifying substances used in the workplace and having the potential to be emitted
into the ambient air. :




4

Time-weighted average (TWA): An approach to calculating the average exposure over a specified
time period.

Tubing: Small-diameter pipe that is run into a well to serve as a conduit for the passage of oil and
gas to the surface.

Uncertainty factor (UF): One of several, generally 10-fold factors, applied to a NOAEL or a
LOAEL to derive a reference dose (RfD) from experimental data. UFs are intended to account for
(a) the variation in the sensitivity among the members of the human population; (b) the uncertainty in.
extrapolating animal data to humans; (c) the uncertainty in extrapolating from data obtained in a less-
than-lifetime exposure study to chronic exposure; and (d) the uncertainty in using a LOAEL rather
than a NOAEL for estimating the threshold region.

" Volatile: Readily .vapo‘rized.-

Waterflood: A method of secondary recovery in which water is injected into a reservoir to remove
additional quantities of oil that have been left behind after primary recovery. Usually, a waterflood
involves the injection of water through wells specially set up for water injection and the removal of
the water and oil from the wells drilled.adjacent to the injection wells.

Wellbore: A borehole; the hole drilled by the bit. A wellbore may have casing in it or may be open
(i.e., uncased); or a portion of it may be cased and a portion of it may be open.

Well completion: The activities and methods necessary to prepare a well for the production of oil
and gas; the method by which a flow line for hydrocarbons is established between the reservoir and
the surface. The method of well completion used by the operator depends on the individual
characteristics of the producing formation or formations. These techniques include open-hole
completions, conventional perforated completions, sand-exclusion completions, tubingless
completions, multiple completions, and miniaturized completions.

" Wellhead: The equipment used to maintain surface control of a well, including the casinghead,
tubing head, and Christmas tree. :

Workover: One of more of a variety of remedial operations performed on a producing oil well to try
to increase production. Some examples of workover operations are deepening, plugging back, pulling
and resetting the liner, and squeeze-cementing.

Workover fluids: A special drilling mud used to keep a well under control when it is being worked
over. A workover fluid is compounded carefully so it will not cause formation damage.

G-9
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APPENDIX A

BACKGROUND INFORMATION ON THE OIL AND GAS PRODUCTION
- INDUSTRY

EXPLORATION AND DEVELOPMENT

Although geological and geophysical studies provide information about potential
accumulations of petroleum, only.explorato.ry drilling can confirm the presence of petroleum.

Rotary drilling, the primary drilling method in the United States, provides a safe way
to control high-pressure oil/gas/water flows and allow _for_the. simultaneous drilling of the
well and removal of cuttings. This makes it possible to drill wells over 30,000 feet deep.
Figure A-1 illustrates the process. Most rotary drilling operations employ a circulation
system using a water- or oil-based fluid, called “mud" because of its appearance. The mud
is pumped down the hollow drill pipe and across the face of the bit to provide lubrication and
remove cuttings. Cuttings are removed at the surface by shale shakers, desanders, and
desilters; they are then deposited in the reserve pit excavated or constructed next to the: rig.
Air drilling, which is considerably faster and less expensive than drilling with water- or oil-
based fluids, is used in areas where high pressure or water-bearing formations are not
anticipated.

Potential producing zones are normally measured and analyzed during exploratory
drilling. If evidence of hydrocarbons is found, a drill stem test can show whether
commercial quantities of oil and gas are present. If so, the well is prepared for production.
This is called "completion.” The most common method is the "cased hole" completion.
Production casing is run into the hole and cemented permanently in place. Then one or more
strings of production tubing are set in the hole, productive intervals are isolated with
packers, and surface equipment is installed. The well is not actually completed until a gun
or explosive charge perforates the production casing and begins the flow of petroleum into
the well (U.S. EPA, 1987). Figure A-2 shows a cross section of a common well.

While a well is being drilled, heavy fittings have to be installed at the surface where
the casing is attached, as each string of casing is inserted into the hole. Each part of the
casing head is supported by a part of the casing head which was installed at the top of the
next larger string of casing when it was run (U.S. EPA, 1987).

HOW OIL AND GAS ARE PRODUCED

Production operations generally include all activities associated with the recovery of
oil and gas from geologic formations. They can be divided into activities associated with
downhole operations and activities associated with surface operations. Downhole operations
include primary secondary, and tertiary recovery methods, well workovers, and well
stimulation activities. Activities associated with surface operations include oil/gas/water
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separation, fluid treatment, and disposal of produced water. The term "extraction" is
commonly used to refer to activities associated with getting oil or gas to the surface;
production includes both extraction and the surface operations involved in processing the
materials extracted from the well. Production, as discussed in this report, is limited to the
processing and storage that occurs at the well site. Transportation and further processing is

not included in the scope of this report.

Downhole O;;erations

The initial production of oil or gas from the reservoir is called primary recovery.
Natural pressure or artificial lift methods (surface or subsurface pumps and gas lifts) are used
to bring the gas or oil out of the formation and to the surface (see Figure A-3). High-- - . - .
pressure gas can also be injected to lift the oil from the reservoir.

During the primary recovery stage, natural pressure in the reservoir may decline and
artificial lift may be needed. One of three general types of pumps may be used: (1) pumps
at the bottom of the hole run by a string of rods; (2) pumps at the bottom of the hole run by
high-pressure liquids; and (3) bottom-hole centrifugal pumps (API, 1976).

The pumping unit includes a complete set of surface equipment that imparts an up-
and-down motion to the sucker-rod string, which is connected the bottom-hole pump. Figure
A-2 shows the parts of such as unit. Deep wells often require the long-stroke pumping
provided by hydraulic units.

A stuffing box is used in a pumping well to pack or seal off the pressure inside the
tubing so that liquid and gas cannot leak outside the polished rod. A stuffing box consists of
flexible material or packing houscd in a box which provides a method of compressing the
packing. The packing material gradually wears out and must be replaced before it loses its
effectiveness as a seal (API, 1976). .

Primary recovery methods alone can produce oil and gas from most reservoirs, but
over the life of the well production gradually decreases. Some form of secondary recovery
will eventually be needed in nearly all wells. Secondary recovery methods inject gas or
liquid into the reservoir to maintain pressure. The most frequent method is waterflooding,
which involves injecting treated water (seawater, fresh water or produced water) into the
formation through a separate well.

When secondary recovery methods are no longer adequate, the last portion of the oil
that can be economically produced is recovered by tertiary methods. These include
chemical, physical, and thermal methods or some combination. Chemical methods involve
injection of fluids containing substances such as surfactants and polymers. Miscible oil
recovery methods inject gases such as carbon dioxide and natural gas that combine with the
oil. Thermal recovery methods include steam injection and in situ combustion (or "fire
flooding"). The injected gases or fluids from secondary and tertiary recovery operations are
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dissolved or mixed with the oil produced by the well and must be removed during surface
production operations (U.S. EPA, 1987).

Workovers are another type of downhole production operation. Workovers are used
to restore or increase production when downhole mechanical failures or blockages, such as
sand or paraffin deposits have inhibited the flow of a well. Fluids circulated into the well for
a workover must be compatible with the formation and must not adversely affect
permeability. The workover fluid may be reclaimed or disposed of when the well is put back
into production. Workover fluids are similar to completion fluids, which are special fluids
used when the well is completed (ready for the production phase), to minimize formation
damage and control potential problems such as H,S corrosion.

Other chemicals are used periodically or continuously ‘to inhibit corrosion, reduce -
friction, or simply keep the well flowing (U.S. EPA, 1987).

Surface Operations

As fluids are pumped to the surface, they are collected and treated to separate the
various components (oil, gas, gas liquids, and water). Figure A-4 shows the separation
process. These surface operations become more complex as secondary and tertiary recovery
methods are employed. The ratio of water and other fluids to oil tends to increase as
producing reservoirs are depleted. In new wells little or no water may be produced. The
volume of water produced by stripper wells varies greatly. Stripper wells may produce more
than 100 barrels of water for every barrel of oil, especially if waterflooding is used as a
secondary recovery (U.S. EPA, 1987).

Separation involves the use of equipment to separate the gas, oil and water from each
other. The actual separation may be accomplished in a single step or several steps depending
on the relative amounts and the physical characteristics of the material which is delivered to
the surface. Complete separation may require several stages involving different pressures,
temperatures, and possibly additives if the material is delivered to the surface at a high
pressure and the oil and gas are present in an emulsion.

After separation, the gas is transported by pipeline to a gas processing facility if the
quantities from a specific well are adequate. If the quantities are inadequate, the gas is
flared (burned). Gas processing facilities remove inerts (N,, CO,), hydrogen sulfide (H,S),
and liquids (oil and water) to produce pipeline quality gas which has a nominal heating value
of 1000 BTU per cubic foot. Gas can also be re-injected into the well if necessary to help
manage the reservoir or the production from the well.

Oil that is recovered from the separators at the well is placed in tanks and transported
to a refinery for processing. This transportation is by pipeline if the quantities are adequate
to justify installation of a pipeline or by truck if the production is smail.
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Water recovered from the separators at the well is placed in tanks or pools. This
water will ultimately be reinjected into the producing formation, injected into a disposal well,
or discharged. Reinjection into the producing formation and injection into a disposal well are
the most common methods for water disposal; discharge is rarely used. Permits are usually
required for these water disposition options. '

The equipment used at the surface to control the well is called the well head. If high
production or, significant gas pressure is expected, the well head is usually built of cast or
forged steel, and machined to a close fit. These sealed fittings prevent well fluids from
blowing or leaking at the surface. Parts of the well head may be designed to hold pressures
up to 20,000 Ib per sq in (psi). Some well heads are just simple assemblies to support the

weight of the tubing in the well, and may not be built to hold. pressure. _For stripper. wells, . .- .

or other low-production, low-pressure wells, a simple well head can be used as long as only
small amounts of gas are produced with the oil (API, 1976).

High pressures or corrosive gases such as H,S require well heads with special valves
and control equipment to control the flow of oil and gas from the well. These are
constructed of heavy metal and installed above the casing head or tubing head before the weéll
is completed. This collection of valves is called a Christmas tree because of its shape and the
large number of fittings branching out above the well head. The tree diverts fluids through

alternative chokes (API, 1976).

Safety measures should be adequate to prevent high pressure wells from going out of
control. Equipment is available that automatically shuts off production if there is damage to
the wellhead or to automatic surface safety valves at the wellhead.

Simpler types of Christmas trees can be used on low pressure or pumping wells.
Pressure gauges on the well head and Christmas tree measure the pressure in the casing and
tubing. If the pressures under various operating conditions are known, better control can be
maintained (API, 1976).

OVERVIEW OF THE INDUSTRY

The U.S. petroleum industry drilled its first oil well in 1859. Since that first well,
the oil and gas industry has grown to be extremely complex and diverse. In 1990,
approximately 869,887 wells in over 33 States were producing oil and gas in the United
States. The oil and gas obtained from these wells is found at depths ranging from 30 feet to
30,000 feet below the earth’s surface. The major U.S. areas of onshore production include
the southwest (including California), the midwest, and Alaska, with lesser contributions from
the Appalachians. Table A-1 lists production estimates for the oil and gas producing States.
In 1990-1991, Texas led all States in oil and natural gas production, turning out 705 million
barrels of oil and 6.3 trillion cubic feet of natural gas (Petroleum Independent, 1992). _
Figure A-5 shows U.S. oil and gas production by State. The bar graph in Figure A-6 shows
distribution of States containing more than 70 percent of gas wells in the U.S. Some of these
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Table A-1. 1991 Oil and 1990 Gas Production Estimates

Number of 0il Production Number of Gas Production
Producing (thousands of Producing (million cubic

State Oil Wells* barrels)® Gas Wells* feet)?

Alabama 872 18,538 2,038 135,276
Alaska 1,466 647,310 109 . 402,907
Arizona 22 122 NA 2,125
Arkansas 7,265 10,387 3,460 174,956
California 43,375 350,900 : : 1,169 362,748
Colorado 6,596 30,857 5,097 242,897

" Florida . TR Y L B : 5674 - - o - NA - e ' 6,483 - -

linois 31,874 . 19,954 356 677
Indiana 7,506 3,000 1,311 399
Kansas 45,470 55,427 14,043 573,603
Kentucky 22,741 5,411 11,713 75,333
Louisiana 23,812 390,406 ‘ 13,530 5,241,989
Maryland 0 0 NA 22
Michigan 4,570 19,675 . 1,438 172,151
Mississippi 2,168 27,033 629 94,616
Missouri 854 146 NA 7
Montana 3,854 : 19,810 2,428 50,429
Nebraska 1,440 5,890 NA 793
Nevada 46 4,012 NA NA
New Mexico 18,546 . 67,247 19,537 965,104
New York 4,043 416 5,406 25,023
North Dakota 3,546 36,716 103 52,169
Ohio 30,089 10,008 34,697 154,619
Oklahoma 95,468 112,274 27,919 2,258,471
Oregon 0 0 . NA Co 2,815
Pennsylivania 22,338 2,643 30,000 177,609
South Dakota 149 1,648 52 881
Tennessee 736 ’ 508 527 2,067
Texas 188,829 705,460 48,075 6,343,146
Utzh 1,972 . 27,604 742 145,875
Virginia 25 15 819 14,774
West Virginia 15,950 2,143 37,000 178,000
Wyoming 11,397 103,855 " 2,431 735,728
Federal Waters 4,468 NA 3,591 NA
Other 25 NA 147 NA
U.s. 601,520 2,684,687 268,367 18,561,596

Combined Source: Petroleum Independent, September 1992, attributes the individual column sources to:
2World Qil. :
b Energy Information Administration.
-NA Not available.
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Figure A-5. 1991 U.S. oil and gas production by State.
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Figure A-6. States with the most producing gas wells in 1990.
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States, however, are not the largest gas producers. Figure A-7 shows that Texas, Louisiana,
Oklahoma, New Mexico, Wyoming, Kansas, Alaska, and California account for 92 percent
of domestic gas production. Alaska, California, Louisiana, and Texas account for 78 percent
of domestic oil production.

Principal Production Industry Groups

The industry can be divided into four groups. The first group consists of the major oil
companies. These companies are highly vertically integrated, which means that they perform
both "upstream" activities (oil exploration, development and production) and “"downstream"
activities (transportation, refining and marketing).

The second group is the large independents. These companies primarily explore,
develop, and produce oil and gas, but do not perform downstream activities. Some large
independents produce oil and gas only, while others provide such additional services as
contract drilling and pipeline operations.

The third group is the small independents. Little information is available that would
characterize this group quantitatively. However, small independents are known to have
fewer wells and/or lower production wells. The lower operating expenses of small
independents makes it more affordable to continue producing small quantities from low
volume wells.

The fourth group consists of companies that provide a variety of specialized services
to the oil and gas drilling rigs and platforms, such as designing, manufacturing, and
installing specialized hardware. They also provide geophysical support, drilling mud, and
logging services.

Diversity of Production

Production from individual wells varies greatly from a high of 11,500 barrels per day
to less than 10 barrels per day. As shown in Figure A-8, over 70 percent of U.S. oil wells
are "stripper” wells. The definition of a stripper well varies from State to State. However,
these wells are generally defined as wells that produce 10 barrels of oil per day or less, or
100 thousand cubic feet (mcf) of gas per day or less. In 1990, 463,854 stripper wells existed
and produced a total of 383,197,000 barrels of oil (NSWA, 1991). Stripper well production
is shown in Table A-2. Figure A-9 shows that stripper wells produced 14 percent of the
2,684,687,000 barrels of oil produced in the United States in 1990 (U.S. EIA, 1991; U.S.
EIA, 1987). Figure A-10 shows the proportion of stripper wells in the 10 States with the
largest numbers of wells overall. In ail 10 States, stripper wells comprised more 50 percent
of producing weils. However, Figure A-11 demonstrates that in the 10 top oil producing
States, oil from stripper wells is relatively low in volume. These wells typically are near
depletion of recoverable natural resources and produce only a small quantity of oil or gas.




Strippers?
76%; 463,854 Wells SR

Large Producers
24%; 149,956 Wells

3 Strippers are defined as those producing 10 barrels
a day or less.

Source: Interstate Oil and Gas Compact Commission and
National Stripper Well Association.

Figure A-8. Number of producing oil wells in
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Table A-2. 1990 Oil Production from Stripper Wells by State

Amount of
Number of Percentage of . Crude Oil
Number of Producing Producing Wells Produced

Producing ~ Stripper® Which Are (thousands

Location Wells* Wells Stripper Wells of barrels)®
Alabama 872 514 58% 18,538
Alaska 1,466 0 0% 647,310
Arizona 22 12 55% : 122
Arkansas - - © 7,265 .. Tt 72900 e e e -~ NA* : 10,387
California 43,375 26,128 60% 350,900
Colorado 6,596 5,234 79% 30,857
Florida ‘ 83 0 ' 0% 5,674
Ilinois 31,874 33,700 NA=* 19,954
Indiana 7,506 5,764 T77% 3,000
Kansas 45,470 45,227 99% 535,427
Kentucky 22,741 19,330 85% 5,411
Louisiana 23,812 ' 17,695 T4% 390,406
Michigan 4,570 3,967 87% 19,675
Mississippi 2,168 615 28% 27,033
Missouri 854 375 44% 146
Montana - 3,854 3084 80% 19,810
Nebraska 1,440 1,269 88% 5,890
Nevada 46 0 0% 4,012
New Mexico 18,546 15,261 82% 67,247
New York 4,043 3,748 93% 416
North Dakota 3,546 1,205 34% 36,716
Ohio 30,089 29,576 98% 10,008
Oklahoma 95,468 73,345 T7% 112274
Pennsylvania 22,338 21,800 98% 2,643
South Dakota 149 26 17% 1,648
Tennessee 736 923 NA=* 508
Texas , 188,829 127,790 68% 705,460
Utzah . 1,972 1,026 52% 27,604
Virginia 25 22 88% 15
West Virginia 15,950 15,975 NA 2,143
Wyoming 11,397 2,953 26% 103,855
U.s. 601,520 463,854 T7% 2.684,687

Combined Source: Petroleum Independent, September 1992, attributes the individual column sources to:
2 World 0il.
® Energy Information Administration.
© Interstate Oil and Gas Compact Commission and National Stripper Well Association.
*Petroleum Independent warns “Inumber of producing stripper wells}-data cannot be compared to “Producing Oil Wells”
table due to different sources and technology.” .

NA Unable to calculate.
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Table A-2. 1990 Oil Production from Stripper Wells by State (continued)

Amount of Crude Oil
" Produced from . Percentage of
Stripper Wells Crude Oil
(thousands of Produced from
barrels)© Stripper Wells

1,486 L 8%
0 ] 0%

26 21%
5,693 55%

36,405 10%
5,698 1%%
0 0%
18,520 93%

3,002 NA*
40,873 74%
4,338 80%
7,154 2%

4,599 23%
802 3%
120 82%

2,449 12%

2,011 34%
0 0%
14,296 21%
383 92%

2,053 6%
7,271 73%
78,599 70%
2,622 99%

64 4%

419 83%
135,850 19%
1,035 4%

12 80%
2,122 99%
5,297 5%

389,197 14%




Strippers?
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3 Strippers are defined as those producing 10 barrels
a day or less.

Source: Interstate Oil and Gas Compact Commission and
National Stripper Well Association.

Figure A-9. 1990 U.S. oil production.
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Figure A-10. States with the largest number of producing oil wells in 1990.
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Figure A-11. Oil production in 1990 from the top producing states.
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APPENDIX B

SUBJECTS OF STATE H,S REGULATIONS AND GUIDELINES







Table B-1. Subjects of State H,S Regulations and Guidelines

Regulations and Guidelines Oklahoma Texas Michigan California*

Characteristics and Effects of HS NA @ ® ®
(including emergency rescue, resuscitators,
effects on metal and artificial respiration)

Initial Testing ® NA J [ ]
Periodic Gas Analyses _ @ NA NA NA
Nuisance Odors . ® NA NJ NA
Guidelines for Safe Drilling Operations )
‘A Location Requirements o e ‘ ) : T
B. Drilling Equipment ® ) ® , 2

(Including blowout preventer, controls,
piping and accessories, etc.)

C. Moniwring Equipment L ' ® . ®
(including alarm systems and gas
detection equipment) ) )

D. Personal Protective Equipment 'y ® ] )

(including all personnel, breathing
apparatus, equipment specs., etc.)

E. Employee Physical Requirements NA L NA NA
F. Training Requirements o ® L Na
G. Drills and Orientations @ L ® ®
H. Maintenance of Equipment ® . L ° ®
I. Warning Systems e L] o ®
d. Evacuation v ® ® ° L
Guidelines for Safe Production Operations
A. Applicability NA B L NA
B. General Provisions NA [ L NA
1. Concentration Determination L o L NA
2. Radius of Evacuation (ROE) ® ® ® °
3. Escape Rate Volume Determinators ® o ] NA
4. Storage Tank Provisions ® L ] NA
5. ...ppm ROE in excess of . .. feet e @ L) D
6. Implementation L ® L NA
7. Control and Safety Equipment L o ) :
8. Conringency Plan o ] ® L ]
9. Training ® ] ° NA
10. Injection Provision ® o ] NA
11. Certificate of Compliance Provision L ] ® - h ® NA
12. - Accident Notification ‘ ® ® L ®

NA Not available in reviewed literature. o
¢  The subject was identified under the State’s H,S regulations or guidelines.
-A  Rule 36 references API RP19. o e T
NJ Not under Congressional jurisdiction. - -
MMIOSH ' Required by Michigan OSHA. T .
“CA grants the supervisor of the Oil and Gas Division discretionary authofity to concrol H,S releases.
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APPENDIX C

ATMOSPHERIC DISPERSION CALCULATIONS
FOR H,S RELEASES
FROM OIL AND GAS EXTRACTION FACILITIES

INTRODUCTION

The purpose of this appendix is to provide supporting details for the analyses of
atmospheric dispersion of H,S conducted for this report. In Chapter III, computer models
were used, together with information on published studies of sour gas releases, to examine
the range of predictions of the distances of concern -for scenarios of H,S releases from
wellheads or pipelines. The inputs to the analyses are reviewed, and the outputs of three
sample calculations for two of the scenarios are described. Outputs for a horizontal wellhead
release are described for calculations using the SLAB and SAPLUME models. The output
for a vertical wellhead release using the DEGADIS model is also described.

SUMMARY INPUT AND OUTPUT DATA

- Summary data for the wellhead blowout and pipe rupture scenarios are presented in
Tables C-1 and C-2, respectively. As described in Chapter III, analyses for wellhead

blowouts were conducted using the SLAB, DEGADIS, and SAPLUME models. Analyses of

the pipe rupture scenarios were conducted using the SACRUNCH and SAPLUME models.

The wellhead blowout scenarios in Chapter I result from various assumed flow rates
as presented again in Table C-1. The following discussion presents some justification for the
choice of these flow rates. Flow rates are functions of such factors as rock permeabilities,
gas properties, depth, and tube and casing diameters. In practice, there are large variabilities
in these parameters. One measure of the potential rate of flow from a well is the Calculated
Absolute Open Flow Rate (CAOF), which is the rate of flow of gas into the well bore when
the pressure is atmospheric. A sample of 15 wells in western Wyoming had CAOFs with a
geometrical mean of 4.7x10° standard cubic feet per day (scf/d) or 1.3x10° cubic meters per
day (m*/d) (Layton et al., 1983). The 95 percent confidence interval spanned the range from
2.1x10° scf/d (5.9x10° m*/d) to 10° scf/d (2.8x10° m?/d). Alp et al. (1990) considered
CAOFs of between 5x10* and 5x10° m*/d as representative of wells in Alberta and chose 10°
m?/d as representative for the purposes of risk analysis. The Quest report (1992) considered
CAQFs in the range 2.2x10° to 7.3x10° m®/d for a system of wells in southwestern
Wyoming. The actual flow rates out of a ruptured well will be less than the CAOF because
of frictional effects in the pipework. By contrast, the Quest report and Layton et al. use the
. CAOF as a conservative estimate of flow rate. Based on the above discussions, a flow rate
of 2x107 scf/d was chosen for representative calculations, with a flow rate of 10® scf/d being
taken as an example of a very high flow rate.




TABLE C-1

SUMMARY OF INPUT AND OUTPUT DATA
WELLHEAD BLOWOUT SCENARIOS

SCENARIO* A B C D D(E)*
INPUTS '
Flow rate (m’/d) ) 6x10° 6x10° 6x10° 6x10° 3x10¢
Vol. % H;$ 7.5 27 15 30 30
Density® @ 0°C (kg/m®) 0.862 1.293 1.038 1.128 1.128
Release temperature (°C) 0 0 0 0 0
Total release rate (kg/s) ) Lo . 5.99 8.98 7121 7.83 392
Release rate of H,S (kg/s) 079 2.85 1.58 3.17 15.8
Ambieat temperature °C) 5 5 5 5 5
Relative humidity (%) 75 75 75 75 75
Atmospheric stability category F F F F F
Windspeed (m/s) ‘ 1.5 1.5 1.5 1.5 1.5
Surface roughness length (m) 0.1 0.1 0.1 0.1 0.1
Effective area of release (m,) 0.02 0.02 0.02 0.02 0.1
OUTPUTS: HORIZONTAL RELEASE
SLAB:
Distance to:
LCy(m) 700 2,800 1,500 2,900 7,000
ERPG-2(m) 2,800 7,000 4,700 7,000 >10,000
SAPLUME: ' '
Distance to:
LCy, (m) 1,000 2,700 1,500 3,000 > 10,000
ERPG-2(m) 3,100 10,000 5,700 10,000 >10,000
OUTPUTS: VERTICAL RELEASE ‘
SLAB:
Distance to:
LC,(m) 0 0 0 0 0
ERPG-2(m) 0 0 0 0
DEGADIS:
Distance to:
LC,,(m) 0 0 0 0 0
ERPG-2(m) 0 (1] 0 0 0
SAPLUME:
Distance to:
LG, (m) 0 0 0 0
ERPG-2(m) ' 0 0 0

0

* Scenarics from Table Iil-7.
* For comparison, density of air @ 0°C=1.293 kg/m’.
* E=Extreme Case,




TABLE C-2

PIPE RUPTURE SCENARIOS
INPUTS AND OUTPUTS (SADENZ MODEL)

Composition A*, rupture
of 4" diameter pipeline®

Composition D*, rupture
of 16" diameter pipeline®

Parameters/Scenario
INPUTS
Total mass released (kg)* 640 31,000
Total mass of H,S (kg) ’ 84 12,500
Duration of release (s)* 16 310
Density @ 0°C (kg/m®) 0.862 1.128
Release temperature (°C) 0 @2°P 0 (@32°F
Ambient temperature (°C) 5 (41°F) 5 (41°F)
Relative humidity (%) 75 75
Atmospheric stability category F F
Windspeed (m/s) 1.5 1.5
Surface roughness length(m) 0.1 0.1
QUTPUTS
Distance to:
LCy; (m) | 600 ) 4,300
ERPG-2 (m) 750 5,600

* Composition from Table II-5.

® Spacing between emergency shutdown valves is 1,000 m.
¢ Spacing between emergency shutdown valves is 3,000 m.
¢ From Figure II1-22.




Table C-1 also presents values for the effective area of release. These values are
derived by dividing the volumetric release rate by the velocity of release and were not the
bases for the release scenarios. As stated in Chapter III, the velocity of release was assumed
to be "choked," or limited, to sonic velocity (approximately 330 m/s) as a result of the high
initial gas pressure.

The temperature of the gas in a well prior to expansion to atmospheric pressure
through a rupture depends on the depth of the gas reservoir. The amount of cooling that
results from expansion to atmospheric pressure as a result of release depends on the initial
pressure and the composition. Alp et al. (1990) assume a representative release temperature
of 15°C (288 K) at atmospheric pressure. In the Quest report, the authors assume a reservoir
temperature of 60°C and calculate expansion temperatures of between -9°C and 3°C. The .
calculated results of wellhead blowout and pipeline rupture scenarios in this study are based
on a representative release temperature of 0°C. This temperature is below the assumed
ambient temperature of 5°C.

Atmospheric conditions characterized by low turbulence and low wind speed provide
for decreased dilution of a released chemical with the surrounding air. Thus, these
conditions are directionally conservative in terms of potential exposure to accidental releases.
Atmospheric thermal stability, impacted by the difference between surface and air
temperatures, is often described by Pasquill atmospheric stability categories. These categories
range from high turbulence (A) through low turbulence (F). The "F" category is typical of
still, nighttime conditions (AIChE, 1989). This category was chosen for the calculations
conducted to conservatively evaluate the wellhead blowout and pipeline rupture scenarios.

* Wind speeds of less than 2 m/s are considered low and create little turbulence. The
calculations used in this study’s analyses assume a wind speed of 1.5 m/s to conservatively
simulate nonturbulent conditions. Actual conditions of A - D stability and higher wind
speeds will cause more rapid dilution of an accidental release and will result in a decreased
affected distance. The assumption that conditions of low wind speed and stable atmospheric
conditions exist uniformly for extended distances also provides conservatism to the analyses.

Terrain is another factor that may influence atmospheric dispersion of a release. The
surface roughness length is a measure of the "roughness” of the terrain. Roughness is a
function of the type of terrain and the presence of such features as trees and buildings. The
models in this study assume that the study of the behavior of dense gas flow around obstacles
and through rough terrain is controversial and is an area where further research is needed.
Rough terrain will cause more turbulence to atmospheric flows above it than smooth terrain.
The value of surface roughness length, 0.1 m, used in the calculated dispersion predictions,
is considered to be an intermediate roughness length and typical of highly vegetated rural
terrain. It should be noted that lower, more conservative values would be more appropriate
in flat, barren terrain.




SAMPLE SLAB CALCULATIONS

SLAB Input

The following illustrates how the input is prepared for SLAB, using composition D
from Table III-5 as an example. The SLAB input is displayed on Table C-3. The SLAB
users’ manual provides further guidance (Ermak, 1989).

Line 1: IDSPL is the spill source type. For an evaporating pool, IDSPL =1. For a
horizontal jet release IDSPL=2. For a vertical jet release IDSPL=3. For a puff,
IDSPL = 4. For the present example, the release is assumed to be hodzonta!, IDSPL=2.

Line 2: NCALC isa numeﬁca;l substéb pammeter. The code de\)éloper recommends using'
NCALC=1. However, NCALC can be increased if numerical stability problems are
encountered.

. Line 3: WMS is the molecular weight of the wellhead gas in kg/gmole. From Table II-6,
it is 0.0252 kg/gmol (from 25.2 g/gmol). Note, however, that the value given in Table C-3
is 0.0289 kg/gmol, for the following reason. Initially, the dilution of the plume is dominated
by entrainment caused by its high momentum (its initial velocity equals that of sound).
There is considerable dilution in this early phase and, by the time it is over, the density of
the plume is only slightly less than that of the surrounding atmosphere. Work on marginally
buoyant plumes shows that they are not likely to lift off the ground (Briggs, 1973).
However, SLAB runs with WMS = 0.0252 kg/gmol show predicted plume rise that
continues to a height of over 100 m. This is regarded as physically unrealistic and the
computer model is "fooled" into ignoring plume rise by setting WMS equal to the effective
molecular weight of air which is 28.9 g/gmol (0.0 289 kg/gmol). As noted above, this is
thought to be physically realistic. The results predicted in this way will be conservative if
plume rise does in fact take place.

Line 4: CPS is the vapor heat capacity at constant pressure. Similar to the above molecular
weight calculation, the gas mixture vapor heat capacity is calculated by summing the product
of the constituents’ mole percent and vapor heat capacity. For composition D it is
approximately 1,500 J/kg/K.

Line 5: TBP is the boiling point of the released material. For a pure vapor release, SLAB
does not in fact use this quantity, which has been arbitrarily set equal to the boiling point of
methane, 111.5K.

Line 6: CMEDO is the liquid mass fraction in the initial release and is set to zero because
the release is pure vapor.

Lines 7. 8: DHE=509,880 (J/kg) and CPSL=3,349 (J/kg/K) are the heat of vaporization
and the liquid specific heat for methane. Their values are taken from Table 2 of the SLAB




Users’ Guide. When the released material is pure vapor, as it is in the present case, and the
temperature of the cloud does not drop below the boiling point, these values are adequate
because the liquid properties will not be used in the SLAB calculation. However, a value for
all SLAB input properties must be specified whether they are used or not.

Line 9: RHOSL is the liquid density of the released material. This is another quantity that
is not used in the calculations. It has been set equal to the density of water (1,000 kg/m?).

Lines 10.11: SPB and SPC are parameters that go into the saturated vapor pressure formula:
P, = P,*exp[SPA - SPB/(T + SPC)],

where P, is the saturated vapor pressure, P, is the ambient pressure (1.01x10° N/m?), SPA is
defined in the code and T is the local cloud temperature. Table 2 of the SLAB Users’ Guide
contains some values of SPB and SPC, but not for the mixture modeled here. When these
values are unknown, the Users’ Guide recommends default values of SPB = -1 and

SPC = 0. The code then uses the Clapeyron equation to define the value of SPB. When the
released material is pure vapor, as it is in the present case, and the temperature of the cloud
does not drop below the boiling point, this default is adequate because the saturation pressure
will not be used in the SLAB calculation. However, a value for all SLAB input properties
must be specified whether they are used or not.

Lines 12-17: These lines specify the spill parameters. TS is the temperature of the released
material, taken to be 273K. QS is the rate of release, estimated at 20 million scfd (7.69
kg/s). AS is the effective area of the release, 1.93x10 m?, obtained by dividing the
volumetric flow rate by the speed of sound (340 m/s). TSD is the duration of the release,
3,600.s, the assumed duration of release for a wellhead blowout. QTIS is zero except when
modeling an instantaneous puff release. Finally, HS is the height of the release, arbitrarily
taken to be 5 m (close to the ground).

Line 18: TAV is the concentration averaging time. This is set equal to 3,600 to be
consistent with the exposure time of concern.

Line 19: XFFM is the maximum downwind extent of the calculation. A value of 10 km is
used in order to obtain cloud concentration results at large distances away from the release.
It is set to 2x10* m, which should be enough to ensure that any results of interest lie within

this distance.

Lines 20-23: ZP(Y) allows the user to specify up to four heights at which the concentration is
calculated as a function of downwind distance. ZP(1) is set to 1.6 m (approximate head
elevation above grade). The remaining ZP(I)s are zero, which means that SLAB only
considers the first height.

Lines 24-29: These lines specify the meteorological conditions. ZO is the surface roughness
length, which is set to 0.1 m, depicting a relatively smooth surface. ZA is the height at
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which the windspeed is measured (10 m). UA is the windspeed at height ZA (1.5 m/s). TA
is the ambient temperature (273K). RH is the relative humidity (75 %, chosen as being
typical of Category F weather conditions). Finally, STAB is the stability class (F=stable).
The weather conditions (Category F with a low windspeed of 1.5 m/s) have been chosen to
simulate unfavorable (close to worst case) conditions.

Line 30: TER is the end of file designator. TER < O terminates the run.

SLAB Output
A partial SLAB output corresponding to the inputs of Table C-3 is given in Table

C-4. The interpretation-is as follows: The first column gives the downwind distance, x.. .. .. . .

The second column gives the time at which the maximum concentration arrives at x and the
third gives the duration of cloud passage. As can be seen, the duration of passage remains
equal to the duration of release until the cloud has traveled several kilometers downwind.
The fourth column gives the approximate half-width of the plume, bbc. The remaining six
columns give the average concentration (volume fraction) at a height of 1.6 m (as chosen in
the SLAB input) for six off-axis distances that are multiples of bbc, 0.5, 1.0, 1.5, etc. The
predicted concentrations are zero close in because the plume was arbitrarily released at a
height of 5 m. As the plume broadens, the concentrations at height 5 m rise above zero to a
maximum at about 25 m to 30 m downwind and then begin to decline as the plume dilutes

further.

The effective ERPG-2 is 100 ppm and the effective LC,, is about 4.7 x 10° ppb.
These number values are derived as follows: the ERPG-2 for pure H,S for an exposure time
of 1 hour is 3 x 10* ppb. The volume concentration of H,S in composition D is 30 percent
(see Table III-5). Therefore, the overall concentration of the total released material when the
H,S in it is at 3 x 10* ppb is 30/0.3 = 1 x 10° ppb. Similarly, the LC,, for pure H,S is
1.4 x 10° ppb for an exposure time of 1 hour (see Chapter IIT). Therefore, the effective LC,,
for the plume is 140/0.3 = 4.7 x 10° ppb. As explained in Chapter III, the ERPG-2 is
regarded as a threshold at which emergency response might be necessary and the LC, is an
approximate threshold for the occurrence of fatalities among the affected population.
Reading down the column headed "y/bbc=0," the concentrations first fall below 4.7 x 10°
ppb (= a volume fraction of 4.7x10*) at a distance of about 3 km and below 1 x 10° ppb (=
a volume fraction of 1.0x10%) at a distance of about 7 km.

SAMPLE DEGADIS CALCULATIONS

DEGADIS Input

Table C-5 displays the DEGADIS input for the same case as was prepared for SLAB
in Table C-3 except that DEGADIS can only simulate a vertical jet release. The chosen
values for most of the parameters have already been explained in the section on SLAB.
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Lines 1-4 allow the user to input up to four lines of title.

Line § requires the windspeed (1.5 m/s) and the hexght at which the windspeed is measured
(10 m).

Line 6 gives the surface roughness length (0.1 m).

Line 7 requires the parameter INDVEL, the atmospheric stability category (F=6) and the ’
Monin-Obukhov length RML. For INDVEL=1 (the present case) the model calculates RML
from the stability category and the surface roughness length, so the user does not need to
specify a value for RML.

Line 8 requires the ambient temperature (273K), the amblent pressure (1 atmosphere) and the
relative humidity (75 %).

Line 9 gives the surface temperature, which is here set equal to the ambient temperature
(273K).

Line 10 is a name for the released gas, in this case CPD for ComPosition D.

Line 11 is the molecular weight, 25.2.

Line 12 is the averaging time, taken to be equal to the duration of release, 3,600 s. It is
used to calculate the increase in the effective width of the plume as a function of exposure

time.
Line 13 is the temperature of the released gas, 273K.

Line 14 contains the upper level of concern (470 ppm, expressed as a volume fraction), the
lower level of concern (100 ppm) and the height at which the concentrations are calculated

(1.6 m).

Line 15 contains first a variable INDHT =0, meaning that heat transfer from the ground is
not included, which does not matter here because the plume, air, and ground all have the
same temperature. The second entry is the specific heat of the released gas at constant
pressure (1,500 J/kg/K). The third entry, CPP=0, indicates that an approximation was made
in which the specific heat does not vary with temperature.

Line 16 is a parameter "NDEN" that is used to specify the density profile of the released
material. For NDEN=0, the release is assumed to be an ideal gas with specific heat at
constant pressure 1500J/kg/K. Water condensation effects are taken into account.

Line 17 is the mass rate of release, 7.69 kg/s.

C-8




Table C-3. SLAB Input - Horizonal Wellhead Release

Value Parameter Line No.
2 (horizontal), 3 (vertical) IDSPL !
1 NCALC 2
0.0289 WMS 3
1500. . CPS 4
111.50 TBP 5
00 CMEDO 6
509,880. DHE 7
3,349, ' CPSL 8
1,000. RHOSL 9
-1.0 - : : SPB 10
0.0 ‘ SPC 11
273. TS 12
7.69 Qs 13
1.93x1072 AS 14
3,600. TSD 15
0. QTIS 16
5. HS 17
3,600. TAV 18
20,000. XFFM 19
1.6 ZP(1) 20
0. ZP(2) 21
0. ZP(3) 2
0. ZP(4) 23
0.1 Z0 24
10. . ZA 25
1.5 UA 26
273. S TA 27
75 - | RH 28
F . ' STAB 29
-1 TER 30
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Table C-5. Input for DEGADIS Simulation of a Vertical Wellhead Release

Yalue Line Number
Release from a 1
Well Head: 2
Verticle Jet Simulation . 3
4
L5 10. ) 5
0.1 6
1 6 0. 7 .
273. L 75. 8
273. 9
CPD 10
252 , 11
3,600. ' | 12
273. ‘ 13
4.7x10* 1.0x10* 1.6 14
0 1,500. 0.0 15
0 . 16
7.69 17
5.0 0.0192 18
3,600. 19
50. 20

) | A _ | | __—C'-lz B




Line 18 contains the height of release (5 m) and the effective diameter (0.0192 m)

Line 19 is the duration of release, 3,600 s.

Line 20 is the distance between points at which DEGADIS calculates the output.

DEGADIS Qutput

A partial DEGADIS output is given in Table C-6. The first column gives the
distance downwind and the second gives the elevation. As can be seen, the plume rises
substantially because of its initial momentum. The third column gives the concentration of
the released gas as a mole fraction, the fourth column gives the concentration in kg/m® and
the fifth column gives the density in kg/m®. As can be seen, the density rapidly approaches
that of the surrounding air, 1.29 kg/m®. The fifth column gives the temperature of the
plume, which remains constant at 273K because the released plume and the air both have that
temperature. The sixth column gives the plume horizontal standard deviation, o y, and the
seventh column gives the vertical standard deviation, ¢ z (the concentration across the plume
is approximated by a Gaussian distribution in DEGADIS). As can be seen, at a height of-
1.60 m, the predicted width of the plume (the distance across the wind to the upper or lower
Levels of Concern, LC,, and ERPG-2) is zero so that LOCs are not predicted to be seen at
ground level. This is a typical result for vertical jets of sour gas in stable weather
conditions, whether DEGADIS, SLAB, or SAPLUME is used.

SAMPLE SAPLUME CALCULATIONS

SAPLUME Input

Table C-7 contains the input for the model SAPLUME corresponding to Table C-3,
which contains the SLAB input for a horizontal release with composition D. The first few
lines of input begin with four asterisks and are title cards, followed by a blank which tells

the code that the titles have ended. Each subsequent line or group of lines begins with a
keyword, followed by numbers in exponential- notation to three significant figures.

"SITE" tells SAPLUME that there is a site with one radius and one sector (this is the
default when the model is not considering a real site). The following line gives the one
radius, arbitrarily set at 10,000 m, with one person arbitrarily set at that point (in the mode
of operation chosen for the current problem, the model ignores these numbers).

"WEATHER" specifies that one weather condition only, category F, is being
considered (because the 1.000 that follows WEATHER begins at space 61. For E the space
would be 51, for D, 41 and so forth. The model can consider all six weather categories at
once with up to four velocity subdivisions in each.) In this case, there is one velocity
subdivision, specified as 1.5 m/s (first line after weather), and the probability that the wind
blows into the one sector is unity (second line after weather).
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The entries on the "PROPERTIES" line are as follows: the ambient temperature is
273K at which temperature the density of air is 1.29 kg/m® and its specific heat at constant
pressure is 990 J/kg/K. At a temperature of 273K, the density of the released gas is 1.141
kg/m® and the specific heat at constant pressure is 1,500 J/kg/K.

The entries on the "SOURCE" line are as follows: the rate of release is 7.69 kg/m?® at
a temperature of 273K. The amount of air initially entrained with the source is zero. The
angle of release is zero radians (horizontal). The height of release is 5 m. The initial
momentum flux is 2,540 kg m s? and is the product of the rate of release and the exit
velocity (the speed of sound is approximately 330 m/s).

The "INTERVAL" line specifies that SAPLUME calculations start at a.downwind
distance x of 0.1 m and that calculations are performed at a uniform spacing of 0.15 in

log;o(x).

On the "ROUG" line, the surface roughness length is 0.1 m and the windspeed is
measured at a height of 10 m.

The "HAZARD" line specifies two levels of concern. As explained above in the
discussion of the SLAB results, these are the LC,, of 470 ppm (approximately 5.32x10*
kg/m®) and the ERPG-2 of 100 ppm (1.141x10* kg/m?).

"VGRAD" informs SAPLUME that it should consider the velocity gradient and the
temperature gradient in the atmosphere. SAPLUME uses standard textbook formulae for
these gradients. If the first entry after VGRAD were zero, velocity would be constant as a
function of height. Similarly, if the second entry after VGRAD were zero, the temperature
of the atmosphere would remain constant as height increases.

A value of 3 after "NEUT" specifies one of three parametrizations for the standard
deviations in the Gaussian model once the released material has evolved out of the jet phase.
NEUT =3 corresponds to a parameterization that is appropriate for a rural site.

"DUR" specifies that the duration of release is one hour.

Finally, the repetition of "END" terminates the run of SAPLUME.

SAPLUME Output

A partial SAPLUME output corresponding to the input in Table C-7 is given in Table
C-8. This table indicates that, for hazard level 1 (i.e., the LCy of 470 ppm discussed above)
the plume touches down at a downwind distance of approximately 63 m and extends to about
3 km, covering an area of about 10° m? (one tenth of a square kilometer). The table of pairs
of values of downwind distance, x, and width can be coupled to a plotting routine to give
contours of constant concentration. Similarly, hazard level 2 (the ERPG-2 of 100 ppm)




Table C-7. Input for SAPLUME Runs
—

wses EPA Hydrogen Suifide Runs

eoes Japuary 1993

senn No Protective Measures

scee Composition D - 30% H,S at Wellhead ’
eass . 2z107 SCFD:

e ’ Horizontal Release

ceee H,S Release Rate - 3.073 kg/s

sees . * Total Mixmre Release Rate - 7.69 kg/s Se T e e
sens Hazard Level - ERPG-2 (100 ppm)-a.nd

ases - LCy; (470 ppm) Both Adjusted for Stream Composition

asss Category F Weather, Windspeed 1.5 m/s

SITE 1.000 1000

1.000z10*

1.000

WEATHER 1.000

1.500 ‘

2.500z10°!

PROP 2.730x10° 1290 9.900x10% 2.730x10° 1.141  1.500x10°
SOURCE 7.690 2730x10° 0.000 0000  5.000  2.540x10°
INTERVAL 1.000x10! 1.5000x10°!

ROUG 1.0000x10™ 1.000x10"

HAZARD 2.000

5320x107% L.141x10°*

VGRAD 1.000  1.000

NEUT 3.000

DUR 1.000

END

END
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extends from about 60 m to about 12 km downwind, covering an area of approximately
10° m?,

The above results are close to those predicted by SLAB. The higher result is about
50% larger than that predicted by SLAB. However, the difference is within the range of
uncertainties expected for these dispersion models. As noted above, the neglect of dry
deposition means that the predictions are likely to be conservative.
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1. Introduction

This paper documents impacts on human health caused by exposure to hydrogen sulfide
(H2S) associated with oil and natural gas development. I begin with a brief background on
hydrogen sulfide, its presence in oil and natural gas, and possible emission sources from various
oil and gas operations. I then present a review of literature' from available public health,
epidemiology, and industrial health publications, as well as of sources from regulatory and
environmental agencies, that addresses human health impacts from exposure to H,S. The
Literature Review section first covers studies of health effects from acute exposure to relatively
high concentrations of H»S. I then review the literature documenting human health effects from
chronic exposure to lower ambient H,S levels. Both kinds of exposure — acute and chronic — can
be expected to occur near oil and gas operations. From the available sources, I construct a table
of human health effects associated with different levels of hydrogen sulfide and different lengths
of exposure. Reviewing studies on the effects of H,S exposure on laboratory animals is beyond
the scope of this study.

Next, | present current federal and state regulations and recommendations pertaining to
exposure to hydrogen sulfide. Many recommendations established to protect human health are
based on crude exposure estimates or on extrapolation from animal studies. The federal
government does not regulate ambient H,S levels, but many states do. Three states conduct
routine monitoring of ambient H,S levels, and several others have monitored H,S as part of
specific projects. I present the available monitoring data, as well as anecdotal evidence about
H,S emissions and human health concerns that I obtained from conversations with staff at state

environmental agencies.

"I searched on-line catalogs including Web of Science and Environmental Sciences and Pollution Management, and
tracked down relevant references listed within each article.



The final component of my research consists of informal interviews with people living
near oil and gas operations who have been, or believe they have been, exposed to hydrogen
sulfide and believe they are experiencing adverse heath effects due to exposure. Enough
evidence emerges from literature searches and reviews, environmental health professionals,
available monitoring data, and personal stories to warrant more research. Although the evidence
is patchy, the potential for health risks is real and the stakes are high. More monitoring and

regulation are required to adequately protect human health.

2. Hydrogen Sulfide in the Environment

Approximately 90 percent of the sources that emit hydrogen sulfide into the air are
natural.”  Hydrogen sulfide is released into the air as a product of the decomposition of dead
plant and animal material,’ especially when this occurs in wet conditions with limited oxygen,
such as in swamps. Hot springs, volcanoes, and other geothermal sources also emit H;S.

Anthropogenic releases of H,S into the air result from industrial processes, primarily
from the extraction and refining of oil and natural gas and from paper and pulp manufacturing,’
but the gas is also present at sewage treatment plants, manure-handling plants, tanneries, and

coke oven plants.’

> EPA, “Report to Congress on Hydrogen Sulfide Air Emissions Associated with the Extraction of Oil and Natural
Gas.” EPA-453/R-93-045, October 1993. ” p.II1-4.

? Decomposition of dead organic matter (DOM) by fungi, actinomycetes, and bacteria releases hydrogen sulfide
from sulfur-containing proteins and from the direct reduction of sulfate (SO4+).

* New York State Department of Health: available at http://www.health.state.ny.us/nysdoh/environ/btsa/sulfide.htm
> “Public Health Statement for Hydrogen Sulfide,” Agency for Toxic Substances and Disease, September 2004.
Available at http://www.atsdr.cdc.gov/toxprofiles/tpl 14-c1.pdf



3. Hydrogen Sulfide and Oil and Gas

Hydrogen sulfide is a naturally occurring component of crude oil and natural gas.
Petroleum oil and natural gas are the products of thermal conversion of decayed organic matter
(called kerogen) that is trapped in sedimentary rocks. High-sulfur kerogens release hydrogen
sulfide during decomposition, and this H,S stays trapped in the oil and gas deposits.°

Methane (CH4) is the predominant component of natural gas, comprising 70 to 90
percent, while other gaseous hydrocarbons, butane (C4H¢), propane (C3;Hg), and ethane (C,Hp),
account for up to 20 percent. Contaminants present in natural gas, which have to be removed at
natural gas processing facilities, include water vapor, sand, oxygen, carbon dioxide, nitrogen,
rare gases such as helium and neon, and hydrogen sulfide.” In fact, hydrogen sulfide is the
predominant impurity in natural gas.® The Environmental Protection Agency (EPA) classifies
natural gas as sour when H,S is present “in amounts greater than 5.7 milligrams per normal
cubic meters (mg/Nm”) (0.25 grains per 100 standard cubic feet).”

Sour gas is routinely ‘sweetened’ at processing facilities called desulfurization plants.
Ninety five percent of the gas sweetening process involves removing the H,S by absorption in an

amine solution, while other methods include carbonate processes, solid bed absorbents, and

physical absorption.'

% EPA “Report to Congress on Hydrogen Sulfide Emissions”, p.II-1.

" Oil and Gas at Your Door? A landowner’s guide to oil and gas development. OGAP 2005. p.I-2.

¥ EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.II-i.

’Environmental Protection Agency, AP 42, Fifth Edition, Volume I, Chapter 5: The Petroleum Industry, available at
http://www.epa.gov/ttn/chief/ap42/ch05/final/c05s03.pdf

' EPA, “Petroleum Industry.” P.5.3-1. For details on these and other technologies for ‘sweetening’ sour gas, see
“Crystasulf Process for Desulfurizing Ultra-deep Natural Gas Near the Wellhead,” presented at Natural Gas
Technologies 1l Conference and Exhibition, February 2004. Phoenix, AZ. Ref. No. T04135. pp.5-9.



Between 15 to 25 percent of natural gas in the U.S. may contain hydrogen sulfide,'’ while
worldwide, the figure could be as high as 30 percent. The exact number of sour wells in the
United States is not known, though natural gas deposits in Arkansas, southeastern New Mexico,
western Texas, and north-central Wyoming have been identified as sour.'” Hydrogen sulfide
occurs naturally in the geologic formations in the Rockies, the Midcontinent, Permian Basin, and
Michigan and Illinois Basins."> As more natural gas development occurs in these areas, it is
likely that the number of sour wells will increase, because new drilling is increasingly focused on
deep gas formations that tend to be sour."* Although exact statistics on sour wells are not
available, the EPA concedes that “the potential for routine H,S emissions [at oil and gas wells] is
significant.”"

The most comprehensive source on the distribution of sour gas is a report prepared by
consultants for the Gas Technology Institute, formerly Gas Research Institute, a research,
development, and training organization that serves the natural gas industry.'® This report states

that “Regions with the largest percentage of proven reserves with at least 4 ppm hydrogen sulfide

are Eastern Gulf of Mexico (89 percent), Overthrust (77 percent), and Permian Basin (46

" Dalrymple, D.A., Skinner, F.D. and Meserole, N.P. 1991. Investigation of U.S. Natural Gas Reserve
Demographics and Gas Treatment Processes. Topical Report, GRI-91/0019, Section 3.0, pp. 3-1 to 3-13. Gas
Research Institute. And_ Hugman, R.H., Springer, P.S. and Vidas, E.H. Chemical Composition of Discovered and
Undiscovered Natural Gas in the United States: 1993 update. Topical Report, GRI-93/0456. p. 1-3. Gas Research
Institute. As cited in McIntush, K.E., Dalrymple, D.A. and Rueter, C.O. 2001. “New process fills technology gap in
removing H2S from gas,” World Oil, July, 2001.

'2 EPA, “Report to Congress on Hydrogen Sulfide Emissions”. p. I-3.

" EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p. I-3.

' Quinlan, M., 1996. “Evaluation of selected emerging sulfur recovery technologies,” GRI Gas Tips, 3(1):26-35. In
Mclntush, K.E., Dalrymple, D.A. and Rueter, C.O. 2001. “New process fills technology gap in removing H2S from
gas,” World Oil, July, 2001.

> EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I1I-35.

'® Energy and Environmental Analysis, Inc. for Gas Research Institute, “Chemical Composition of Discovered and
Undiscovered Natural Gas in the Lower-48 United States,” GRI 90/0248. November 1990. (mailed to me by
librarian for Gas Technology Institute).



percent).”’” Figure 1 illustrates the major H,S prone areas in the United States and identifies the
basins.

Figure 1. Map of Major H,S-prone Areas in the Continental United States™
Big Hom/Wind River Basin Williston Basin

Wid-Gulf Coast Basin

4. Hydrogen Sulfide Emissions from Oil and Gas Facilities

There has been some investigation of hydrogen sulfide emissions associated with oil and
gas development.””  In the Literature Review section, I summarize several studies that
researched H,S emissions near oil and gas facilities. Several states’ environmental departments
have monitored H,S concentrations near oil and gas operations. My conversations with
personnel at these agencies confirm that there are H,S emissions associated with oil and gas
activities. I present the evidence from the state studies and my conversations with staff in the

State Regulations section. Finally, the interviews I conducted with people living near oil and gas

"7 Energy and Environmental Analysis, Inc. for Gas Research Institute. pp.2-3.

'® Energy and Environmental Analysis, Inc. for Gas Research Institute. p.1-13 and p.A-5.

' For example, Environmental Protection Agency, “Report to Congress on Hydrogen Sulfide Air Emissions
Associated with the Extraction of Oil and Natural Gas.” EPA-453/R-93-045, October 1993. and Tarver, Gary A.
and Purnendu K. Dasgupta. “Oil Field Hydrogen Sulfide in Texas: Emission Estimates and Fate.” Environmental
Science and Technology. 31: (12) 3669-3676. 1997.



sites attest to the presence of H,S in the ambient air. Detailed narratives of the interviews are in
Appendix D.

Oil and gas operations may emit hydrogen sulfide, routinely or accidentally, during the
extraction, storage, transport, or processing stage.”’ During of extraction, hydrogen sulfide may
be released into the atmosphere at wellheads, pumps, piping, separation devices, oil storage
tanks, water storage vessels, and during flaring operations.”> Flares burn gases that cannot be
sold as well as gases at points in the system where operating problems may occur, as a safety
measure. Because it cannot be sold, hydrogen sulfide is routinely flared. Sulfur dioxide (SO,) is
the product of combusting hydrogen sulfide, but in the event of incomplete combustion, H,S may
be emitted into the atmosphere.

Based on reviewing the available literature and the records of agencies to which
accidental releases of hydrogen sulfide might be reported,”* the EPA states that well blowouts,
line releases, extinguished flares, collection of sour gas in low-lying areas, line leakage, and
leakage from idle or abandoned wells are sources of documented accidental releases that have

3 Well blowouts are

impacted the public, not just workers at of oil and gas extraction sites.”
uncontrolled releases from wells, and can occur during drilling, servicing, or production, as a

result of a failed ‘blowout preventer’ during drilling or a failed subsurface safety valve during

20 schlumberger Qilfield Glossary, available at http://www.glossary.oilfield.slb.com/default.cfm

2 EPA “Report on Hydrogen Sulfide Air Emissions,” P.II-6. See Section II, pp.3 to 10 for details. A wellhead is
the first piece of equipment where the oil leaves the ground. Pumps that extract the oil may leak at the seals. Piping
connects the various machinery and storage units at an oil pad. Separation devices separate oil from gas and water,
and pipes take the gas to a dehydrator, while other pipes direct water and oil to a heater-treater where the two are
separated. The oil is then piped into an oil storage tank, and the water is piped into a produced water storage tank.
Wellheads, pipes, and separation devices may leak hydrogen sulfide because of corrosion and embrittlement caused
by the reaction of water with metal and H,S, or due to poor maintenance and poor materials. The heater-treaters may
release hydrogen sulfide due to high pressures or pressure changes above design specifications. Oil storage tanks
may release hydrogen sulfide as a result of day-night temperature changes, volatilization, and filling operations.
Produced water storage vessels may contain hydrogen sulfide dissolved in water that is brought up from the
reservoir, or it may be produced by sulfate-reducing bacteria found in water and oil.

22 State agencies, emergency response organizations, industry officials. EPA, “Report to Congress on Hydrogen
Sulfide Emissions,” p.I11-36.

3 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.III-38.



production.”* The release from a well blowout can last for an indefinite period.”” After all
economically recoverable oil and gas has been removed, the well needs to be plugged, or sealed.
If a well is improperly sealed, hydrogen sulfide may routinely seep into the atmosphere. One
study, discussed below, documented precisely this type of hydrogen sulfide emissions in
Whaler’s Cove, a community in Long Beach, California, where a townhouse development was
built on a 1940s oil field. Additionally, hydrogen sulfide may be routinely or accidentally
released into the atmosphere at oil refineries and natural gas processing facilities, including
desulfurization plants.

Hydrogen sulfide emissions from oil and gas development may pose a significant human
health risk, as the studies discussed below reveal. Workers in the oil and gas industry are trained
to recognize and respond to high-concentration accidental releases of H,S. The American
Petroleum Institute (API), an oil and gas industry technical organization, publishes
recommendations for practices that help prevent hazardous H,S concentrations from occurring in
the workplace.”® People living near oil and gas development sites may be chronically exposed to
much lower, but nonetheless dangerous ambient H,S levels, as well as to accidental high-
concentration releases. A 1993 EPA report on the emissions of hydrogen sulfide from oil and
gas extraction acknowledges that because of the proximity of oil and gas wells to areas where
people live, the affected population may be large.”’

Additionally, the “Public Health Statement for Hydrogen Sulfide,” a public health
advisory summarizing the longer H,S Toxicological Profile issued by the Centers for Disease

Control and Prevention’s Agency for Toxic Substances and Disease Registry (ATSDR),

* EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.III-45.

2 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I11-49.

26 API Recommended Practice (RP) 54, Recommended Practice for Occupational Safety for Oil and Gas Well
Drilling and Servicing Operations and API RP 49, Safe Drilling of Wells Containing Hydrogen Sulfide.

T EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.III-65.



acknowledges that “As a member of the general public, you might be exposed to higher-than-
normal levels of hydrogen sulfide if you live near a waste water treatment plant, a gas and oil
drilling operation, a farm with manure storage or livestock confinement facilities, or a landfill.
Exposure from these sources is mainly from breathing air that contains hydrogen sulfide.”™ The
ATSDR also reports that higher than normal ambient “levels [of hydrogen sulfide] (often
exceeding 90 ppb) have been detected in communities living near natural sources of hydrogen

sulfide or near industries releasing hydrogen sulfide.”*

5. Human Health Effects from Exposure to Hydrogen Sulfide

Human health effects of exposure to hydrogen sulfide, an irritant and an asphyxiant,
depend of the concentration of the gas and the length of exposure. Background ambient levels of
H,S in urban areas range from 0.11 to 0.33 ppb, while in undeveloped areas concentrations can
be as low as 0.02 to 0.07 ppb.*® A rotten egg odor characterizes H,S at low concentrations, and
some people can detect the gas by its odor at concentrations as low as 0.5 ppb.>' About half of
the population can smell H,S at concentrations as low as 8 ppb, and more than 90% can smell it
at levels of 50 ppb.*> Hydrogen sulfide, however, is odorless at concentrations above 150 ppb,

because it quickly impairs the olfactory senses.”> Prolonged exposure to concentrations below

2% «public Health Statement for Hydrogen Sulfide,” Agency for Toxic Substances and Disease, September 2004
Available at http://www.atsdr.cdc.gov/toxprofiles/tp114-c1.pdf

2 ATSRD, Ch2, p.1.

3% Agency for Toxic Substances and Disease Registry (ATSDR). 2004. Toxicological profile for hydrogen sulfide
(Draft for Public Comment). Atlanta, GA: U.S. Department of Health and Human Services, Public Health Service.
Chapter 2, p.1.

' New York State Department of Health: available at
http://www.health.state.ny.us/nysdoh/environ/btsa/sulfide.htm

32 Collins, P. and Lewis, L. 2000. Hydrogen Sulfide: Evaluation of Current California Air Quality Standard with
Respect to Protection of Children. Prepared for California Air Resources Board and California Office of
Environmental Health Hazard Assessment. In: Summary of the toxicity assessment of hydrogen sulfide conducted
by the Secretary’s Scientific Advisory Board on Toxic Air Pollutants. http://daq.state.nc.us/toxics/studies/H2S

3 Knight, Laura D., MD, and S. Erin Presnell, MD. 2005. “Death by Sewer Gas: Case Report of a Double Fatality
and Review of the Literature.” The American Journal of Forensic Medicine and Pathology. p.183.
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150 ppb can also cause olfactory fatigue.** This effect of disabling the sense of smell at levels
that pose serious health risks and possibly are life-threatening is one especially insidious aspect
of hydrogen sulfide exposure. Odor is not necessarily a reliable warning signal of the presence
of H»S.

Most effects to humans occur from inhalation, though exposure generally also affects the
eyes. Because most organ systems are susceptible to its effects, hydrogen sulfide is considered a
broad spectrum toxicant.>> The organs and tissues with exposed mucous membranes (eyes, nose)
and with high oxygen demand (lungs, brain) are the main targets of hydrogen sulfide.”®
Hydrogen sulfide acts similarly to hydrogen cyanide, interfering with cytochrome oxidase and
with aerobic metabolism.>’ Essentially, hydrogen sulfide blocks cellular respiration, resulting in
cellular anoxia, a state in which the cells do not receive oxygen and die. The human body
detoxifies hydrogen sulfide by oxidizing it into sulfate or thiosulfate by hemoglobin-bound
oxygen in the blood or by liver enzymes.38 Lethal toxicity occurs when H,S is present in
concentrations high enough to overwhelm the body’s detoxification capacity.*’

At levels up to 100 to 150 ppm, hydrogen sulfide is a tissue irritant, causing
keratoconjunctivitis (combined inflammation of the cornea and conjunctiva), respiratory
irritation with lacrimation (tears) and coughing.*® Skin irritation is also a common symptom.

Instantaneous loss of consciousness, rapid apnea (slowed or temporarily stopped breathing), and

* Glass, D.C. “A Review of the Health Effects of Hydrogen Sulphide Exposure.” Annals of Occupational Hygiene.
34:(3) p.323.

3 Legator, Marvin S., et al.. “Health Effects from Chronic Low-Level Exposure to Hydrogen Sulfide.” Archives of
Environmental Health. 56: (2) 123-131. March/April 2001. p.124.

3% Legator, Marvin S., et al.. p.124.

37 Knight, Laura D., MD, and S. Erin Presnell, MD. 2005. “Death by Sewer Gas: Case Report of a Double Fatality
and Review of the Literature.” The American Journal of Forensic Medicine and Pathology. p.183.

3¥ Knight, 2005. p.184.

39 Knight, 2005. p.184.

0 Knight, 2005. p.183.
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1 At these higher levels,

death may result from acute exposure to levels above 1,000 ppm.
hydrogen sulfide is an asphyxiant.

The non-lethal effects can be summarized as neurological — consisting of symptoms such
as dizziness, vertigo, agitation, confusion, headache, somnolence, tremulousness, nausea,
vomiting, convulsions, dilated pupils, and unconsciousness, and pulmonary — with symptoms
including cough, chest tightness, dyspnea (shortness of breath), cyanosis (turning blue from lack
of oxygen), hemoptysis (spitting or coughing up blood), pulmonary edema (fluid in the lungs),
and apnea with secondary cardiac effects.**

Table 1 lists the health effects associated with H,S exposures of varying durations. The
table reports health effects that toxicological and epidemiological studies have attributed to
specific concentrations (or a range of concentrations) of hydrogen sulfide. Table 1 also includes

health effects of exposure to known concentrations of H,S that were self-reported by participants

in the studies discussed below.

*I Knight, 2005. p.183.
2 Snyder, Jack W., MD, PhD. et al.. “Occupational Fatality and Persistent Neurological Sequelae After Mass
Exposure to Hydrogen Sulfide.” American Journal of Emergency Medicine. 13: (2) 199-203. 1995. p.201.
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Table 1: Health Effects Associated with Hydrogen Sulfide*

Concentration
ppm)

Length of
exposure

Effect

Source

Eye and nasal symptoms, coughs, headaches and/or

Partti-Pellinen, p.316.

0.0057 Community/chronic | 2~ "
migraines
0.003 —0.02 |[Immediate Detectable odor EPA Report 1993, p.III-5
0.01 Community/chronic  |Neurophysiological abnormalities Legator, p.124.
Abnormal balance with closed eyes, delayed verbal Kilburn, 1999, p.210.
01-1 Not reported (n.r.)  |recall, impaired color discrimination, decreased grip
strength
0.2 n.r. Detectable odor Fuller, p.940
0.250 - 0.300 [Prolonged Nuisance due to odor from prolonged exposure Milby, p.194
Abnormal balance with open and closed eyes, delayed verbal [Kilburn, 1999, p.210
recall, impaired color discrimination, decreased grip
L ek strength, abnormal simple and choice reaction time,
abnormal digit symbol and trailmaking.
Malaise, irritability, headaches, insomnia, nausea, |EPA Report1993, p. 111-32.
2-8 Community throat irritation, shortness of breath, eye irritation,
diarrhea, and weight loss
. Eye irritation, chemical changes in blood and muscle tissue  |[New York State Department of
10 10'minutes after 10 minutes rt
> 30 Prolonged Fatigue, paralysis of olfaction from prolonged exposure Snyder, p.200
50 n.r. Eye and respiratory irritation Fuller, p.940
Prolonged exposure leads to eye irritation; eye irritation Milby p.194; EPA Report 1993,
50100 Prolonged pa.mful conjugctwltls, §e¥151t1v1ty to light, tearlpg, clouding of
vision) and serious eye injury (permanent scarring of the
cornea)
150-200 [ Olfactory nerve paralysis EPA Report 1993, p.I11-6
200 n.r. Respiratory and other mucous membrane irritation Snyder, p.200
250 r Damage to organs and nervous system; depression of cellular [EPA Report 1993, p.III-5
metabolism
250 Prolonged Possible pulmonary edema from prolonged exposure Milby p.193
320-530 |nr. Pulmonary edema with risk of death Kilburn (1999), p.212
500 30 minutes systemic symptoms after 30 minutes Fuller, p.940
5001000 [mmediate Stimulation of respiratory system, leading to hyperpnoea EPA Report 1993, p.I1I-5
rapid breathing); followed by apnea (cessation of breathing)
750 Immediate Unconsciousness, death Fuller, p.940
. Fuller, p.940, EPA Report 1993 p.
L Gl Collapse, respiratory paralysis, followed by death P i P
Abrupt physical collapse, with possibility of recovery if Milby, p.192
750 — 1000  [Immediate exposure is terminated; if not terminated, fatal respiratory
aralysis
1000 —2000 fn.r. Immediate collapse with paralysis of respiration Kilburn (1999), p-212
5000 Immediate Death Fuller, p.940

* Ttalics signify concentrations and health effects in studies that rely on self-reporting of symptoms, usually in questionnaires.
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5.1 Literature Review - Acute Exposure

The following studies focused on short-term exposure to relatively high levels of
hydrogen sulfide, the kind of scenario that can be expected from an accidental release.
There are many documented instances and peer-reviewed studies of serious health effects
and deaths from exposure to relatively high concentrations of hydrogen sulfide.

Fuller and Suruda (2000), who reviewed Occupational Safety and Health
Administration (OSHA) investigation records from 1984 to 1994, reported 80 deaths in
the United States from occupational exposure to hydrogen sulfide, out of a total 18559
occupational death during this period.44 Twenty-two of the 80 deaths were in the oil and
gas industry.” These deaths occurred as a result of workers’ exposure to accidental
releases of hydrogen sulfide in high concentrations. The authors concluded that portable
H,S meters or alarms could have prevented these deaths.*

In their 1997 study, Hessel et al. submitted a questionnaire about health effects
from hydrogen sulfide exposure to 175 oil and gas workers in Alberta, Canada, a known
region of sour gas. Of the 175 workers, one third reported having been exposed to H,S,
and 14 workers (8%) experienced knockdown,"” a term for the loss of consciousness due
to inhaling high concentrations of hydrogen sulfide. The workers who had experienced
knockdown exhibited the respiratory symptoms of shortness of breath, wheezing while

hurrying or walking up hill, and random wheezing attacks.*® The investigators found no

“ Fuller, Douglas C., MD, MPH, and Anthony J. Suruda, MD, MPH. “Occupationally Related Hydrogen
Sulfide Deaths in the United States From 1984 to 1994.” Journal of Occupational and Environmental
Medicine. 42:(9) 939-942. September 2000. p.940.

* Fuller and Suruda, p.941.

“ Fuller and Suruda, p.942.

" Hessel, Patrick A., PhD. et al.. “Lung Health in Relation to Hydrogen Sulfide Exposure in Oil and Gas
Workers in Alberta, Canada.” American Journal of Industrial Medicine. 31:554-557.1997., p.555

* Hessel, pp.555-556.

14



“measurable pulmonary health effects as a result of exposure to H,S that were intense

% In other

enough to cause symptoms but not intense enough to cause unconsciousness.
words, the workers who reported initially experiencing symptoms from H,S exposure did
not report exhibiting any lingering respiratory symptoms at the time of the study.
However, other kinds of long term effects could exist; indeed, the study itself
acknowledged that long term effects of acute short term exposure have not been studied
enough, and finds this lack “noteworthy.”’

Milby and Baselt (1999) relied on a review of literature about hydrogen sulfide
poisoning, and state that “A phenomenon referred to as ‘knockdown’ has been reported in
oil field workers and others to describe sudden, brief loss of consciousness followed by
immediate full recovery after short-lived exposure to very high concentrations of
hydrogen sulfide (e.g., 750-1000 ppm).”>' However, other studies have contested this
claim of full recovery following a knockdown.

Kaye Kilburn, a medical doctor and professor of medicine at the University of
Southern California, has devoted a considerable part of his career to studying and
reporting on the adverse health effects of hydrogen sulfide. Refuting Milby and Baselt’s
(1999) finding that full recovery followed unconsciousness, or ‘knockdown,” Kilburn
states, “In 1989, for the first time, sensitive testing showed that, although survivors who
had been unconscious looked all right, brain functions were impaired. Similar

impairments were measured in people exposed to amounts below 50 ppm that had not

caused unconsciousness. Next, subtle impairments of brain function were measured from

* Hessel, p..556.

%% Hessel, p.555.

> Milby, Thomas H. MD, and Randall C. Baselt, PhD. “Hydrogen Sulfide Poisoning: Clarification of Some
Controversial Issues.” American Journal of Industrial Medicine. 35: 192-195. 1999. p.192.
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exposures to concentrations of less than 5 ppm in air.”>* Kilburn reported examining one
oil field worker, Stan, who had experienced ‘knockdown’ on the job after exposure to 1
percent hydrogen sulfide concentration (or 9,999 ppm as Stan’s meter recorded it.) Three
years after the incident, while appearing physically healthy, Kilburn’s tests of Stan
revealed significant brain damage (IQ lowered to 77, though the previous IQ is not
reported), severely impaired balance and motor function, and inability to recall stories and
visual designs.”

Another study by Kilburn (2003)** reported long term effects of hydrogen sulfide
exposure. Kilburn performed physiologic and psychological measurements on nineteen
exposed and 202 unexposed subjects.” Ten of the nineteen subjects were exposed at
work, including four at oil and gas sites, while the other nine were exposed in their
residences, which were near various sources of H»S.>® The concentrations to which the
subjects were exposed are not known. Exposure times ranged from twenty minutes to
nine years, and Kilburn examined the subjects from 1.7 to 22 years after their exposures.’’
The study methods consisted of a questionnaire and a series of neurophysiological and
neuropsychological tests. The neurophysiological tests measured simple reaction time,
visual two-choice reaction time, balance, color recognition, and hearing, and the
neuropsychological tests measured immediate memory recall, mood, and vocabulary.’®

Tension, depression, anger, fatigue, and confusion were all significantly elevated in the

>2 Kaye H. Kilburn. “Killer Molecules in Natural Gas.” Chapter 7 in Endangered Brains: How Chemicals
Threaten Our Future. Birmingham, AL: Princeton Scientific Publishers Company, Inc. 2004. p.78.

>3 Kilburn, (2004) p.79.

>* Kilburn, Kaye H. “Effects of Hydrogen Sulfide on Neurobehavioral Function.” Southern Medical
Journal. 96: (7) 639-646. 2003.

>3 Kilburn, (2003), p.640.

*® Kilburn, (2003), p.640, see Table 1, p.641.

37 Kilburn, (2003), p.640.

¥ Kilburn, (2003), pp.640-641.
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exposed subjects compared to the control group. In addition, respiratory symptoms were
more prevalent among the exposed subjects.”” Even subjects who did not experience
unconsciousness at the time of their exposure exhibited permanent neurobehavioral
damage.®

The studies mentioned thus far focused on occupational exposure. They document
the dangerous properties of hydrogen sulfide, as well as highlight the fact that more
research is needed on the long term effects of even short duration exposures. There have
been some studies of non-occupational exposure to relatively high H,S levels. The
proximity of oil refineries, gas treatment and processing plants, and oil and gas wells to
residences constitutes a likely source of H,S emissions and potentially poses a risk to
people in a non-occupational setting.

Kilburn has studied the health effects of a series of explosions at an oil refinery in
Wilmington, California, which occurred in October 1992. The explosions released
unknown amounts of hydrogen sulfide into the air, making people ill in Wilmington,
Torrance, Carson, Long Beach, and South Los Angeles.61 Some street monitors recorded
H,S concentrations as high as 24 ppm, and since no one died, Kilburn concluded that
concentrations probably did not exceed 200 ppm. Seven thousand people who had been
exposed and sickened filed a consolidated lawsuit against the refinery, and a random

sample were examined three and a half years after the explosion for court proceedings.”

% Kilburn, (2003), p.643.

% Kilburn, (2003), p.644.

o Kilburn, (2004) p.77.

62 400 people were selected to represent the 7000 filing suit, and 120 were selected at random to be
examined by a general practitioner. Then, 68 of the 120 were examined using sensitive neurobehavioral
tests. Kilburn, (2004) p.81.
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Persistent symptoms included impaired balance, delayed recall memory, elevated
depression and confusion scores, and abnormally slow reaction times.*

As background to their 1987 study, which focused on methods of improving the
prediction and management of public health risks associated with the development of sour
gas wells, Layton and Cederwall® summarized studies of two incidents during which
people were exposed to hydrogen sulfide released from gas operations. One occurred in
1950 in Poza Rica, Mexico, where 320 people were hospitalized and 22 died as a result of
a major hydrogen sulfide release from a gas purification plant.”> The second incident,
known as the Lodgepole blowout, was a sour gas blowout in Alberta, Canada, in 1982. In
this case, the hydrogen sulfide releases lasted for 67 days, and the affected people reported
headaches, eye irritation, and various respiratory and gastrointestinal symptoms.*® In both
instances, there were no reliable measurements of H,S concentrations. In Alberta,
maximum reported hourly concentrations were 15 ppm, and concentrations 100 kilometers
away from the source were below 100 ppb, but residents there filed over a thousand
complaints.®” This study concluded that the hazard zone for sublethal effects around sour
gas wells encompasses from less than 400 meters up to 6500 meters, while lethal exposure
to hydrogen sulfide could occur as far as 2000 meters from the source.”® Among the
2569

proposed recommendations for improving public safety is “preemptive land ownership,

an issue which I revisit in the Concluding Remarks section. This study also stressed that

8 Kilburn, (2004) p.81.

% Layton, David W. and Richard T. Cederwall. 1987. “Predicting and Managing the Health Risks of Sour-
Gas Wells.” Journal of the Air Pollution Control Association. 37: 1185-1190.

% Layton and Cederwall, 1987. pp.1185-1186.

% Layton and Cederwall, 1987. p 1186.

%7 Layton and Cederwall, 1987. p 1186.

68 Layton and Cederwall, 1987. p 1188.

% Layton and Cederwall, 1987. p 1187.
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sublethal effects of hydrogen sulfide are not well studied and that the dose-response

relationship at lower levels is not well characterized.”

5.2 Literature Review - Chronic Exposure

Literature is also available on the human health impacts of chronic exposure to
relatively low concentrations of hydrogen sulfide. Generally, chronic exposure to low-
level concentrations of hydrogen sulfide is associated with neurological symptoms that
include fatigue, loss of appetite, irritability, impaired memory, altered moods, headaches,
and dizziness.”' At persistent concentrations of 0.250 to 0.300 ppm (250 to 300 ppb), the
rotten egg odor of H,S creates a nuisance to communities, and exposure to such
concentrations has been documented to affect quality of life by causing headaches,
nausea, and sleep disturbances.’

Schiffman et al. (1995) evaluated the effect of odors emanating from swine
operations on mood.”” Although the source of odors were swine operations rather than oil
and gas sites, the study is relevant because hydrogen sulfide caused the persistent odors,
much as is the case near oil refineries and natural gas processing plants. This study
concluded that continuously smelling odors is associated with “significantly more tension,

. . . . 4
more depression, less vigor, more fatigue, and more confusion.””’

0 Layton and Cederwall, 1987. p 1185.

" McGavran, Pat. “Literature Review of the Health Effects Associated with the Inhalation of Hydrogen
Sulfide.” Idaho Department of Environmental Quality, Boise, Idaho. June 19, 2001. p.3.

2 Milby, 1999, p.194.

73 Schiffman, Susan S., Elizabeth A. Sattely, et al.. “The Effect of Environmental Odors Emanating From
Commercial Swine Operations on the Mood of Nearby Residents.” Brain Research Bulletin. 37:4 369-375.
1995

™ Schiffman et al., p.371.
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One frequently cited study, by Partti-Pellinen et al. (1996), examined the health
effects of chronic, low-level exposure to sulfur compounds, including hydrogen sulfide,
near a paper and pulp mill in Finland.” They found that the exposed people experienced
eye and nasal symptoms, coughs, and headaches or migraines much more frequently than
the people in the control group, while acute respiratory infections also occurred more
frequently in the study group.”® Once again, the study acknowledged the lack of data on
long term effects of low-dose, chronic exposure, and concluded that, at the very least, the
exposure and odor make “everyday life uncomfortable.””’

Legator et al. (2001) investigated the effects of chronic, low levels of hydrogen
sulfide by surveying two exposed communities, Odessa, Texas, and Puna, Hawaii, and
comparing the health findings with several control communities.”® Due to emissions from
industrial wastewater, ambient concentrations of H,S in Odessa, Texas, registered at 335
to 503 ppb over 8 hours, 101 to 201 ppb over 24 hours, with an annual average of 7 to 27
ppb.” Puna, Hawaii, is situated in a volcanically active area."’ There were no reliable
measurements of H,S levels at Puna—they ranged from less than 1 ppb to periodic highs
of 200 to 500 ppb. The study relied on a multi-symptom health survey and found various

adverse health effects associated with hydrogen sulfide exposure in the study populations.

The health symptoms included central nervous system impacts (fatigue, restlessness,

75 Partti-Pellinen, Kirsi, Marttila Olli, Vilkka Vesa, et al.. “The South Karelia Air Pollution Study: effects of
low-level exposure to malodorous sulfur compounds on symptoms.” Archives of Environmental Health.
51. (4) 315-320 1996. The study looked at the main components of total reduced sulfur (TRS)
compounds—hydrogen sulfide H,S, methyl mercaptan, CH;SH, dimethyl sulfide [CH;],S, and dimethyl
disulfide [CH3]282.

76 Partti-Pellinen et al.. Acute respiratory infections occurred 1.6 times per year in the study group as
compared to 1.1 times per year in the control group.

7 Partti-Pellinen, et al., p.320.

¥ Legator, Marvin S., et al.. “Health Effects from Chronic Low-Level Exposure to Hydrogen Sulfide.”
Archives of Environmental Health. 56: (2) 123-131. March/April 2001.

7 Legator, p.124.

%0 Since 1976, Puna is a site of geothermal energy production, and supplies about 30% of Hawaii’s
electricity. US Department of Energy.
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depression, short term memory loss, balance, sleep problems, anxiety, lethargy,
headaches, dizziness, tremors), respiratory system impacts (wheezing, shortness of breath,
coughing), and various ear, nose, and throat symptoms.®’ This study also concluded with

a call for more research:

The findings in our study, taken together with previously reported data concerning adverse
responses to H,S, strongly mandate the need for continued research on the possible
detrimental effects of chronic exposure to the toxic agent. This is of decided public health
significance, given the relatively large segment of the population that is regularly exposed

to low levels of H28.82

Kilburn has also studied health impacts from chronic exposure to lower
concentrations of hydrogen sulfide. He examined a preacher and eighteen congregation
members in Odessa, Texas, who lived downwind from an oil refinery and often smelled
the characteristic rotten egg odor of H,S, occasionally experiencing nausea and
vomiting.*> Kilburn observed impaired balance, delayed verbal recall for stories, and
difficulty distinguishing colors among the people he studied in Odessa.** Workers and
people living downwind of another oil refinery, in Nipoma Mesa near San Luis Obispo,
California, also exhibited impaired reaction time, impaired balance, depression, and
impaired recall memory.*

As a result of poorly plugged wells of an abandoned oil and gas field in Long
Beach, California, people living in a community built on this location were exposed to

hydrogen sulfide that collected under concrete foundations and crawl spaces of homes,

8! Legator, pp.126-129.
%2 Legator, p.130.

% Kilburn, (2004) p.79.
8 Kilburn, (2004) p.80.
% Kilburn, (2004) p.80.
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1.8 The H>S measurements

and in a low lying area around a communal swimming poo
ranged from 0.1 ppm to 1 ppm, with several peaks up to 5 ppm.*” Kilburn examined 24
people from this community, and recorded abnormal balance with closed eyes, delayed
verbal recall, and impaired color discrimination and grip strength, as compared to a
control group.™®

As reported by the EPA,* two notable occasions of increased ambient
concentrations of hydrogen sulfide occurred in Great Kanawha River Valley, West
Virginia, in 1950, and in Terre Haute, Indiana, in 1964. In Terre Haute, ambient H,S
concentrations ranged from 2 to 8 ppm, emanating from a lagoon. In West Virginia, the
highest concentration was 293 ppb, but there is no information on other levels. In both
cases, symptoms included malaise, irritability, headaches, insomnia, and nausea, while the
people exposed in Terre Haute also reported, among other effects, throat irritation,
shortness of breath, eye irritation, diarrhea, and weight loss.”” These incidents provide
some evidence of health impacts from chronic exposure to ambient levels of hydrogen
sulfide in the range that may be expected to occur near oil and gas sites.

Tarver and Dasgupta (1997) measured hydrogen sulfide concentrations near
several oil fields in western Texas.”' Although the researchers were studying the effects

of increased anthropogenic sources of sulfur emissions on the sulfur cycle, the authors

nevertheless gathered data that is pertinent to my research. The study found nighttime

% Kilburn, Kaye H. “Evaluating health effects from exposure to hydrogen sulfide: central nervous system
dysfunction.” Environmental Epidemiology and Toxicology. 1:207-216. 1999. p.208.

¥7 Kilburn (1999), p.208.

% Kilburn, (1999), p.210.

¥ EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.III-32. For the entire paragraph.

% EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I11-32

*! Tarver, Gary A. and Purnendu K. Dasgupta. “Oil Field Hydrogen Sulfide in Texas: Emission Estimates
and Fate.” Environmental Science and Technology. 31: (12) 3669-3676. 1997.
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maximum H,S concentrations between 1 and 5 ppb.92 While this concentration of
hydrogen sulfide is only enough to produce an odor, a persistent odor can be a nuisance,
and has been associated with increased tension, depression, fatigue, confusion, and
decreased vigor.”

Some evidence exists on the effects of hydrogen sulfide on the reproductive
system. Xu et al. (1998) conducted a retrospective epidemiological study to assess the
association between spontaneous abortion and exposure to petrochemicals.”® By
reviewing the plant employment records, which also contain medical information, the
researchers identified over 3000 women from the Beijing Yanshan Petrochemical
Corporation who had been pregnant. Trained interviewers administered a questionnaire to
gather information on the subjects’ reproductive history, pregnancy outcomes,
employment history, occupational exposure, smoking habits, alcohol consumption, indoor
air pollution, diet, and demographic variables.”” The study found that “exposure to
petrochemicals, specifically benzene, gasoline, and hydrogen sulphide is significantly

96 .
” Each chemical was

associated with increased frequency of spontaneous abortion.
individually found to have a statistically significant effect on the frequency of
spontaneous abortion. Although the exposures mainly occurred in maintenance operations

or due to accidental leaks and spillages,’’ rather than being chronic low level exposures,”®

this study is nevertheless important for the link it established between hydrogen sulfide

%2 Tarver and Dasgupta, p.3673.

% Schiffman et al. Discussed above on p.18.

% Xu, Xiping, Sung-Il Cho, et al.. “Association of petrochemical exposure with spontaneous abortion.”
Occupational and Environmental Medicine. 55: 31-36. 1998.

» Xuetal., p.31.

% Xu et al., p.34.

7 Xu et al., p.35.

% The study acknowledged that “at lower exposures, the reproductive effects of hydrogen sulphide have not
been determined, although it has been shown to enhance the fetal toxicity of carbon disulphide.” Xu et al.,
pp.34-35.
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and effects on the reproductive system. According to one personal account recounted
below, hydrogen sulfide exposure is associated with spontaneous abortions in cattle as
well as other reproductive effects in animals.

Most studies acknowledge that there is a need for more research on the health
impacts of chronic exposure to lower concentrations of H,S. Although the health effects
are not well documented,” many studies recognize the potential for harm. In 1993, the
EPA prepared an in-depth report on hydrogen sulfide emissions associated with oil and

gas extraction.'”

The report matched available routine emissions data from oil and gas
sites with studies documenting health effects of these levels, and assessed the risk of
accidental releases, to determine whether these warrant a national control strategy.'"’
Although the report acknowledged that oil refineries and gas processing plants are a major
possible source of H,S, these were not included in the analysis because they fall outside

the definition of the term ‘extraction.’'%?

The report also excluded exploration and well
development activities. Each of these areas of oil and gas operations is a potential source
of hydrogen sulfide emissions.

The report concluded that “the potential for human and environmental exposures
from routine emissions of H,S from oil and gas wells exists, but insufficient evidence

103 and that “there

exists to suggest that these exposures present any significant threat,
appears to be no evidence that a significant threat to public health or the environment

exists from routine H,S emissions from oil and gas extraction.”'® The EPA reached this

% New York State Department of Health, http://www.health.state.ny.us/nysdoh/environ/btsa/sulfide.htm
10 EPA, “Report to Congress on Hydrogen Sulfide Emissions.”

19 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.ITI-1.

192 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I-4.

193 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.iii.

14 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.V-1.
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conclusion “from the limited data available.”'®’

However, because, as the report itself
acknowledged, there is not enough information on ambient air quality around well sites,'*°
the conclusion that there are no health risks is ill founded. A call for further research
would have been more appropriate, but strikingly, the “Research and Further Studies”

section of the last chapter does not recommend additional research of routine hydrogen

sulfide emissions and health effects.

193 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.V-1.
1% EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.III-1.
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Table 2: Summary of Studies

Author(s) / Date

Discipline

Motivation for Study / Summary of Findings

Acute Exposure

Fuller and Suruda
(2000)

Medicine

To determine the number of occupational deaths related to hydrogen
sulfide; review of OSHA records; acute exposure

Milby and Baselt
(1999)

Medicine /
Toxicology

Review of literature on hydrogen sulfide; focusing on neurotoxic effects of
acute exposure, effects on the lungs, diagnosis of poisoning, and
community exposure issues.

Hessel et al. (1997)

Public Health

To assess pulmonary health effects of oil and gas workers in Alberta,
Canada; administered questionnaire to 175 workers

Snyder et al. (1995)

Medicine

To assess neurological problems from exposure to hydrogen sulfide;
review of case reports from an incident of mass exposure to H2S in New
Jersey; calls for annual neurological and neuropsychological testing of
exposed subjects to enhance knowledge of long term effects

Chronic Exposure

Parti-Pellinen et al.
(1996)

Medicine / Public
Health

Examined health effects chronic, low-level exposure to sulfur compounds,
including H2S, near a paper and pulp mill; administered cross-sectional
questionnaire to 336 subjects and to a reference community; increased
frequency of eye and nasal symptoms, coughs, and headaches or
migraines, and acute respiratory infections.

Legator et al. (2001)

Medicine /
Toxicology / Public
Health

Investigate effects of chronic exposure to low levels of hydrogen sulfide;
multi-symptom health survey submitted to two exposed communities —
Odessa, Texas and Puna, Hawaii, and to control communities; found
central nervous system impacts: fatigue, restlessness, depression, short
term memory loss, balance and sleep problems, anxiety, lethargy,
headaches, dizziness, tremors; respiratory system impacts: wheezing,
shortness of breath, coughing; and various ear, nose, and throat symptoms.

Tarver and Dasgupta
(1997)

Chemistry

To determine hydrogen sulfide concentrations near oil fields in Western
Texas

Xu et al. (1998)

Medicine /
Epidemiology

To determine effects of exposure to hydrogen sulfide on the reproductive
system; conducted a retrospective epidemiological study to assess the
association between spontaneous abortion and exposure to petrochemicals
in Beijing, China; found an association.

Kilburn (1999)

Epidemiology

To determine long-term effects of exposure to hydrogen sulfide; examined
and submitted a questionnaire to four groups of people that were exposed
to hydrogen sulfide (from boreholes in the ground, downwind of a
refinery, due to an oil refinery explosion, and a group of people exposed to
odors); found abnormal balance, delayed verbal recall, impaired color
discrimination and grip strength.

Schiffman et al. (1995)

Psychiatry

To determine the effect of persistent environmental odors on the mood of
people living near the source of odors; submitted a questionnaire to 44
subjects and 44 controls; found more tension, depression, fatigue, and
confusion, and less vigor among the exposed subjects.

Kilburn (2003)

Epidemiology

To measure long term effects of hydrogen sulfide exposure — various
lengths of exposure and various concentrations; submitted a questionnaire,
and performed neuropsychological and neurophysiological tests on 19
exposed subjects and 202 unexposed subjects; found elevated tensions,
depression, anger, fatigue, and confusion, and more prevalent respiratory
symptoms among exposed subjects.

Other

Layton and Cederwall
(1987)

Engineering /
Public Health

Methods for improving the prediction and management of public health
risks associated with development of sour gas wells

Knight and Presnell
(2005)

Medicine /
pathology

Review of literature on H2S toxicology; case study of two fatalities due to
occupational exposure to H2S
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6. Regulations and Recommendations for Exposure to Hydrogen Sulfide

6.1 Federal Recommendations and Regulations

At the federal level, some regulations and recommendations exist to protect
humans from the health effects of exposure to hydrogen sulfide. Regulations are laws that
can be enforced by agencies such as the Environmental Protection Agency (EPA), the
Food and Drug Administration (FDA), and the Occupational Safety and Health
Administration (OSHA). Recommendations, on the other hand, do not carry the force of
law, and are determined by agencies such as the National Institute for Occupational Safety
and Health (NIOSH) and the Agency for Toxic Substances and Disease Registry
(ATSDR), both part of the federal Centers for Disease Control and Prevention (CDC).

The American Conference of Governmental Industrial Hygienists (ACGIH), a
longstanding member-based organization committed to promoting worker health and
safety, also recommends exposure limits for various substances. The current ACGIH
hydrogen sulfide standards are 10 ppm for the Threshold-Limit Value-Time Weighted
Average (TLV-TWA), and 15 ppm for the TLV short term exposure limit (TLV-STEL).
The TVL-TWA is the time-weighted average concentration to which workers can be
routinely and consistently exposed over an 8-hour workday and 40-hour workweek
without adverse effect. The TVL-STEL is the concentration to which workers can be
exposed for short periods of time without suffering adverse health effects. The ACGIH
updates its standards annually, and can relatively quickly modify its standards in response

10
to new research.'”’

7 EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.III-10.
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OSHA began setting standards for workers’ exposure to hazardous substances in
the 1970s, and initially adopted the ACGIH values.'® The current OSHA workplace
standard for H,S exposure is 10 parts per million (ppm), while the exposure times are
longer than the ACGIH recommends. In more detail, according to OSHA, “Exposures
shall not exceed 20 ppm (ceiling) with the following exception: if no other measurable
exposure occurs during the 8-hour work shift, exposures may exceed 20 ppm, but not
more than 50 ppm (peak), for a single time period up to 10 minutes.”'” The OSHA
regulations do not specify an 8-hour time weighted average (TWA) for H>S. Exposure to
these concentrations even for the seemingly short duration of 10 minutes can nevertheless
result in eye and respiratory irritation, according to several sources. The NIOSH
recommended exposure limit to the OSHA 10 ppm standard is 10 minutes, and its
Immediately Dangerous to Life or Health (IDLH) H,S concentration is 100 ppm.''’
OSHA standards have the force of law, while ACGIH’s and NIOSH’s levels are only
recommendations.

It is important to note that OSHA standards apply only to workplaces and not to
domestic situations or residences. The human data on which the standards are based are
from uncontrolled exposure incidents, so the levels of exposure are crudely estimated.'"'
In general, the controlled exposure data is derived from animal studies and then
extrapolated to humans. As one study discussed above summed up, “a precise ratio with

which to predict human effects on the basis of the ratio of rat-to-human effects is

1% EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.III-10.

19 Occupational Safety and Health Administration, 29 CFR 1910.1000, available at
http://www.osha.gov/dts/chemicalsampling/data/CH_246800.html

"O'NIOSH is a department within the Centers for Disease Control and Prevention. See
http://www.cdc.gov/niosh/npg/npgd0337.html for NIOSH’s H,S exposure recommendations.

" Guidotti, Tee L. 1994. “Occupational exposure to hydrogen sulfide in the sour gas industry: some
unresolved issues.” International Archives of Occupational and Environmental Health. p.157.
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99112

lacking. Further, the standards are based on the expected effects of hydrogen sulfide
on healthy adult males, so people who are young, old, or have compromised immune
systems may be at risk at considerably lower concentrations of H,S. Additionally,
exposure to hydrogen sulfide may affect the human reproductive system, as determined in
the study by Xu et al. and reported above, so standards based on males may not protect
women’s reproductive health.

In addition to general standards for workplace inhalation exposure, OSHA
specifically sets standards for industries in which hydrogen sulfide occurs in quantities
exceeding 1500 pounds, in their Process Safety Management of Highly Hazardous
Chemicals Standard (1910-119). Significantly, the oil and gas industry is exempt from
this standard.'”” According to the 1993 EPA report, the reason OSHA gave for this
exemption is that OSHA “continues to believe that oil and gas well drilling and servicing
operations should be covered in a standard designed to address the uniqueness of the
industry.”'"* OSHA also proposed a monitoring program for hydrogen sulfide for drilling
and service operations that occur in areas where H,S exposure is a potential risk.'"”
Neither of these exists at the time of writing.

The 1990 Clean Air Act is the primary federal law that regulates air pollution. The
EPA sets the levels of various air pollutants, including the National Ambient Air Quality

Standards (NAAQS) for six criteria pollutants and the National Emissions Standards for

Hazardous Air Pollutants (NESHAPs) for another 188 substances commonly referred to as

"2 Kilburn, Kaye H. “Effects of Hydrogen Sulfide on Neurobehavioral Function.” 2003. p.639.

'3 OSHA, http://www.osha.gov/pls/oshaweb/owadisp.show document?p_table=STANDARDS&p id=9760
1% As quoted in EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.IV-28.

"5 EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.IV-30.
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HAPs.''® The EPA does not regulate hydrogen sulfide as one of its criteria pollutants nor
as one of the HAPs under the 1990 Clean Air Act. When George Bush, Sr. signed the
Clean Air Act in 1990, H,S was not among the 188 chemicals on the final HAPs list to be
regulated, despite the calls of public interest groups and government scientists, some even
within the EPA, for its inclusion. Hydrogen sulfide had been on the proposed original list
of hazardous substances,''” and was removed from this list as a result of successful efforts
by the oil and gas, chemical, and paper industries.''"® For instance, the American
Petroleum Institute, representing the interests of the oil and gas industry, argued that H,S
emissions are an “accidental-release issue” rather than a routine one,119 and that H,S
therefore should not be regulated as one of the Clean Air Act’s Hazardous Air Pollutants.
This lack of an EPA standard has prompted one newspaper to label hydrogen sulfide “the
least regulated common poison.”'?

Hydrogen sulfide is on the EPA’s list of Extremely Hazardous Substances,'”'

another category under the Clean Air Act, which regulates substances “known or may be

anticipated to cause death, injury, or serious adverse effects to human health or the

116 According to the EPA, “Hazardous air pollutants, also known as toxic air pollutants or air toxics, are
those pollutants that cause or may cause cancer or other serious health effects, such as reproductive effects
or birth defects, or adverse environmental and ecological effects.” http://www.epa.gov/ttn/atw/pollsour.html
"® Interestingly, hydrogen sulfide remained on the list as a result of “administrative error” until it was
removed by a Senate Joint Resolution on August 1, 1991. See
http://www.epa.gov/ttn/atw/pollutants/atwsmod.html for details.

""" Interestingly, hydrogen sulfide remained on the list as a result of “administrative error” until it was
removed by a Senate Joint Resolution on August 1, 1991. See
http://www.epa.gov/ttn/atw/pollutants/atwsmod.html for details.

"8 Jim Morris. “Lost Opportunity: EPA had its chance to regulate hydrogen sulfide.” November 8, 1997.
The Houston Chronicle.

19 As quoted in The Houston Chronicle.

120 Jim Morris, The Houston Chronicle.

12! Environmental Protection Agency, Chemical Emergency Preparedness and Prevention. Look for H,S on
the list at http://yosemite.epa.gov/oswer/ceppochs.nsf/Alphabetical Results!OpenView&Start=146
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environment upon accidental release.”'**

This classification requires companies that
produce the substance to develop plans to prevent and respond to accidental releases.
Importantly, however, this classification does not require regular emission controls of the

123
substance.

Additionally, H,S is not on the list of toxic substances whose releases
companies are required to report under the EPA’s Toxic Release Inventory (TRI)."** This
exclusion is due to an administrative stay put in place on August 22, 1994, as a result of
lobbying by a paper, forest, and wood products industry association.'”  The
administrative stay will remain in effect until the EPA decides to lift it.

At the time of writing, the EPA is considering whether to re-evaluate including
hydrogen sulfide on the HAPs list of the Clean Air Act.'*® The EPA is motivated by some
concerns regarding chronic and acute exposure to hydrogen sulfide.'”” Further, if they
proceed with research, the EPA’s findings may inform action on the current administrative
stay that is responsible for exempting H,S from TRI reporting requirements.'**

The EPA does, however, have an inhalation reference concentration (RfC) for
hydrogen sulfide, which is “an estimate (with uncertainty spanning perhaps an order of

magnitude) of a daily inhalation exposure of the human population (including sensitive

subgroups) that is likely to be without an appreciable risk of deleterious effects during a

122 Section 112(r) of the Clean Air Act, as cited in EPA, “Report to Congress on Hydrogen Sulfide Air
Emissions,” p.i.

123 Jim Morris, The Houston Chronicle.

12 EPA’s Toxic Release Inventory list of chemicals for Reporting Year 2004. Available at
http://www.epa.gov/tri/chemical/RY2004ChemicalLists.pdf

123 See http://www.epa.gov/tri/guide_docs/2001/brochure2000.pdf, footnote on p.18.

126 personal communication with Jim Hirtz, February 24, 2006. US EPA, Health and Environmental Impacts
Division, Research Triangle, North Carolina. The EPA undertook this action in response to a request by an
environmental organization from Texas.

127 personal communication with Jim Hirtz, February 24, 2006. US EPA, Health and Environmental Impacts
Division, Research Triangle, North Carolina.

128 personal communication with Jim Hirtz, March 2, 2006. US EPA, Health and Environmental Impacts
Division, Research Triangle, North Carolina.
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lifetime.”'%

The RfC is one important standard for chronic exposure. According to the
EPA’s on-line Integrated Risk Information System (IRIS) database, the current inhalation
RfC for hydrogen sulfide is 2x107 mg/m3 (1.4 ppb). Applying the RfC definition, this
means that it is possible that inhaling more than this concentration on a daily basis over a
lifetime poses “an appreciable risk of deleterious effects.” The RfC is well below any
occupational standards set by OSHA or recommended by NIOSH and the ACGIH

The EPA also recommends levels of hydrogen sulfide for their Acute Exposure
Guideline Levels (AEGL) for various exposure periods. These threshold exposure limits
apply to the general public for emergency exposures ranging from 10 minutes to 8 hours,
and are “intended to describe the risk to humans resulting from once-in-a-lifetime, or rare,
exposure to airborne chemicals.”’®® Appendix A includes definitions of the AEGL
categories, and the recommended H,S levels for each exposure period and AEGL
category.

Other guidelines also exist for exposure to hydrogen sulfide in emergency
situations. To protect the health of the general public in the event of an emergency
release, the American Industrial Hygiene Association (AIHA) establishes Emergency
Response Planning Guidelines (ERPGs), which specify one-hour exposure limits. These
limits are also included in the table in Appendix A.

The National Research Council’s Committee on Toxicology recommended

Emergency Exposure Guidance Level (EEGL) to the Department of Defense for

12 EPA Integrated Risk Information System, Hydrogen sulfide (CASRN 7783-06-4),
http://www.epa.gov/iris/subst/0061.htm.

BOEPA, The Development of Acute Exposure Guideline Levels (AEGLs),
http://www.epa.gov/oppt/aegl/index.htm
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maximum concentrations acceptable in rare situations such as spills and fires."*' The
EEGLs apply to young and healthy military personnel, and exist for 41 substances, of
which hydrogen sulfide is one. The 10 minute EEGL for H,S is 50 ppm, and the 24 hour

H,S EEGL is 10 ppm.'*

6.2 State Regulations

In the absence of federal standards for ambient levels of hydrogen sulfide, twenty
states have passed their own laws to regulate H,S emissions. Figure 2 is a snapshot of
state ambient hydrogen sulfide regulations. It illustrates the wide range of existing state
standards.

Figure 2: State Ambient H,S Regulations
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131 National Oceanic and Atmospheric Administration, Office of Response and Restoration, “Public
Exposure Guidelines” at http://archive.orr.noaa.gov/cameo/locs/expguide.html
132 As cited in the EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.III-14.
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A detailed table listing the states with ambient H,S standards can be found in
Appendix B. States set their standards based on a variety of justifications, and if
available, these are also listed in Appendix B. 1 compiled this data by reviewing
information available on each state environmental department’s website, and by speaking
with appropriate staff. Some states have based their ambient standard for hydrogen
sulfide on odor thresholds, while others have based their standard on health
considerations, either adopting the EPA’s RfC inhalation guideline, modifying the OSHA
safety standard to apply to continuous exposure, or basing their standard on other health
studies. The fact that these states have taken the initiative to regulate ambient H,S
indicates that there is concern for human health even at these relatively low levels.

Many states’ health/environmental departments routinely receive odor complaints
about hydrogen sulfide. Specifically, staff at agencies in Colorado, Idaho, lowa, Kansas,
Michigan, Montana, Nevada, New Mexico, Ohio, Oregon, Texas, and Wyoming reported
receiving many H>S odor complaints. In Kansas and Ohio, people have also complained
about health effects from hydrogen sulfide. In Colorado, there have been some cattle
deaths attributed to exposure to hydrogen sulfide, which had collected in low-lying areas.

In addition to inquiring about ambient hydrogen sulfide standards, I collected
information about any monitoring of H>S — routine or otherwise — that the state agency
conducts. The most frequently cited reason for the lack of routine monitoring, even in
states with ambient H,S standards, are budget constraints. A number of people said that
monitoring and more information in general would be desirable. Some states have
conducted periodic, project-based monitoring of hydrogen sulfide. Studies of hydrogen

sulfide emissions from Arkansas, Colorado, Louisiana, New Mexico, and North Dakota
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are available. These studies are of varying quality and scope, but each sheds some light

on the topic of hydrogen sulfide emissions and oil and gas operations.

6.2.1 Special H,S Monitoring Studies
6.2.1.1 Arkansas

The Arkansas Department of Environmental Quality conducted two hydrogen
sulfide monitoring studies in response to numerous health and welfare related concerns of
Texarkana residents about emissions from gas processing plants in the area.'”> The first
study, spanning 1995 to 1997, was a scoping study to determine whether hydrogen sulfide
was indeed present in ambient air and to determine whether the facilities that were
emitting H,S were in compliance with their emissions permits. After this study
established that H,S was present in the air, a second, more rigorous study was conducted
from March 1998 through March 1999. The state does not have an ambient hydrogen
sulfide standard.

The monitoring data from the latter study has been reported to the EPA’s Air
Quality System (AQS) database. The AQS database contains measurements of air
pollutants — criteria pollutants, hazardous air pollutants, and other monitored substances —

1% The Arkansas Department of Environmental Quality

and this data is publicly available.
itself did not provide any monitoring data or comments. Data from the AQS site'’ is

available for two monitoring locations, which are classified as rural residential. At the

first monitoring location, the mean concentrations for the monitoring periods from May to

13 Pleasant Hills H,S Study, obtained February 2006 by mail from Jay Justice, Senior Epidemiologist with
the Arkansas DEQ.

% http://www.epa.gov/air/data/aqsdb.html

133 http://oaspub.epa.gov/agspubl/ags_query.psite The code for hydrogen sulfide is 42402.
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July 1998, and October to December 1998, were 2.4 ppb and 3.4 ppb, respectively, and
the maximum hydrogen sulfide concentrations were 35 ppb and 24 ppb, respectively. The
levels of H,S recorded at the second monitoring location for which data is available on the
AQS site were slightly higher than at the first. The mean concentration in December 1998
was 4 ppb, and in January 1999, 5.5 ppb. The maximum concentration recorded in those
months were 55 ppb and 127 ppb, respectively. These levels of hydrogen sulfide, while
not very high, are nevertheless higher than normal urban background levels of up to 0.33
ppb."*® The levels measured in this study may be expected to produce a persistent odor,
which has been shown in one study (Schiffman et al., 1995) to have a negative effect on
the mood of nearby residents. Based on the literature reviewed above, there is little

evidence of more serious health effects attributable to these levels of H,S.

6.2.1.2 Colorado

In 1997, the Colorado Department of Public Health and Environment (CDPHE),
Air Pollution Control Division, conducted a monitoring study of H,S concentrations near
several known sources, and of urban and rural background ambient levels.””” The CDPHE
initially considered monitoring at oil and gas sites because of the information in the 1993
EPA report on emissions of H,S at points of oil and gas extraction. Ultimately, the
Colorado study excluded oil and gas operations, because of assurances from the Colorado

Oil and Gas Conservation Commission (COGCC) that elevated H,S levels are not

13¢ Agency for Toxic Substances and Disease Registry (ATSDR). 2004. Toxicological profile for hydrogen
sulfide (Draft for Public Comment). Atlanta, GA: U.S. Department of Health and Human Services, Public
Health Service. Chapter 2, p.1.

137 «“Hydrogen Sulfide Concentrations in Colorado; Results from a Screening Survey.” Prepared by The
Technical Services Program, Air Pollution Control Division, Colorado Department of Public Health and the
Environment, 1997. Obtained February 2006 by mail from Ray Mohr, CDPHE.
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common in deposits in Colorado.'*® However, interviews with people living near oil and
gas sites in Colorado, presented below, suggest that hydrogen sulfide is present near these
facilities. The COGCC itself has not conducted any monitoring of H,S at oil and gas
sites. Thus, the question of what concentrations of hydrogen sulfide are present near oil
and gas operations in the state is still unanswered. Colorado does not have an ambient

hydrogen sulfide standard.

6.2.1.3 Louisiana
The Louisiana Department of Environmental Quality, motivated by numerous odor
complaints from nearby residents, monitored hydrogen sulfide and sulfur dioxide

%" The hourly average

concentrations downwind of the Calumet Refinery in Shreveport.
concentration for hydrogen sulfide, for the monitoring period from October 2002 to April
2005, was 2.56 ppb, with a maximum of 50.15 ppb and a median of 1.92 ppb."*® These

measurements correspond to the range of the monitoring data from Arkansas, and the

same analysis of potential health effects applies.

6.2.1.4 New Mexico
In February 2002, the Air Quality Bureau of the New Mexico Environment
Department monitored hydrogen sulfide levels to determine if ambient concentrations

near certain facilities are in compliance with the state’s ambient standards.'*' Air samples

1% “Hydrogen Sulfide Concentrations in Colorado,” p.2.

19 James M. Hazlett, “Report for the Calumet Air Monitoring Project,” Louisiana Department of
Environmental Quality, Office of Environmental Assessment. June 8§, 2005. (obtained from the author and
used with permission.)

10 Hazlett, p.4.

141 New Mexico Environment Department (NMED), Air Quality Bureau. “Trip Report: H,S Survey, March
18-22, 2002.” By Steve Dubyk and Sufi Mustafa. Obtained from the author.
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were collected near a sewage treatment plant, four dairy operations, a poultry operation,

one liquid septage facility, one sewage sludge disposal facility, and several oil and gas

facilities.'*?

a discussion of the results follows.

Table 3: Summary of Monitoring Data from New Mexico Study

Table 3 presents the data from the monitors near the oil and gas facilities, and

Facility type H,S concentration measured at
monitoring site (ppb)**

Range Average
Indian Basin Hilltop, no facility 5-8 7
Indian Basin Compressor Station 3-9 6
Indian Basin Active Well Drilling Site 7—190 114
Indian Basin Flaring, Production, and Tank Storage Site 4-1,200 203
Marathon Indian Basin Refining and Tank Storage Site 2-370 16
Carlsbad City Limits, near 8 to 10 wells and tank storage sites 5-7 6
Carlsbad City Limits, Tracy-A 5-8 7
Compressor station, dehydrators — Location A 4-5 4
Compressor station, dehydrators — Location B 2 —15,000 1372
Huber Flare/Dehydrating Facility * 4-12 77
Snyder Oil Well Field 2-5 4
Empire Abo Gas Processing Plant 1-1,600 300
Navajo Oil Refinery 3-14 7-8

* Strong winds, flare not operating correctly at time of sampling may have caused lower readings than

expected, according to study, p.8.

The New Mexico data indicates that ambient concentrations of hydrogen sulfide at
the sampling locations, which included both oil and gas facilities and sites without oil and
gas facilities, are at least an order of magnitude greater than 0.11 to 0.33 ppb, which are

144 The ambient

the ambient levels of H,S that can normally be expected in urban areas.
levels recorded at the two sites without expected sources of H,S — Indian Basin Hilltop, no

facility and Carlsbad City Limits, Tracy-A — both averaged 7 ppb, indicating that usual

2 NMED Trip Report, p.1.

' The monitor that the NMED used recorded hydrogen sulfide concentrations every 30 seconds for 3
minutes. The averages reported in this table are averages of 3-minute mean concentrations.

14 Agency for Toxic Substances and Disease Registry (ATSDR). 2004. Toxicological profile for hydrogen
sulfide (Draft for Public Comment). Atlanta, GA: U.S. Department of Health and Human Services, Public
Health Service. Chapter 2, p.1.
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H,S concentrations in this part of New Mexico are higher than normal urban background
levels.

Hydrogen sulfide levels sampled at flaring, tank storage, and well drilling sites,
averaging from approximately 100 to 200 ppb, are significantly elevated compared to
normal background levels, and compared to usual background H,S concentrations in this
area of New Mexico. While these concentrations generally produce a nuisance due to
odors which may translate into headaches, nausea and sleep disturbances if exposure is
constant, one study discussed above (Legator et al., 2001) found central nervous system,
respiratory system, and ear, nose and throat symptoms associated with annual average
hydrogen sulfide levels ranging from 7 to 27 ppb. Overall, the data shows that
concentrations of H,S vary widely, even at similar facilities: at one compressor /
dehydrator, the average concentration over the course of monitoring was 4 ppb, while at
another, the average was 1372 ppb. The data further demonstrates that H,S is present,
often at quite elevated levels, at oil and gas facilities. A staff person at the NMED
indicated that there is need for more monitoring and a better-designed study, but that
budget constraints prevent them from routine monitoring. The department had rented a

hydrogen sulfide monitor for this study.

6.2.1.5 North Dakota

The North Dakota State Department of Health and Consolidated Laboratories
monitored hydrogen sulfide emissions from oil and gas wells at several locations, from
1980 until 1992. Each location was near at least one oil or gas well. At one location, the

Lostwood Wildlife Refuge monitoring station, the highest one hour average concentration
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recorded was 88 ppb, in 1990."* At Lone Butte, 6 miles north of the Theodore Roosevelt
National Park, one hour average hydrogen sulfide concentrations frequently exceeded 200
ppb.146 At another site, in a valley with several wells within one mile from the monitor,
recorded concentrations were as high as 250 ppb.'*’ These findings highlight the fact that
hydrogen sulfide is routinely emitted near oil and gas wells.

These monitoring studies reveal that hydrogen sulfide is present at oil and gas
facilities, including oil refineries, gas processing plants, oil and gas wells, flares, and
compressor stations. These types of facilities are commonly situated near residences,
where people can be routinely exposed to hydrogen sulfide. The levels of H,S range from
relatively low concentrations of 2 ppb recorded in Louisiana to the much higher

concentrations observed in New Mexico and North Dakota.

6.2.2 Routine Monitoring

Of the twenty states that have an ambient hydrogen sulfide standard, only three —
California, Oklahoma, and Texas — conduct routine monitoring of ambient H,S
concentrations. The other eighteen states do not monitor ambient H,S levels. Rather, the
standard is generally used in permitting facilities that emit hydrogen sulfide. Typically,
the health/environmental departments model emissions and permit a facility if the model

reports that the emissions would not raise ambient levels above the standard.

6.2.2.1 California
The California Air Resources Board (CARB), which manages air quality and

pollution in the state, has authority to enforce the state ambient hydrogen sulfide standard

145 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I11-22.
146 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I11-26.
7 EPA, “Report to Congress on Hydrogen Sulfide Emissions,” p.I1I-30.
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of 30 ppb, averaged over one hour. CARB also delegates management to the state’s 35
Air Pollution Control Districts (APCDs) or Air Quality Management Districts (AQMDs),
each with authority to adopt its own rules and regulations to control and monitor
emissions of hydrogen sulfide. A map of the state air districts is in Appendix C. The
local districts defer to the state ambient standard, but they are in charge of conducting
monitoring of ambient H,S.

The twelve sites in California where hydrogen sulfide is routinely monitored were
chosen because of nearby emission sources. Table 4 summarizes the monitoring sites and
the sources of H,S. I discuss the data for 2005 from Contra Costa and Santa Barbara
Counties, where the H,S sources are due to oil and gas facilities. Daily averages of hourly
hydrogen sulfide readings at the three monitoring sites in Contra Costa County range from
0.000 to 0.003 ppm, with one reading of 0.007 ppm at one monitoring site. Similarly, the
daily averages of hourly H,S concentrations recorded during 2005 at all three sites in

Santa Barbara range from 0.000 to 0.001 ppm.'*

These levels are most likely of no health
concern.

Table 4: California H,S Monitoring Sites

District County Sites | Source(s)

Great Basin Unified APCD Inyo 2 | Geothermal Power Plant

Lake County AQMD Lake 3 Geothermal Power Plants

Mojave Desert AQMD San Bernardino 1 Chemical Processing Facility

San Francisco Bay Area AQMD | Contra Costa 3 | Chevron Oil Refinery

Santa Barbara County APCD Santa Barbara 3 | Oil and Gas Processing
Facilities

8 Data is available at http://www.arb.ca.gov/adam/cgi-bin/db2www/adamweeklyc.d2w/start. In Step 3,
select desired county, and on the next page, in Step 1, select “Daily Average of Hourly Measurements.” Use
arrows on the right to select different time periods.
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6.2.2.2 Oklahoma

The Air Quality Monitoring division of the Oklahoma Department of
Environmental Quality (DEQ) continuously monitors ambient levels of hydrogen sulfide
at sites downwind of two large oil refineries in Tulsa. The DEQ initiated the monitoring
because complaints about foul odors numbered as many as 5 or 6 per day.'"* According to
staff at the Oklahoma DEQ, the DEQ installed three monitors in Tulsa, and continuous
hourly average data for two of the three monitors is available on-line.

Figure 3 summarizes the data on ambient H,S levels recorded at these two sites in
Tulsa. Monitor 235 is in a park right next to residences an eighth to a quarter of a mile
downwind and across the river from a refinery. Monitor 501 is on a hill, two to three
miles downwind of another refinery. The hill elevation approximately lines up with the
height of the refinery stacks. The majority of the odor complaints mentioned above came
from residents of this neighborhood. Now, the DEQ receives about 3 or 4 complaints a
week. The levels of hydrogen sulfide in both neighborhoods, although not very high, are
nevertheless above the EPA’s RfC of 1.4 ppb, and are well elevated above normal
background levels of 0.11 to 0.33 ppb. It is possible that continuous exposure to these
levels poses health risks. While the Oklahoma DEQ is monitoring hydrogen sulfide
levels, there is no concurrent community health or exposure study investigating the health

effects of chronic exposure to these levels of H,S.

149 personal communication, Rhonda Jeffries, Oklahoma Department of Environmental Quality. February
10, 2006.
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Figure 3: Tulsa H,S Monitoring Data*®

H,S Monitoring Data from Tulsa, OK
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6.2.2.3 Texas

The Texas Commission on Environmental Quality (TCEQ) coordinates a network
of monitors across the state to insure compliance with its ambient air quality standards.
Hydrogen sulfide is among the pollutants that are routinely monitored. There are twelve
active H,S monitors in Texas, some in residential and some in industrial areas, each near
an oil or gas facility, including a refinery, a tank battery, and a compressor station.””' The
majority of the monitors register relatively low H,S levels, ranging from 0.1 ppb to 5 ppb.
However, one monitor at compressor station near a residence, consistently records
elevated levels of H,S. In December 2005, the last month for which the data has been
validated by the TCEQ, 20 percent of the hourly readings exceeded the state standard of
0.8 ppm."** Chronic exposure to such levels, generally considered a nuisance due to odor,
has also been shown to adversely affect human health, as discussed in the Literature

Review — Chronic Exposure section.

7. Evidence From People Living Near Oil and Gas Operations

I conducted semi-structured, informal telephone interviews with people who
believe that their health has been compromised as a result of exposure to hydrogen sulfide
from oil and gas operations. Appendix D contains narratives of each interview, and
provides details about each interviewee’s experience. Some interviewees had previously
contacted the Oil and Gas Accountability Project (OGAP), a non-profit organization

working to reduce the impacts of oil and gas development on communities and the

I Data and photos are available at
http://www.tceq.state.tx.us/compliance/monitoring/air/monops/sites/monitors_map.html

1265 out of 332 readings were above 80 ppb. (40 data points did not include readings due to equipment
maintenance).
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environment, about their concerns. These interviewees identified other potential interview
participants. 1 spoke with eleven people, and obtained information about the experiences
of two additional people who lived with the interviewees. Thus, the information I present
here is based on the experience of thirteen people. The ages of the interview participants
range from 25 to 76. To protect the privacy of the interviewees, their names and other
identifying characteristics have been withheld.

Table 4 summarizes the information on the sources of H,S, lengths of exposure,
and symptoms reported by each interviewee. Hydrogen sulfide exposure was due to
emissions from a variety of sources. As identified in the interviews, these consisted of a
natural gas sweetening facility, natural gas and oil well sites, flaring operations at both oil
and gas facilities, venting, wastewater pits, and an oil refinery. The duration of exposure
also varied, from one year to as long as eleven years, and these exposure periods in
several cases include instances of acute exposure to accidental high-concentration H,S
releases. Some interviewees had information on the concentrations of H,S to which they
were exposed, while others did not.

The reported health effects are consistent with exposure to hydrogen sulfide, and
include both physical and neurological symptoms. The most commonly reported
symptoms were pressure headaches or dull headaches (ten people), fatigue or loss of
energy (seven people), and memory impairments (seven people). Dizziness, throat
irritation, eye irritation, heart palpitations, and insomnia were each reported by four
people, and nosebleeds by five people. Other symptoms that the interviewees are
experiencing are balance problems, trouble walking, vomiting, coughing, concentration

problems, skin irritations (in some cases severe), and shortness of breath.

45



Eight people are experiencing chemical hypersensitivity and attribute it to
hydrogen sulfide exposure. Two people I interviewed have had their gall bladders
removed, which may or may not have been related to hydrogen sulfide exposure, and four
have been diagnosed with chemical encephalopathy (swelling of the brain). Three
interviewees are on permanent Social Security disability as a result of their health
problems, which they attribute to hydrogen sulfide exposure. Five separate interviewees
also stated that animals in their area were experiencing health problems. Every
interviewee reported that the characteristic rotten egg odor of hydrogen sulfide was
commonplace at their residences. Four families that I interviewed chose to move from
their previous residences because of the health problems they associate with hydrogen
sulfide.

While some of the interviewees have been diagnosed by medical professionals
who attributed their symptoms to exposure to hydrogen sulfide, others have not. Oil and
gas operations emit a host of other pollutants in addition to hydrogen sulfide, many of
which are hazardous to human health, confounding the process of ascribing health effects
to just one chemical. Additional confounders are individual health factors and the
potential presence of other sources of hydrogen sulfide. This difficulty of disaggregating
pollutants and symptoms provides an opportunity for critics to undermine the conclusion
that the health problems reported by the people I interviewed are due to hydrogen sulfide.
Nevertheless, the symptoms that the interviewees experienced match the health effects
associated with hydrogen sulfide exposure as reported in the toxicological studies I

present above.
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The interviews provide evidence, which, although it is anecdotal, attests to the fact
that hydrogen sulfide is emitted at a host of oil and gas facilities, and that its continual
presence in ambient air compromises human health and well being. Although the
concentrations of H,S to which the interviewees were exposed are, for the most part, not
known, they likely are not very high. Except for the three cases of knockdown, the
interviews show that chronic exposure to relatively low levels of hydrogen sulfide can
nevertheless take a considerable toll on people’s health. The health problems that the
people I interviewed are experiencing are serious enough to warrant monitoring of
ambient air near oil and gas facilities in residential areas to ensure that H,S levels are not
above those considered safe. Clearly, the very issue of what levels of hydrogen sulfide are
“safe” is contentious, judging in part by the wide range of values that characterize states’
ambient H,S standards. More research is certainly needed, both to determine the effects
of chronic exposure to low levels of H,S and to establish a sound standard for safe

exposure to HsS.
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Table 4: Summary of Interviews

Age Exposure Time
Source of . .
and L and Symptoms Diagnosis
Emissions .
Sex Concentrations
Story 1 | Male Venting 3 years ongoing, 2 | Ongoing: Staggering, dizziness, pressure headaches, dry cough, shortness of breath, throat chemical encephalopathy
76 from tank acute exposures irritation, fatigue, lightheadedness, insomnia, lack of concentration, memory loss; chemical hypersensitivity due
battery to H,S
Acute exposure: stiff neck, dizziness and dry heaving
Male Sour gas Ongoing; one acute | Knockdown: severe headache
25 well, tank exposure-
battery knockdown, 200 Persistent symptoms: very bad memory, some balance problems
ppm
Story 2 | Female | Oil refinery, | Ongoing, unknown | Headaches, balance problems, concentrations problems, eye irritation, problems sleeping, chemical encephalopathy
44 waste water | concentrations general pain, low muscle strength, trouble walking, problems with memory retention and
treatment reading comprehension, hypersensitivity of the skin
plant, oil
pads
Story 3 | Male Natural gas | Ongoing, unknown | Wife: pains similar to severe rheumatoid arthritis, blistering of the skin when showering, None specific to H2S
and well flaring | concentrations severe burns on the bottoms of her feet, skin covered in welts, fatigue, vomiting, rectal
Female, bleeding, severe sinus headaches; gall bladder removed
mid-40s Husband: rectal bleeding
Story 4 | Male Amine Ongoing for 1 year; | Both: chronic sore throat, congestion, coughing, headaches, swollen eyes, insomnia, None
and plant, sour unknown occasional nosebleeds, and a general lack of energy.
Female, | gas wells concentrations Husband: face burns, burning on hands and eyes.
mid-60s Wife: heart palpitations
Story 5 | Male Oil refinery, | Husband: Husband: bloody nose, headaches, colon polyps, burning eyes, throat itching, and itching all | chemical encephalopathy
and waste water | occupational; over, severe headaches, severe rashes, burning skin, teeth damage, nerve damage, slurred
female, | treatment ongoing residential | speech; on disability, unable to work
mid-40s Wife: ongoing; Wife: rapidly deteriorating eyesight, ringing in her ears, memory problems, trouble with
Concentrations 3 balance, tremors, trouble walking up and down stairs, and severe migraine headaches; gall
ppm; 3 or 4 times bladder removed
per week 10 ppm
Story 6 | Female | Sour natural | Ongoing; one acute | Acute exposure: headache, extremely sick; Later: extreme fatigue, confusion, anxiety, heart chemical encephalopathy,
50s gas wells exposure symptoms, shaking and tremors when exposed to certain chemicals, dizziness, headaches, non-recoverable
flaring, tank nosebleeds, memory and cognitive impairments, especially upon exposure to H2S or other
battery chemicals, bronchial asthma symptoms
Son knocked down: arrhythmia, balance problems, and pneumonia; Currently: nosebleeds,
walks with a cane, experiences extreme headaches, confusion, brain fog, ongoing heart
problems, burning lungs when he’s in an area with chemicals, scaling of the skin, psoriasis,
and chloro-acne
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Story 7 | Male Gas Ongoing, one acute | Acute exposure: extreme shortness of breath, close to unconsciousness Chemical encephalopathy,
27 processing exposure Ongoing: blurred vision, brain fog, memory impairment, excessive sleepiness, lack of energy | optical nerve damage
plant, wells and strength, occasional diarrhea, blood in his urine, loss of libido, abnormal heart rhythm,
and anxiety-like attacks, severe and protracted involuntary muscle movements in his arms
and legs.
Story 8 | Female | Gas wells, Ongoing Acute exposure: knockdown, blinding headache, fading of consciousness Chemical sensitivity
50s flares, occupational, one Ongoing: nasal irritation, balance and memory impairment, nosebleeds, nerve inflammation
condensate | acute exposure
pits
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8. Concluding Remarks

The literature on human health and hydrogen sulfide reveals serious and lasting
physiological and neurological effects associated with acute exposure. The health effects of
chronic exposure to lower levels of H,S, as documented in several studies, also include persistent
physiological and neurological disturbances. Oil and gas facilities can be expected to
accidentally and routinely emit hydrogen sulfide in concentrations that span a wide range and are
associated with a variety of health effects. Academic studies, my conversations with health
department staff, and available data from monitoring projects help establish that hydrogen
sulfide is indeed present near oil and gas facilities.

Because people live near oil and gas sites, emissions of H,S may be routinely
compromising human health. The interviews I conducted with people who live close to oil and
gas facilities, as well as some research reported in the Literature Review section, provide
evidence of health impacts from exposure to H,S emitted by oil and gas development. Although
the anecdotal evidence from my interviews is vulnerable to criticism that other pollutants or
individual health factors may be responsible for the symptoms, the reported health effects are
consistent with hydrogen sulfide exposure. The fact that concentrations of H,S to which people
are exposed are often not known does not imply that hydrogen sulfide is not the cause of the
observed health effects. The lack of precise exposure data is, however, one area that future
research should address.

In the meanwhile, people’s health needs to be protected. The proximity of oil and gas
wells to people’s residences is one route of exposure to hydrogen sulfide, and to other pollutants
associated with oil and gas extraction. The persistence of the land ownership pattern known as

‘split estate,” under which one entity owns the rights to the surface of the property and another to
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the minerals under the surface, is partly responsible for the proximity of oil and gas facilities to
residences. Another factor are low setbacks, the minimum distance required between an energy
facility and a specific type of development.'” For example, in Colorado, where some of the
interviewees live, the residential setback requirement for oil and gas wells is 150 feet."”* In

155

Texas, the setback is also 150 feet, ™~ while the New Mexico residential setback is just 100

156

feet. ™ In Alberta, Canada, the residential setback requirement for sour gas wells areas is 100 m

(approximately 330 feet)."’

While greater than Colorado’s and Texas’s required setback, this
distance may not be sufficient, as some of the interviewees were exposed to hydrogen sulfide in
Alberta. To truly provide a margin of safety and protection to people who live in areas of oil and
gas development, whether the facilities are on their surface property or not, greater setback
distances need to be established. The siting of oil refineries and gas processing plants near
residences, and conversely, building homes near existing refineries and gas plants, exposes
people to a host of pollutants, including hydrogen sulfide. This is often an issue with the
dimension of social and environmental justice added to questions of protecting public health.
Some technological options exist that may help mitigate the effects of hydrogen sulfide
on the health of people who live near emission sources. One advanced technology for odor

control, consisting of a dry scrubbing system with multiple beds of engineered media (made by

soaking, or on a rotating agglomeration disk), removed hydrogen sulfide at a wastewater

133 http://www.eub.ca/portal/server.pt/gateway/PTARGS_0 0 257 229 0 43/http%3B/
extContent/publishedcontent/publish/eub_home/public_zone/eub_process/enerfaqs/EnerF AQs5.aspx#1

13 Colorado Oil and Gas Conservation Commission, Rule 603. Available at http://oil-

gas.state.co.us/RR _Asps/600Series.pdf

13 Texas Administrative Code, Title 16, Part I, Chapter 3, Rule 3.21 (a) and (i). Available at
http://info.sos.state.tx.us/pls/pub/readtac$ext.ViewTAC?tac_view=4&ti=16&pt=1&ch=3&rl=Y

156 personal communication, Denny Foust, New Mexico Environment Department, April 12, 2006.

137 Alberta Energy and Utilities Board, Directive 056, Energy Development Applications and Schedules. Available
at http://www.eub.ca/docs/documents/directives/directive056.pdf, pp.54-55.
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treatment facility with an efficiency of 99.94 percent.'®

This odor control technology reduced
the peak inlet hydrogen sulfide concentration of 108.0 ppm to 0.061 ppm."”” Such odor
abatement technologies could be required at all facilities that emit hydrogen sulfide, including oil
refineries and gas processing plants. At points of oil and gas extraction and processing, requiring
high efficiency flares would ensure that less hydrogen sulfide (and other pollutants) escape into
ambient air unburned.

As I show in the Regulations and Recommendations section, at the federal level, the oil
and gas industry and the paper and pulp industry have exerted their influence to prevent H,S
from being included on the Clean Air Act’s Hazardous Air Pollutants (HAPs) list, and to exempt
it from reporting under the EPA’s Toxic Release Inventory (TRI). At the time of writing, the
EPA is reviewing both decisions, which at the very least indicates that some concern exists over
the lack of stricter regulation of hydrogen sulfide at the federal level. The level of regulation of
hydrogen sulfide varies widely across the states that have established an ambient standard in the
absence of a federal one, but again, the very existence of ambient standards suggests that
hydrogen sulfide is a concern.

Monitoring of ambient H,S is necessary to determine exactly how much is being emitted
and to clarify the link between exposure and health effects. Enough evidence of routine H,S
emissions at oil and gas facilities emerges from my conversations with health department
personnel, interviews with people living near oil and gas sites, several studies summarized in the
Literature Review section, and state monitoring projects to merit more comprehensive
monitoring. The lack of federal standards for ambient H,S levels or for emissions of H»S is one

reason for sparse monitoring even at state level, since state health / environmental departments

18 Gailey, Karen. 2004. “Goodbye Odors, Hello Happy Neighbors.” Pollution Engineering. p.30.
1% Gailey, Karen. 2004. “Goodbye Odors, Hello Happy Neighbors.” Pollution Engineering. p.30.
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largely depend on federal funding for their projects. More routine and special project monitoring
would facilitate conducting community health studies, by providing accurate exposure data that
could be matched with observed health effects.

In light of the information presented here on the health effects associated with exposure
to hydrogen sulfide, even though rigorous data on the dose-response relationship is lacking, it is
irresponsible and callous to delay making some public policy decisions that would help protect

human health.
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Appendix A: Guidelines for Occupational Exposure to Hydrogen Sulfide

[H2S]

1 hour

(ppm) Agency Duration Comments
0.1 ATHA * ERPG- 1 Maximum airborne concentration below which it is believed
1 hour that nearly all individuals could be exposed for up to one hour
without experiencing other than mild, transient adverse health
effects or perceiving a clearly defined objectionable odor;
based on human odor detection.
033 | EPA°® AEGL 1
8 hours
b
0.36 EPA AEGL 1 Airborne concentration above which it is predicted that the
4 hours . . o
general population, including susceptible individuals, could
0.51 EPA° AEGL 1 experience notable discomfort, irritation, or certain
1 hour asymptomatic nonsensory effects. However, the effects are
0.6 EPA°® AEGL 1 not disabling and are transient and reversible upon cessation
30 minutes of exposure.
0.75 | EPA® AEGL 1
10 minutes
10 ACGIH ¢ | TLV-TWA Occupational exposure
8hr/day, 40hr/week
10 osHA ¢ | 8hr/day, 40hr/week Occupational exposure
10 NIOSH ¢ | 10 minutes Recommended exposure time to 10 ppm in the workplace
15 ACGIH ¢ | TVL-STEL Occupational exposure for short periods of time
Short periods of time
17 EPA " AEGL 2 Airborne concentration above which it is predicted that the
8 hours general population, including susceptible individuals, could
20 EPA° AEGL 2 experience irreversible or other serious, long-lasting adverse
4 hours health effects or an impaired ability to escape.
20 OSHA ¢ | Ceiling Ceiling, if no other exceedence of 10 ppm standard
27 EPA° AEGL 2 Airborne concentration above which it is predicted that the
1 hour general population, including susceptible individuals, could
experience irreversible or other serious, long-lasting adverse
health effects or an impaired ability to escape.
30 AIHA * ERPG-2 Maximum airborne concentration below which it is believed
1 hour that nearly all individuals could be exposed for up to one hour
without experiencing or developing irreversible or other
serious health effects or symptoms which could impair an
individual’s ability to take productive action; based on animal
studies
31 EPA " AEGL 3 Airborne concentration above which it is predicted that the
8 hours general population, including susceptible individuals, could
experience life-threatening health effects or death.
32 EPA " AEGL 2 Airborne concentration above which it is predicted that the
30 minutes general population, including susceptible individuals, could
experience irreversible or other serious, long-lasting adverse
health effects or an impaired ability to escape.
37 EPA° AEGL 3 Airborne concentration above which it is predicted that the
4 hours general population, including susceptible individuals, could
experience life-threatening health effects or death.
41 EPA° AEGL 2 Airborne concentration above which it is predicted that the
10 minutes general population, including susceptible individuals, could
experience irreversible or other serious, long-lasting adverse
health effects or an impaired ability to escape.
50 OSHA ¢ 10 minute ceiling If no other measurable exposure during 8 hr shift
50 EPA° AEGL 3 Airborne concentration above which it is predicted that the

general population, including susceptible individuals, could
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59 EPA " AEGL 3 experience life-threatening health effects or death.
30 minutes
76 EPA° AEGL 3
10 minutes
100 NIOSH d | IDLH Immediately Dangerous to Life and Health
100 AIHA? ERPG-3 Maximum airborne concentration below which it is believed
1 hour that nearly all individuals could be exposed for up to one hour
without experiencing or developing life-threatening health
effects; based on human studies

# Source: EPA, http://www.epa.gov/oppt/aegl/define.htm and http://www.epa.gov/oppt/aegl/results57.htm
® Source: AIHA, 2005 American Industrial Hygiene Association, available at http://www.aiha.org/1documents/Committees/ERP-
erpglevels.pdf, and EPA Report, 1993 p.III-11, 13.

¢ EPA “Report to Congress on Hydrogen Sulfide Emissions,” p.III-10.

d Occupational Safety and Health Administration, 29 CFR 1910.1000, available at
http://www.osha.gov/dts/chemicalsampling/data/CH_246800.html

¢ Source: NIOSH is a department within the Centers for Disease Control and Prevention. See
http://www.cdc.gov/niosh/npg/npgd0337.html for NIOSH’s H,S exposure recommendations.
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Appendix B:

State Ambient Hydrogen Sulfide Standards

State Standard |Duration Justification Source
Arizona 180 pg/m3 AAAQQG, health based, on OSHA www.azdeq.gov/environ/air/permits/download/ambient.pdf
(0.128 ppm) |1 hr guidelines
110 pg /m3
(0.078ppm) |24 hr
California 0.03 ppm 1 hr California Air Resources Board, Nov 2005:
http://www.arb.ca.gov/aqs/aaqs2.pdf
Delaware 0.06 ppm average concentration not to be Regulation 3, Delaware Ambient Air Quality Standards,
exceeded taken over any consecutive 3 www.dnrec.state.de.us/air/agm_page/docs/pdf/reg 3.pdf
minutes
0.03 ppm average concentration not to be
exceeded taken over any consecutive
60 minutes
Hawaii 25 ppb 1 hr Combination of health and nuisance Hawaii State Ambient Air Quality Standards,
www.hawaii.gov/health/environmental/air/chart.pdf
lowa 30 ppb 1-hr daily maximum "health effects standard" www.legis.state.ia.us/Rules/2004/Bulletin/IAB040818.pdf
Louisiana 330 ppb 8-hr average NIOSH/OSHA safety standard, took 1/42 of|Personal Communication, Jim Hazlett, Air Quality Assessment,
their level Louisiana Department of Environmental Quality
Massachusetts  |0.65 ppb 24-hr and annual limit Based on EPA RfC, Threshold Effects Massachusetts Rule 310: Ambient Air Exposure Limits for
Exposure Limit and Allowable Ambient Chemicals
Limit www.mass.gov/dep/air/aallist.pdf
Minnesota 0.05 ppm 1/2 hr average not to be exceeded over Minnesota Pollution Control Agency, State Ambient Air Quality
(70 pg /m3) |2 times per year Standards, Chapter 7009.0080
0.03 ppm 172 hr average not to be exceeded over www.revisor.leg.state.mn.us/arule/7009/0080.html
(42 pg/m3) |2 times in any 5 consecutive days
Missouri 0.05 ppm 1/2 hr average not to be exceeded over Missouri Ambient Air Quality Standards CSR 10-6.010,
(70 g /m3) |2 times per year www.so0s.mo.gov/adrules/csr/current/10csr/10c10-6a.pdf
0.03 ppm 1/2 hr average not to be exceeded over
(42 pg/m3) |2 times in any 5 consecutive days
Montana 0.05 ppm hourly average, not to be exceeded health based Montana Rule 17-8-214
more than once per year http://deq.mt.gov/dir/legal/Chapters/CH08-02.pdf
Nevada 0.08 ppm 1-hr average health based Nevada Chapter 445B — Air Controls, section 22097,
www.leg.state.nv.us/NAC/NAC-445B.htmI#NAC445BSec22097
New Mexico 0.010 ppm 1-hr average not to be exceeded more New Mexico Ambient Air Quality Standards, Title 20, Chapter 2,
than once per year Part 3
0.100 ppm  |1/2 hour average special for the Pecos-Permian Basin Www.nmenv.state.nm.us/aqb/regs/20_2_03nmac_103102.pdf
Intrastate Air Quality Control Region
0.030 ppm 1/2 hour average for within five miles of municipalities in
Pecos-Permian Basin that are populated
areas (more than 20,000 people)
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New York 0.01 ppm 1-hr average odor and aesthetic New York Rules and Regulations, Chapter I1I, Subpart 257-10;
www.dec.state.ny.us/website/regs/subpart257 10.html
North Dakota 10 ppm ceiling, maximum instantaneous health based North Dakota Ambient Air Quality Standards, Chapter 33-15-2
concentration not to be exceeded www.legis.nd.gov/information/acdata/html/..%5Cpdf%5C33-15-
0.20 ppm maximum 1-hr average concentration 02.pdf
not to be exceeded more than once per
month
0.10 ppm maximum 24-hr average concentration
not to be exceeded more than once per
year
0.02 ppm maximum arithmetic mean
concentration averaged over three
consecutive months
Oklahoma 200 ppb 24-hr average concentration Oklahoma Air Pollution Control Rules, Title 252, Chapter 100-31-7
www.deq.state.ok.us/rules/100.pdf
Oregon 2 nug /m3 annual average concentration based on EPA's RfC, proposed benchmark |Personal Communication, Bruce Hope, Senior Environmental
(0.3 ppb)* Toxicologist, Oregon Department of Environmental Quality, Air
Quality Division. Feb. 10, 2006.
Pennsylvania 0.005 ppm 24-hr average Pennsylvania Article III, Chapter 131,
www.pacode.com/secure/data/025/chapter131/025_0131.pdf
0.1 ppm 1-hr average
Texas 0.08 ppm 30-min average if the downwind concentration of hydrogen [Texas Administrative Code, Title 30 Part 1, Chapter 112, subchapter
sulfide affects a property used for B;
residential, business, or commercial http://info.sos.state.tx.us/pls/pub/readtac$ext.ViewTAC?tac_view=>5
purposes &ti=30&pt=1&ch=112&sch=B&rl=Y
0.12 ppm 30-min average if the downwind concentration of hydrogen
sulfide affects only property used for other
than residential, recreational, business, or
commercial purposes, such as industrial
property and vacant tracts and range lands
not normally occupied by people.
Vermont 333 pg/m3  |24-hr health based proposing 1 pug /m3 annual average, to be determined in April;
(0.024 ppm) current standard available at
http://www.anr.state.vt.us/air/docs/apcregs.pdf
Wyoming 70 pg /m3 1/2 hour average not to be exceeded 'Wyoming Department of Environmental Quality, Air Quality
(0.05 ppm) more than 2 times per year Division, Ambient Air Quality Standards, Chapter 2:
1/2 hour average not to be exceeded http://deq.state.wy.us/aqd/stnd/Chapter2 2-3-
40 pug /m3 more than 2 times in any 5 consecutive OSFINAL_CLEAN.pdf
(0.03 ppm) days

* Proposed, to be reviewed April 2, 2006
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Appendix C: California Air Districts

California Air Districts and Counties

Siski Air Districts are Delineated by Bold Black Text Labels
North ESxIyou Mscgigc and Grey Boundary Lines.
Coaf.it. : Counties are Delineated by Smaller Text Labels
Unified and Black Boundary Lines.
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Appendix D: Interview Narratives

Story 1
One participant, a 76-year-old rancher, used to own and live on a ranch on flat

prairie land in Alberta, Canada. His property was three quarters of a mile straight east and
downwind of an oil facility, which included a tank battery where impurities such as sand
and salt water were removed from the oil to prepare it for the pipeline. According to
government figures which he claims to have obtained, the oil initially contained 8%
hydrogen sulfide. This figure increased to 13% after a few years of production. The
interviewee believes that H,S emissions affected people within a radius of up to three
miles from the facility.

Venting to the atmosphere from several big tanks in the battery released hydrogen
sulfide, as oil added to the tanks stirred up the settled oil, emitting H,S. For the first three
years of the facility’s operation, there was no flare, and the hydrogen sulfide would
accumulate and then be vented.

This interviewee was exposed to hydrogen sulfide many times before he realized
what was taking place. He often woke up dizzy, and reports staggering for a half hour
before regaining his balance for the rest of the day. Initially, he thought the dizziness was
due to high blood pressure, but tests revealed that his blood pressure was normal. During
and after every exposure, he experienced angina pains (pain due to lack of oxygen to the
heart muscle) while walking even short distances. After moving away, the angina
improved and he is able to control it with medication. Nevertheless, he has undergone six
by-pass surgeries. Additionally, he experienced pressure inside his head and short term

memory loss.

63



This interviewee experienced health problems as a result of several specific
hydrogen sulfide releases from the tank battery. He believes he was exposed to a very
high, but unknown, concentration of hydrogen sulfide on one occasion, when he was
harvesting crops approximately 500 feet from the oil facility’s fence line. He recalls
briefly smelling the rotten egg odor, and then not noticing it further. At that time, he
experienced a stiffening of the neck and shoulders, and his head ‘froze’ in the position he
had turned it. Now, if he is exposed to hydrogen sulfide, he experiences similar but not as
severe symptoms of the head, neck, and shoulders.

On another occasion, when the rotten egg odor characteristic of hydrogen sulfide
was especially strong outside the house, he was sick for three days. During this episode,
which he attributes to many small exposures over the three days, his balance was
disrupted so that he could not stand when he stood up, and he experienced dry heaving.
After this episode, he started to be observant and to study the effects of hydrogen sulfide
on human health. He used the Internet and visited other people who had problems due to
H,S, and found that his symptoms matched hydrogen sulfide exposure.

The interviewee eventually purchased a hydrogen sulfide monitor, and he reports
that there were short periods of time when H,S concentrations were very high. On one
occasion, his 17-year-old grandson experienced knockdown while monitoring for
hydrogen sulfide on the property. The monitor recorded 200 ppm at that time. His
grandson had been exposed at other times while working on the ranch, and had difficulty
in school after the knockdown.

I also spoke with the grandson about his knockdown. He experienced dull

headaches in the front of his head whenever he was exposed to H,S. He remembers

64



having a very intense headache right before the incident. His head and neck stiffened, and
he lost consciousness. Since this exposure, he has difficulty remembering details and
notices his memory getting progressively worse. His balance is not as good as it used to
be, and he experiences hot flashes several times per week.

The older interviewee sought medical help on many occasions because of his
health problems. Eight hours of testing by an H,S specialist ruled out Alzheimer’s,
Parkinson’s, and Lou Gehrig’s diseases, as well as progressive blindness and deafness.
According to this professional’s letter, which the interviewee read to me, the diagnosis
was of a “75-year-old man who had extensive exposure” and now suffers from chemical
encephalopathy (swelling of the brain) due to H,S, small airways obstruction beyond that
due to cigarette smoking and attributable to H,S, SO, and diesel exhaust, and chemical
hypersensitivity due to H,S exposure. His symptoms are a dry cough, shortness of breath,
throat irritation, fatigue, lightheadedness, dizziness, insomnia, lack of concentration, and
memory loss. The symptoms that improved after moving are throat and eye irritation and
balance, but the others persist.

There have also been problems with cattle in the area, including spontaneous

abortions and animals’ hooves falling off and not healing.

Story 2
A 44-year-old woman has suffered many health impacts from exposure to
hydrogen sulfide and from an oil refinery, and there are many pump jacks, collection

ponds, and tank batteries close to her residence.

65



The oil refinery transfers its wastewater and production water to the municipal
wastewater treatment facility, which also received wastewater from a dairy facility until
2001."° Her husband, who was employed at the wastewater treatment facility and had
previously worked for an oil company, is now on permanent Social Security Disability
Leave because repeated exposure rendered him physically and psychologically unfit to
work. According to a safety company monitoring data that she has seen, she reported that
concentrations of 10 ppm are commonplace in the street in front of the wastewater
treatment plant. A park where children play is across the street from the plant.

She believes that she is exposed to hydrogen sulfide daily or almost daily. The
smell of rotten eggs is regularly present in town and at her residence. Sometimes, the
odor is very strong for a short time, “a minute or so,” and then she no longer detects it.
She thinks this is due to concentrations above the odor threshold, which occurs between
50 and 100 ppm.'®" At other times, visitors new to the area could detect an odor while
she could not. She thinks her nose is no longer as sensitive to the odor of H,S due to
chronic exposure.

As a result of her and others’ complaints, the Center for Disease Control’s ATSDR
sent personnel to her property to monitor for H,S. Based on the levels they found in the
ambient air, ATSDR has plans to follow up with water and soil sampling on the property.
Although the monitors registered H,S, the ATSDR took no action because of a lack of
health studies attributing adverse health effects to the measured levels. She does not know

the exact levels of H,S on her property.

1% Since then, the diary has secured a discharge permit from the state Department of Environmental Quality
to treat its waters on site. The treatment amounts to holding ponds on adjacent farmland that the dairy
purchased, and then discharging the water over their property.

1! Refer to Health Effects Chart.
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She also experiences headaches, balance problems, concentrations problems, eye
irritation, problems sleeping, and general pain. The headaches are a daily occurrence, but
the severity changes. If she leaves town for several days, the headaches stop. Other
problems are low muscle strength, trouble walking, problems with memory retention and
reading comprehension, and hypersensitivity of the skin. She believes some of her
problems are due to sexual contact with her husband, who had been routinely exposed to
much higher levels at the workplace, as high as 200 ppm on one occasion, according to a
police report of the accident. Specialists have diagnosed her husband with brain damage
and physical damage to the neurological and muscular system from exposure to hydrogen
sulfide.

Her symptoms prompted her to seek medical help on many occasions. Because of
her low muscle strength, one doctor initially diagnosed her with multiple sclerosis. He
later changed the diagnosis to chemical encephalopathy along with peripheral neuropathy.
Another doctor has diagnosed her with cystic fibrosis, and she is awaiting results from a
breast tissue biopsy. She has experienced immune system disorders and her blood tests
show abnormalities that no one can explain. Other people in the area have similar blood

problems.

Story 3

A couple in their mid-40s lived for eleven years in a rural Colorado area of
farmland, orchards, trees, and country roads. They have since moved from that location
because of the myriad health problems they were experiencing. A natural gas well was

situated directly across the street, less than a thousand feet from their residence. There
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were other gas wells close to their property, including several on the mountainside nearby,
where they could see many being flared. On that mountainside, there was also a big pit
containing wastewater.

The property was situated amidst hills and mountains, and it was often very windy.
They continually smelled a rotten egg odor from the well across the street, which caused
them to complain to the company that was doing the drilling. At first, the company was
responsive, shutting the well off for a few days, draining the tanks, and then turning the
rig back on. Soon, however, the couple would notice the smell again, complain, and the
company would again shut off the well, drain the tanks, then eventually turn them back
on. After a year and a half, the company was no longer as responsive to their complaints
or as prompt to take action.

There was flaring for many weeks at both gas wells. According to the husband,
the company received several citations for illegal flaring. As a result of the their
complaints, the company eventually removed one of the tanks. The company told them
that they were smelling sour gas and that they had nothing to worry about. In addition to
the smell, they were disturbed by the noise from the well. On many occasions, they would
leave for the weekend to escape the noise and the odors.

The couple believe that they were continually exposed to hydrogen sulfide for
eleven years from the gas well directly across the street and from a well on an adjacent
plot. They did not know what they were exposed to until 2005, but based on information
they have since gathered and on professional medical assessments, they believe it was

hydrogen sulfide all along. They do not know to what concentrations they were exposed.
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The couple experienced health problems, which they now attribute to ongoing
exposure to hydrogen sulfide. The wife, who spent more time at home, experienced and
continues to experience more and worse symptoms than her husband, who would leave
the house during the week for work. Specifically, the wife, who had always been healthy
before the gas wells started operating near their residence, experienced pains similar to
severe rheumatoid arthritis, though tests did not reveal its presence in her body. She
nevertheless took medication for nine years, which did not help with her pain. She also
experienced blistering of the skin when showering, severe burns on the bottoms of her
feet, and her skin was covered in welts. Her entire body was swollen and her throat
burned. She spent months sleeping and vomiting. She also suffered from severe sinus
headaches, and both husband and wife experienced rectal bleeding, as did some of their
neighbors.

After moving, the wife’s arthritis symptoms relaxed, but she still sleeps a lot, and
undergoes spells of vomiting. Her body experienced symptoms of detoxification after
moving. Eventually, her gall bladder was removed, and showed symptoms of poisoning.
By this time, she had lost over 50 pounds and was malnourished. Her gall bladder was
enlarged to the size of a small pineapple, and had excessive scar tissue, which the doctor
attributed to toxicity. She has been experiencing one especially disturbing, and puzzling,
behavior, which started after the couple moved away from their old residence near the gas
wells. Although she was born and raised in Southern California and English is her native
language, she now speaks with a strange, heavy accent, which at times resembles Russian,

German, or Swedish. Because of the many persistent heath problems, she is no longer
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considered ‘insurable’ by medical insurance companies, nor is she able to work. She is
now on permanent Social Security disability.

In addition to their health problems, the couple believe hydrogen sulfide in the air
around their former residence is responsible for causing the metal siding on their house to
peel just two years after installation, although it was supposed to last for 50 years.
Further, animals on their property experienced health problems. Two baby llamas died
from a pneumonia-type illness, and an older llama had severe sinus problems. They put
their dogs to sleep because of tumors. They tried to breed miniature poodles, but all the

dogs were sterile.

Story 4

In October 2004, a couple in their mid-60s retired to a poor rural county in Texas,
a known region of sour gas. There are several sour gas wells near their residence. Since
March 2005, their property has been surrounded by several wells, all within one mile of
their house, with one well across the street and less than a quarter of a mile away.
Additionally, an amine gas treating plant where sour gas is sweetened, which also began
operating in March 2005, is a half mile from their residence. According to a public record
document that the wife received from the state environmental department in response to
one of her complaints, “The facility receives sour natural gas and treats the gas with an
amine treater to remove CO, and st.”162

The couple believe they are exposed to hydrogen sulfide from the amine plant and
the sour wells that surround their property and that their exposure is ongoing. They have

noticed that odors are worse at night. They are convinced that there are hydrogen sulfide

162 personal communication, F ebruary 27, 2006.
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emissions because of the fact that the region is know for sour gas, because the amine
plant’s purpose is to sweeten sour gas, and because they have read a permit from the state
allowing the amine plant to emit up to four pounds of H,S per hour into the air. They
often notice a strong rotten egg odor, as well as other chemical smells, including a sweet
smell. (The latter may be due to benzene, or to high levels of H,S, which has been
reported to produce a sickening, sweet smell in concentrations above 30 ppm.'®®) The
couple acknowledge that there are other pollutants emitted into the air that they do not
know about. There has been no monitoring done on their property, and they do not know
to what concentrations they are exposed.

Both husband and wife have experienced a host of adverse health effects since the
gas wells and the amine plant began operating. Though neither smokes, nor ever has, they
are both experiencing a chronic sore throat. Their other symptoms include congestion,
coughing, headaches, swollen eyes, insomnia, occasional nosebleeds, and a general lack
of energy. The husband’s face burns, as do his hands and eyes. The wife has experienced
heart palpitations and is now on heart medication, though she was entirely healthy before
moving. They have both seen doctors many times because of their problems, including
several visits to the emergency room, but neither has been officially diagnosed with
hydrogen sulfide exposure. However, they think this is due to the general lack of
knowledge about the subject.

On many occasions, they have been awakened by rotten egg fumes that choked,

and burned their eyes, nose, and throat, and made them feel dizzy. At these times, they

19 Snyder, Jack W., MD, PhD. et al. 1995. “Occupational Fatality and Persistent Neurological Sequelae
After Mass Exposure to Hydrogen Sulfide.” American Journal of Emergency Medicine. p. 200.
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leave the house and stay in a hotel, and now have a packed suitcase ready in case they
need to evacuate in a hurry.
Story 5

A New Mexico couple in their late 40s live a quarter to a half mile from a
municipal wastewater treatment facility, which has been receiving wastewater from an oil
refinery since 1992. The oil refinery itself is four miles from the couple’s residence, and
there are several oil fields in the vicinity. The refinery has been there since the 1970s, but
until 1992, it injected its wastewater into the ground. The wastewater facility used to
receive water from a dairy operation as well.

At their residence, the couple are routinely exposed to hydrogen sulfide, which
emanates from the water at the treatment facility. The husband used to work at the
wastewater treatment facility, so he was exposed to H>S more frequently, and to higher
concentrations than his wife. Accordingly, his symptoms are much more severe. The
couple own an H2S monitor, which sounds an alarm at 10 ppm, a daily occurrence inside
and outside the house, and while driving in town. A monitor within the gates of the
wastewater facility in the past registered 375 ppm, prompting the facility to be temporarily
shut down. Additionally, staff from the Centers for Disease Control (CDC) were in the
area for six weeks, studying hydrogen sulfide. They placed two monitors on the couple’s
property, and although the official results are not yet ready, the CDC staff acknowledged
that conditions are bad.

The husband’s blood tests showed abnormally high levels of H2S, levels so high
that the examining physician thought the sample was from a deceased man. Doctors have

also confirmed that the wife has been exposed to hydrogen sulfide. The husband’s health
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has been deteriorating since 1992, when the refinery started discharging wastewater into
the municipal wastewater treatment facility. His symptoms include nosebleeds,
headaches, burning eyes, throat itching, itching all over his body, severe headaches, and
severe rashes. His skin burns when he sweats. His teeth have been damaged, and he has
suffered nerve damage and slurred speech. The wife has experienced rapidly deteriorating
eyesight, ringing in her ears, memory problems, has had her gall bladder removed, and,
since 1995, has trouble with balance, tremors, trouble walking up and down stairs, and
severe migraine headaches.

Both have been examined by several H,S specialists, and both have been
diagnosed with chemical encephalopathy. Each time they are tested, the results are worse.

The husband is permanently and totally disabled, and is on Social Security disability.

Story 6

This interviewee lived on a 640 acre farm in a relatively flat prairie areas with
some undulating hills in Alberta, Canada. A natural gas well said to contain one percent
hydrogen sulfide was situated about a third of a mile from the residence. There were other
gas wells in the vicinity of her property, and gas was piped from these wells to a site about
a mile away, where it was flared. Within three miles from the residence, there were at
least a dozen natural gas wells, all with hydrogen sulfide content of one percent. There
was also a battery three miles away.

Her first serious exposure occurred as a result of flaring during an initial test soon
after the closest well to her house was drilled. The flaring created a jet plane-like sound,

shaking the house. At this time, she experienced a headache and felt extremely sick. Her
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20-year-old son, who was out walking in the field when the incident occurred,
experienced knockdown. He staggered into the house, lost his balance, and collapsed.
His skin was a greenish gray color when he collapsed. She contacted a regulatory body,
which asked the company to stop operations. However, next day the wells were operating
again. This flaring continued for a week, continually exposing her and her family to H2S.
She smelled the rotten egg odor of hydrogen sulfide, and the company told her that 1 ppm
of H2S was blowing to the residence. They continued to smell H2S several times per
week. There has been no monitoring to determine the exact concentrations of H2S at her
residence.

Within a month of the acute exposure, she was experiencing extreme fatigue,
confusion, anxiety, heart symptoms, shaking and tremors, dizziness, headaches,
nosebleeds, memory and cognitive impairments. Exposure to H2S or other chemicals
would aggravate many of her symptoms. She also has bronchial asthma symptoms though
she has never smoked. Her son developed heart arrhythmia, balance problems, and
pneumonia three months after the knockdown. He now walks with a cane, experiences
extreme headaches, confusion, ongoing heart problems, skin conditions including
psoriasis, and burning in his lungs when exposed to chemicals. Both the interviewee and
her son have multiple chemical sensitivities. An H2S specialist has diagnosed them with
non-recoverable chemical encephalopathy.

Other people in the area have experienced respiratory problems, and there have

been many effects on animals, including abortions and cattle’s hooves falling off.

Story 7
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A 27 year-old interviewee lived half a mile from a gas plant, and a little over half a
mile from several oil wells with flares. He has since moved to another residence in the
same Alabama county, where over 500 oil and gas are active, and he is still exposed to
hydrogen sulfide.

He is convinced that he is continually exposed to hydrogen sulfide because of the
presence of the rotten egg odor. The results of a monitoring project at his residence
confirm the presence of H2S in concentrations of 10 ppb.'®* In addition to his ongoing
exposure, the interviewee recalls nearly experiencing knockdown on one occasion while
driving by a sour gas plant about five miles from his former residence. The source of that
exposure was a flare at the plant, but the concentration of hydrogen sulfide is not known.
At that time, he experienced shortness of breath and felt very near unconsciousness.

When he first moved to his previous residence, he started experiencing blurred
vision and a loss of energy. His current health problems consist of brain fog, memory
impairment, excessive sleepiness, and a lack of energy and strength. He has also
experienced diarrhea, blood in his urine, loss of libido, abnormal heart rhythm, and
anxiety-like attacks. Sometimes, he experiences severe and protracted involuntary muscle
movements in his arms and legs that last up to a day. Exposure to hydrogen sulfide
aggravates his existing symptoms. Since moving to the new residence, his heart
symptoms have lessened.

He has seen several doctors about his health problems. One doctor diagnosed him

with optic nerve damage, and another with chemical encephalopathy. He has tested

1% Monitoring done by Lisa Sumi, Research Director, Oil and Gas Accountability Project. August 2003,
using Jerome 631 H2S monitor. Data used with permission.
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negative for a host of diseases, including Parkinson’s. Though he is 27, he said he feels
67, and that not a day goes by when he feels normal.
Cats at his old residence were also affected. They experienced vomiting and

weight loss, and exhibited sexually confused behavior.

Story 8:

This interviewee, a woman in her 50s, is in the process of moving to eastern Texas
from her western Colorado home, where she has lived for ten years and worked as an
irrigator. There are two natural gas wells about a mile downwind of her residence, and a
shut in well across the street. Flaring and open condensate pits were common at these
wells.

Although this interviewee experienced symptoms at her residence, her primary
exposure to hydrogen sulfide was while she was working in the area, because many wells
dot the fields she was irrigating.  She started working near the gas wells in March 2005.
One well pad was very close to the inlet for the irrigation water. Within a month, she
began experiencing burning and swelling in her nasal passages. Several treatments with
antibiotics did not clear her symptoms, and her doctor conceded that he did not know what
was causing her problems. After this experience, she began wearing a charcoal filter
mask.

Her single major exposure, which resulted in a knockdown, occurred one evening
when she was getting out of her truck to turn off the irrigation water. She was
approximately 50 feet from the well, when she experienced a blinding headache that made
her feel like her head would burst. She then started to collapse and black out. She caught

the door of her truck and was dangling there for about five minutes. Her headache then
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abated and she started to smell the rotten egg odor of hydrogen sulfide, though she did not
smell it when the headache started.

Since the knockdown, this interviewee has developed chemical sensitivities, and
her doctor has advised her to move. She requires a respirator to be outside, and even with
the respirator, she can only be outside for about an hour. She has installed three air
scrubbers to purify the air in her house.

She experiences burning around her eyes and on the exposed skin on her face. Her
sinuses burn and itch, and she frequently gets nosebleeds. If she is outside for more than
an hour, even with the respirator, she develops ulcers on her tongue and in her mouth, and
eventually the glands in her neck and armpits swell. If she ignores these symptoms, she
gets nauseated and experiences vomiting and explosive diarrhea. She also has nerve
inflammation in her legs, and her balance and short term memory are impaired.

The source of hydrogen sulfide, she believes, are fugitive emissions from the
wells, and especially from open condensate tanks. A stack flare was also operating within
a mile of her house. No tests have been done to confirm the presence of hydrogen sulfide.

Other people in her area have also been affected. One neighbor has been feeling
nauseated, while many people smell the odors from the wells and have upper respiratory
infections. The interviewee’s new mule, which grazes on land near the wells, has
experienced hair falling out. A horse also had his mane thin out and experienced diarrhea
during flaring. The horse’s hooves fell apart and would not heal, so the interviewee had

him put down.
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A. Extended abstract

The current California Ambient Air Quality Standard (CAAQS) for hydrogen sulfide is
0.03 ppm (30 ppb, 42 ny/m®) for one hour. The standard was adopted in 1969 and was based
on the geometric mean odor threshold measured in adults. The purpose of the standard was to
decrease odor annoyance. The standard was reviewed in 1980 and 1984 (CARB, 1984), and
was not changed since no new relevant information had emerged. The U.S. EPA presently
does not classify hydrogen sulfide as either a criteria air pollutant or a Hazardous Air Pollutant.
However, several countries have short-term (usually 30 minute) standards for hydrogen sulfide,
as well as long-term (24 hour) standards.

This report focuses on key studies in humans and animals bearing on the health-
protectiveness of the CAAQS for hydrogen sulfide. It also includes a discussion of whether
significant adverse health effects would reasonably be expected to occur, especially among
infants and children, at exposure concentrations below the CAAQS of 30 ppb, based on the
findings of published studies. Additional research on odor sensitivity in infants, children, and
adults would be useful in evaluating the standard. This would include: (1) testing of the odor
threshold for H,S using the most current methodology among groups of healthy persons of both
sexes in different age ranges; (2) odor testing of hydrogen sulfide in adolescents or younger
children to determine their odor threshold for H,S; (3) the identification of children hypersensitive
to the odor of hydrogen sulfide; and (4) physiologic testing of anosmic (either specifically
anosmic to H,S or totally anosmic) children at the CAAQS to determine if adverse physiological

symptoms occur in the absence of odor detection.



B. Background

The Mulford-Carrell Air Resources Act of 1967 directed the Air Resources Board to
divide California into Air Basins and to adopt ambient air quality standards for each basin
(Health and Safety Code (H&SC) Section 39606). The existing California state-wide ambient air
quality standard (CAAQS) for hydrogen sulfide of 0.03 ppm (30 ppb, 42 ng/m®), averaged over a
period of 1 hour and not to be equaled or exceeded, protects against nuisance odor (“rotten egg
smell”) for the general public. The standard was adopted in 1969 and was based on rounding of
the geometric mean odor threshold of 0.029 ppm (range = 0.012 - 0.069 ppm; geometric SD =
0.005 ppm) measured in adults (California State Department of Public Health, 1969). The
standard was reviewed by the Department of Health Services in 1980 and 1984, and was not
changed since no new relevant information had emerged. OEHHA (1999) formally adopted 30
ppb as the acute Reference Exposure Level (REL) for use in evaluating peak off-site
concentrations from industrial facilities subject to requirements in H&SC Section 44300 et seq.
OEHHA (2000) adopted a level of 8 ppb (10 ng/m®) as the chronic Reference Exposure Level
(cREL) for use in evaluating long term emissions from Hot Spots facilities. The cREL was
based on a study demonstrating nasal histological changes in mice.

At the federal level, U.S. EPA does not currently classify hydrogen sulfide as either a
criteria air pollutant or a Hazardous Air Pollutant (HAP). U.S. EPA has developed a (chronic)
Reference Concentration (RfC) of 0.001 mg/m® (1 my/m®) for hydrogen sulfide (USEPA, 1999).
The RfC is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily
inhalation exposure of the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime.

There are no international standards for H,S. Many countries have “short-term” (usually
30 minute) standards, which range from 6 to 210 ppb (WHO, 1981). The World Health

Organization (WHO) recommends that, in order to avoid substantial complaints about odor



annoyance among the exposed population, hydrogen sulfide concentrations should not be
allowed to exceed 0.005 ppm (5 ppb; 7 ng/m®), with a 30-minute averaging time (WHO, 1981;
National Research Council, 1979; Lindvall, 1970). A very short-lived, peak concentration could
also be annoying. Rule 2 of Regulation 9 of the Bay Area Air Quality Management District
(BAAQMD) specifies that ambient ground level H,S concentrations may not exceed 60 ppb
averaged over 3 consecutive minutes. Regulating at averaging times less than 30 — 60 minutes
may be difficult. Many countries have “long-term” (24 hour) standards (WHO, 1981).

NRC (1979), WHO (1981), Beauchamp et al. (1984), Reiffenstein et al. (1992), and

ATSDR (1999) have published reviews of the health effects of hydrogen sulfide.

C. Principal sources/Exposure assessment

Hydrogen sulfide (H,S) is used as a reagent and as an intermediate in the preparation of
other reduced sulfur compounds (HSDB, 1999). It is also a by-product of desulfurization
processes in the oil and gas industries and rayon production, sewage treatment, and leather
tanning (Ammann, 1986). Geothermal power plants, petroleum production and refining, and
sewer gas are specific sources of hydrogen sulfide in California. The annual statewide
industrial emissions from facilities reporting under the Air Toxics Hot Spots Information and
Assessment Act in California (H&SC Sec. 44300 et seq.), based on the most recent inventory,
were estimated to be 5,688,172 pounds of hydrogen sulfide (CARB, 1999).

A specific concern in California has been schools located near workplaces emitting toxic
substances. For example, the Hillcrest Elementary School in Rodeo (Contra Costa County; part
of the BAAQMD) is adjacent to an oil refinery which, on occasion, has emitted enough
malodorous sulfur compounds (including H,S) for the school to close its doors and for the
teachers and children to “shelter-in-place.” Thus the school district has planned to relocate the
school (West County Times, November 23, 1999). These compounds have also affected other

schools in the area.



Hydrogen sulfide is produced endogenously in mammalian tissues from L-cysteine,
mainly by two pyridoxal-5'-phosphate-dependent enzymes, cystathionine beta-synthetase and
cystathionine gamma-lyase (Hosoki et al., 1997). Abe and Kimura (1996) suggested that
hydrogen sulfide may be an endogenous neuromodulator in the hippocampus based on the high
level of cystathionine beta-synthetase in the hippocampus and on experimental effects of

activators and inhibitors of the enzyme.

D. Key studies of acute and chronic health impacts

D.1. Toxicity to Humans
D.1.1. Adults. Hydrogen sulfide is an extremely hazardous gas (ACGIH, 1991).

Exposure to high concentrations of hydrogen sulfide is reported to be the most common cause
of sudden death in the workplace (NIOSH, 1977). Estimates of the mortality resulting from
acute hydrogen sulfide intoxication include 2.8% (Arnold et al., 1985) and 6% (WHO, 1981).
While severe intoxication is especially of concern when exposure occurs in confined spaces, an
accidental release of hydrogen sulfide into the ambient air surrounding industrial facilities can
cause very serious effects. As a result of an accidental release of hydrogen sulfide due to a
malfunctioning flare at an oilfield at Poza Rica, Mexico in 1950, 320 people were hospitalized
and 22 died (WHO, 1981).

Most information on H,S toxicity comes from studies that used levels of H,S orders of
magnitude above the standard of 0.03 ppm. Hazardtext (1994) reported an inhalation LC,, of
600 and 800 ppm (840 and 1,120 mg/m?) for 30 and 5 minutes, respectively. A lethal exposure
was documented for a worker exposed to approximately 600 ppm H,S for 5 to 15 minutes
(Simson and Simpson, 1971). Inhalation of 1,000 ppm (1,400 mg/m3) is reported to cause
immediate respiratory arrest (ACGIH, 1991). Concentrations greater than 200 ppm (280 mg/m3)
H,S are reported to cause direct irritant effects on exposed surfaces and can cause pulmonary
edema following longer exposures (Spiers and Finnegan, 1986). The mechanism of H,S
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toxicity, cellular hypoxia caused by inhibition of cytochrome oxidase, is similar to that for
cyanide. Toxicity can be treated by induction of methemoglobin or by therapy with hyperbaric
oxygen (Elovaara et al., 1978; Hsu et al., 1987).

At concentrations exceeding 50 ppm (70 mg/m®) H,S, olfactory fatigue prevents
detection of H,S odor. Exposure to 100-150 ppm (140-210 mg/m?) for several hours causes
local irritation (Haggard, 1925). Exposure to 50 ppm for 1 hour causes conjunctivitis with ocular
pain, lacrimation, and photophobia; this can progress to keratoconjunctivitis and vesiculation of
the corneal epithelium (ACGIH, 1991).

Bhambhani and Singh (1985) reported that exposure of 42 individuals to 2.5 to 5 ppm
(3.5 to 7 mg/m?3) H,S caused coughing and throat irritation after 15 minutes. Bhambhani and
Singh (1991) showed that 16 healthy adult male subjects (25.2+5.5 years old) exposed to 5 ppm
(7 mg/m3) H,S under conditions of moderate exercise exhibited impaired lactate and oxygen
uptake in the blood. Subsequently Bhambani et al. (1994) compared the effects of inhaling 5
ppm H,S on physiological and hematological responses during exercise. Subjects were 13 men
(mean£SD for age, height, and weight = 24.7+4.6 y, 173+6.6 cm, and 73.1+8.1 kg, respectively)
and 12 women (mean+SD = 22.0+2.1 y, 165+8.2 cm, and 63.4+8.6 kg, respectively). Subjects
completed two 30-minute exercise tests on a cycle ergometer at 50% of their predetermined
maximal aerobic power, while breathing either air or 5 ppm H,S. There were no significant
differences between the two exposures for metabolic (oxygen uptake, carbon dioxide
production, respiratory exchange ratio), cardiovascular (heart rate, blood pressure, rate
pressure product), arterial blood (oxygen and carbon dioxide tensions, pH), and perceptual
(rating of perceived exertion) responses. No one reported adverse health effects following H,S
exposure. The authors believe that healthy adults can safely perform moderate intensity work in

environments containing 5 ppm H,S.



Bhambhani et al. (1996) examined the acute effects of “oral” inhalation of 10-ppm H,S,
the occupational exposure limit, on lung physiology as measured by pulmonary function in nine
men and ten women. The volunteers inhaled medical air or 10 ppm H,S through the mouth for
15 minutes each during cycle exercise at 50% of their maximal aerobic power. Routine
pulmonary function tests (FVC, FEV,, FEV,/FVC, PEFR, maximal ventilation volume, and DLco)
were administered at rest and immediately after the two exposure conditions. There were no
significant changes in any of the variables derived from the flow volume loop, maximum
ventilation volume, and diffusion capacity of the lung for carbon monoxide (DLco) in both
genders. No subject experienced any sign or symptom as a result of H,S. The authors
concluded that inhalation of 10 ppm H,S through the mouth at an elevated metabolic and
ventilation rate does not significantly alter pulmonary function in healthy people.

Jappinen et al. (1990) exposed ten adult asthmatic volunteers to 2 ppm H,S for 30
minutes and tested pulmonary function. All subjects reported detecting “very unpleasant” odor
but “rapidly became accustomed to it.” Three subjects reported headache following exposure.
No significant changes in mean FVC or FEV; were reported. Although individual values for
specific airway resistance (SRa,) were not reported, the difference following exposure ranged
from -5.95% to +137.78%. The decrease in specific airway conductance, SG,y, ranged from
-57.7% to +28.9%. The increase in mean SR,, and the decrease in mean SG,, were not
statistically significant for the entire group. However, markedly (>30%) increased airway
resistance and decreased airway conductance were noted in two of the ten asthmatic subjects
at 2 ppm, which indicated bronchial obstruction and may be clinically important. Two ppm is 67
times the CAAQS of 0.03 ppm.

Hydrogen sulfide is noted for its strong and offensive odor. The existing CAAQS of 0.03

ppm (30 ppb, 42 my/m°) for 1 hour is based on rounding the geometric mean odor detection

threshold of 0.029 ppm (range = 0.012 - 0.069 ppm; GSD = 0.005 ppm). The threshold was



determined for a panel of 16 presumably healthy adults (California State Department of Public
Health, 1969). No information on the sex or age of the panel members has been located.
Amoore (1985) reviewed 26 studies, published between 1848 and 1979, all of which reported
average odor detection thresholds for H,S. The 26 studies seem to be mainly controlled
exposures and used various measurement methods. They included (1) at least two studies
using only one subject, (2) a study of a panel of 35 people testing odors in natural gas in
Southern California, and (3) another study of 852 untrained young adults (age range = 17.5 -
22.4 years) tested at county and state fairs in the Northwest. The average odor detection
threshold in the 26 studies ranged from 0.00007 to 1.4 ppm H,S. The geometric mean of the 26
studies was 0.008 ppm (8 ppb), approximately one-fourth the value determined by the
Department of Public Health and lower than the lowest individual threshold of 12 ppb measured
in the California panel. Surprisingly the Department of Public Health panel study was not one of
the 26 studies used by Amoore and was not even mentioned in his 1985 report to the ARB.

Venstrom and Amoore (1968) reported that, in general, olfactory sensitivities decrease
by a factor of 2 for each 22 years of age above age 20. The conclusion was based on a study
of 18 odorants in 97 government laboratory workers, ages 20 through 70. Hydrogen sulfide was
not tested. The geometric mean odor threshold of 8 ppb for H,S from the 26 studies is based
on an average age of 40 (possibly assumed to be the age of an average adult). Amoore (1985)
estimated that an 18-year-old person would have a threshold of 4 ppb H,S, while a 62-year-old
person was predicted to have a threshold of 16 ppb. Amoore also stated that there was no
noticeable trend of odor sensitivity between young adults and children down to 5 years but did
not present specific data to support the statement.

Concentrations, which substantially exceed the odor threshold for, result in the annoying
and discomforting physiological symptoms of headache or nausea (Amoore, 1985; Reynolds
and Kauper 1984). The perceived intensity of the odor of H,S depends on the longevity of the

concentration, and the intensity increases 20% for each doubling of the concentration (Amoore,
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1985). Several studies have been conducted to establish the ratio of discomforting annoyance
threshold to detection threshold for unpleasant odors (Winkler, 1975; Winneke and Kastka,
1977; Hellman and Small, 1974; Adams et al., 1968; and NCASI, 1971). The geometric mean
for these studies is 5; therefore an unpleasant odor should result in annoying discomfort when it
reaches an average concentration of 5 times its detection threshold. (Two studies that tested
only H,S had a geometric mean of 4.) Applying the 5-fold multiplier to the mean detectable level
of 8 ppb results in a mean annoyance threshold of 40 ppb. Amoore (1985) estimates that at 30
ppb, the CAAQS, H,S would be detectable by 83% of the population and would be
discomforting to 40% of the population (Table 1). These “theoretical’ estimates have been
substantiated by odor complaints and reports of nausea and headache (Reynolds and Kauper
1984) at 30 ppb H,S exposures from geyser emissions.

In order to avoid substantial complaints about odor annoyance among the exposed
population, the World Health Organization (WHO) recommends that hydrogen sulfide
concentrations should not exceed 0.005 ppm (5 ppb; 7 ng/m®), with a 30-minute averaging time
(WHO, 1981; National Research Council, 1979; Lindvall, 1970). The WHO task group believed

that 5 ppb averaged over 30 minutes “should not produce odour nuisance in most situations.”



Table 1. Predicted effects of exposure to ambient H,S. (Adapted from Amoore, 1985)

H.S (ppb) % able to detect | Perceived odor | Median odor | % annoyed by
odor? intensity” (ratio) | units® odor*
200 99 2.31 25 88
100 96 1.93 12 75
50 91 1.61 6.2 56
40 88 1.52 5.0 50
35 87 1.47 4.4 47
30 (CAAQS) 83 141 3.7 40
25 80 1.34 3.1 37
20 74 1.27 2.5 31
15 69 1.18 1.9 22
10 56 1.06 1.2 17
8 50 1.00 1.00 11
6 42 0.93 0.75 8
4 30 0.83 0.50 5
2 14 0.70 0.25 2
1 6 0.58 0.12 1
0.5 2 0.49 0.06 0

®Based on mean odor detection threshold of 8.0 ppb and SD+2.0 binary steps
® Based on intensity exponent of 0.26 (Lindvall, 1974).

°H,S concentration divided by mean odor detection threshold of 8 ppb.

¢ Based on assumption that mean annoyance threshold is 5x the mean odor detection
threshold, and SD+2.0 binary steps.

Kilburn and Warshaw (1995) investigated whether people exposed to sulfide gases,
including H,S, as a result of working at or living downwind from the processing of "sour" crude
oil demonstrated persistent neurobehavioral dysfunction. They studied 13 former workers and
22 neighbors of a California coastal oil refinery who complained of headaches, nausea,
vomiting, depression, personality changes, nosebleeds, and breathing difficulties.
Neurobehavioral functions and a profile of mood states were compared to 32 controls matched
for age and educational level. The exposed subjects' mean values were statistically significantly
different (abnormal) compared to controls for several tests (two-choice reaction time; balance
(as speed of sway); color discrimination; digit symbol; trail-making A and B; immediate recall of

a story). Their profile of mood states (POMS) scores were much higher than those of controls.

Test scores for anger, confusion, depression, tension-anxiety, and fatigue were significantly
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elevated and nearly identical in both exposed residents and former workers, while the scores for
controls equaled normal values from other published studies. Visual recall was significantly
impaired in neighbors, but not in the former workers. Limited off-site air monitoring (one week)
in the neighborhood found average levels of 10 ppb H,S (with peaks of 100 ppb), 4 ppb
dimethylsulfide, and 2 ppb mercaptans. On-site levels were much higher. The authors
concluded that neurophysiological abnormalities were associated with exposure to reduced
sulfur gases, including H,S from crude oil desulfurization.

D.1.2. Children. In a case report Gaitonde et al. (1987) described subacute

encephalopathy, ataxia, and choreoathetoid (jerky, involuntary) responses in a 20-month-old
child with long term (approximately one year) exposure to hydrogen sulfide from a coal mine.
Levels of up to at least 0.6 ppm (600 ppb) were measured and levels were possibly higher
before measurements started. The abnormalities resolved after the emission source ceased
operation.

As part of the South Karelia Air Pollution Study in Finland (Jaakkola et al., 1990), Marttila
et al. (1994) assessed the role of long-term exposure to ambient air malodorous sulfur
compounds released from pulp mills as a determinant of eye and respiratory symptoms and
headache in children. The parents of 134 children living in severely polluted (n = 42),
moderately polluted (n = 62), and rural, non-polluted (n = 30) communities responded to a
cross-sectional questionnaire (response rate = 83%). In the severely polluted area, the annual
mean concentrations of hydrogen sulfide and methyl mercaptan (H;CSH) were estimated to be
8 ng/m® (6 ppb) and 2 - 5 my/m® (1.4 — 3.6 ppb), respectively. The highest daily average
concentrations were 100 ng/m® (71 ppb) and 50 my/m® (36 ppb), respectively. The adjusted
odds ratios (OR) for symptoms experienced during the previous 4 weeks and 12 months in the
severely versus the non-polluted community were estimated in logistic regression analysis

controlling for age and gender. The risks of nasal symptoms, cough, eye symptoms, and
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headache were increased in the severely polluted community, but did not reach statistical
significance (Table 2). In addition, OEHHA staff noted that the highest percentages of children
with symptoms were in the moderately polluted community, not in the severely polluted
community. The authors concluded that exposure to malodorous sulfur compounds may affect
the health of children. The odor threshold for methyl mercaptan of 1.6 ppb (Amoore and

Hautala, 1983) indicates that it also likely contributed to the odor and probably the symptoms.

Table 2. Symptoms Reported in Marttila et al. (1994)

Symptom Time Odds Ratio 95% CI Time Odds ratio 95%ClI

nasal symptoms 4 weeks 1.40 0.59-3.31 | 12 months | 2.47 0.93-6.53
cough 4 weeks 1.83 0.75-4.45 | 12 months | 2.28 0.95-5.47
eye symptoms NR NR NR 12 months 1.15 0.43-3.05
headache NR 1.02 0.36-2.94 | 12 months 1.77 0.69-4.54

NR = not reported

Studies of controlled exposures in children to study H,S odor detection have not been
located. A recent report studying children concluded that children aged 8 to 14 years have
equivalent odor sensitivity to young adults (Cain et al., 1995), although children lack knowledge
to identify specific odors by name. Koelega (1994) found that prepubescent children (58 nine-
year-olds) were inferior in their detection of 4 of 5 odors compared to 15-year-olds (n = 58) and
20-year-olds (n = 112). Schmidt and Beauchamp (1988) have even tested 3-year-olds (n = 16)
for sensitivity to noxious chemicals, such as butyric acid and pyridine.

In March-April 1983, 949 cases (including 727 in adolescent females) of acute non-fatal
illness consisting of headache, dizziness, blurred vision, abdominal pain, myalgia, and fainting
occurred at schools on the West Bank. However, physical examinations and biochemical tests
were normal. There was no common exposure to food, drink, or agricultural chemicals among
those affected. No toxins were consistently present in patients' blood or urine. The only

environmental toxicant detected was H,S gas in low concentrations (40 ppb) in a schoolroom at
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the site of the first outbreak (from a faulty latrine in the schoolyard). The iliness was deemed to
be psychogenic and possibly triggered by the smell of H,S (Landrigan and Miller , 1983; Modan

et al., 1983).

D.1.3. Development. Xu et al. (1998) conducted a retrospective epidemiological study
in a large petrochemical complex in Beijing, China in order to assess the possible association
between petrochemical exposure and spontaneous abortion. The facility consisted of 17 major
production plants divided into separate workshops, which allowed for the assessment of
exposure to specific chemicals. Married women (n = 2,853), who were 20-44 years of age, had
never smoked, and who reported at least one pregnancy during employment at the plant,
participated in the study. According to their employment record, about 57% of these workers
reported occupational exposure to petrochemicals during the first trimester of their pregnancy.
There was a significantly increased risk of spontaneous abortion for women working in all of the
production plants with frequent exposure to petrochemicals compared with those working in
non-chemical plants. Also, when a comparison was made between exposed and non-exposed
groups within each plant, exposure to petrochemicals was consistently associated with an
increased risk of spontaneous abortion (overall odds ratio (OR) = 2.7 (95% confidence interval
(Cl) = 1.8 to 3.9) after adjusting for potential confounding factors). Using exposure information
obtained from interview responses for (self-reported) exposures, the estimated OR for
spontaneous abortions was 2.9 (95% CI = 2.0 to 4.0). When the analysis was repeated by
excluding 452 women who provided inconsistent reports between recalled exposure and work
history, a comparable risk of spontaneous abortion (OR 2.9; 95% CI = 2.0 to 4.4) was found. In
analyses for exposure to specific chemicals, an increased risk of spontaneous abortion was
found with exposure to most chemicals. There were 106 women (3.7% of the study population)
exposed only to hydrogen sulfide; the results for H,S (OR 2.3; 95% Cl = 1.2 to 4.4) were

statistically significant. Unfortunately H,S exposure concentrations were not reported.
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D.2. Effects of Animal Exposure

D.2.1. Adult/mature animals. A median lethal concentration (LCs) in rats exposed to
H,S for 4 hours was estimated as 440 ppm (616 mg/m3) (Tansy et al., 1981). An inhalation LC,,
of 444 ppm for an unspecified duration is reported in rats, and a lethal concentration of 673 ppm
(942 mg/m3) for 1 hour is reported in mice (RTECS, 1994). In another study, mortality was
significantly higher for male rats (30%), compared to females (20%), over a range of exposure
times and concentrations (Prior et al., 1988). A concentration of 1,000 ppm (1,400 mg/m?)
caused respiratory arrest and death in dogs after 15-20 minutes (Haggard and Henderson,
1922). Inhalation of 100 ppm (140 mg/m?) for 2 hours resulted in altered leucine incorporation
into brain proteins in mice (Elovaara et al., 1978). Kosmider et al. (1967) reported abnormal
electrocardiograms in rabbits exposed to 100 mg/m3 (71 ppm) H,S for 1.5 hours.

Khan et al. (1990) exposed groups of 12 male Fischer 344 rats to 0, 10, 50, 200, 400, or
500-700 ppm hydrogen sulfide for 4 hours. Four rats from each group were euthanized at 1, 24,
or 48 hours post-exposure. The activity of cytochrome c oxidase in lung mitochondria, a
primary molecular target of H,S, was significantly (p<0.05) decreased at 50 ppm (15%), 200
ppm (43%), and 400 ppm (68%) at 1-hour post-exposure compared to controls. A NOAEL of 10
ppm for inhibition of cytochrome c oxidase was identified in this study.

Fischer and Sprague-Dawley rats (15 per group) were exposed to 0, 10.1, 30.5, or
80 ppm (0, 14.1, 42.7, or 112 mg/m®, respectively) H,S for 6 hours/day, 5 days/week for 90 days
(CHIT, 1983a,b). Measurements of neurological and hematological function revealed no
abnormalities due to H,S exposure. Histological examination of the nasal turbinates also
revealed no significant exposure-related changes. A significant decrease in body weight was
observed in both strains of rats exposed to 80 ppm (112 mg/m®).

In a companion study, the CIIT conducted a 90-day inhalation study in mice (10 or 12
mice per group) exposed to 0, 10.1, 30.5, or 80 ppm (0, 14.1, 42.7, or 112 mg/m®, respectively)

H,S for 6 hours/day, 5 days/week (CIIT, 1983c). Neurological function was measured by tests
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for posture, gait, facial muscle tone, and reflexes. Ophthalmologic and hematologic
examinations were also performed, and a detailed necropsy was included at the end of the
experiment. The only exposure-related histological lesion was inflammation of the nasal
mucosa of the anterior segment of the noses of mice exposed to 80 ppm (112 mg/m®) H,S.
Weight loss was also observed in the mice exposed to 80 ppm. Neurological and hematological
tests revealed no abnormalities. The 30.5 ppm (42.5 mg/m®) level was considered to be a
NOAEL for histological changes in the nasal mucosa. (Different adjustments were made to this
NOAEL by U. S. EPA to calculate the RfC of 1 ng/m® and by OEHHA to calculate the chronic
REL of 10 ng/m® (8 ppb).)

Hydrogen sulfide (0, 10, 30, or 80 ppm) was administered via inhalation (6 h/d, 7 d/wk)
to 10-week-old male CD rats (n = 12/group) for 10 weeks (Brenneman et al., 2000). Histological
evaluation revealed that rats exposed to 30 or 80 ppm had significant increases in lesions of the
olfactory mucosa but not other tissues. Multifocal, rostrocaudally-distributed olfactory neuron
loss and basal cell hyperplasia were seen. The dorsal medial meatus and the dorsal and
medial portions of the ethmoid recess were affected. The lowest dose (10 ppm) was considered
a no observed adverse effect level for olfactory lesions.

Fischer F344 rats inhaled O, 1, 10, or 100 ppm hydrogen sulfide for 8 hours/day for 5
weeks (Hulbert et al, 1989). No effects were noted on baseline measurements of airway
resistance, dynamic compliance, tidal volume, minute volume, or heart rate. Two findings were
noted more frequently in exposed rats: (1) proliferation of ciliated cells in the tracheal and
bronchiolar epithelium, and (2) lymphocyte infiltration of the bronchial submucosa. Some
exposed animals responded similarly to controls to aerosol methacholine challenge, whereas a
subgroup of exposed rats were hyperreactive to concentrations as low as 1 ppm H,S.

Male rats were exposed to 0, 10, 200, or 400 ppm H,S for 4 hours (Lopez et al., 1987).

Samples of bronchoalveolar and nasal lavage fluid contained increased inflammatory cells,
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protein, and lactate dehydrogenase in rats treated with 400 ppm. Later Lopez and associates
(1988) showed that exposure to 83 ppm (116 mg/m®) for 4 hours resulted in mild perivascular
edema.

D.2.2. Developing animals. Saillenfait et al. (1989) investigated the developmental
toxicity of H,S in rats. Rats were exposed 6 hours/day on days 6 through 20 of gestation to 100
ppm hydrogen sulfide. No maternal toxicity or developmental defects were observed.

Hayden et al. (1990) exposed gravid Sprague-Dawley rat dams continuously to 0, 20,
50, and 75 ppm H,S from day 6 of gestation until day 21 postpartum. The animals
demonstrated normal reproductive parameters until parturition, when delivery time was
extended in a dose-dependent manner (with a maximum increase of 42% at 75 ppm). Pups
exposed in utero and neonatally to day 21 postpartum developed with a subtle decrease in time
of ear detachment and hair development, but with no other observed change in growth and
development through day 21 postpartum.

Hannah and Roth (1991) analyzed the dendritic fields of developing Purkinje cells in rat
cerebellum to determine the effects of chronic exposure to low concentrations of H,S during
perinatal development. Treatment of timed-pregnant female Sprague Dawley rats with 20 and
50 ppm H,S for 7 hours per day from day 5 after mating until day 21 after birth produced severe
alterations in the architecture and growth characteristics of the dendritic fields of the Purkinje
cells. The architectural modifications included longer branches, an increase in the vertex path
length, and variations in the number of branches in particular areas of the dendritic field. The
treated cells also exhibited a nonsymmetrical growth pattern at a time when random terminal
branching is normally occurring. Thus, developing neurons exposed to H,S may be at risk of
severe deficits. However, the lower level of 20 ppm for 7 hours is nearly 2 orders of magnitude
above the present one-hour standard.

Dorman et al. (2000) examined the effect of perinatal exposure of H,S on pregnancy

outcomes, offspring development, and offspring behavior in rats. Male and female Sprague-
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Dawley rats (12 rats/sex/concentration) were exposed to 0, 10, 30, or 80 ppm H,S 6 h/day, 7
days/week for 2 weeks prior to breeding. Exposures continued during a 2-week mating period
and then from Gestation Day (GD) 0 through GD 19. Exposure of rat dams and their pups
(eight rats/litter after culling) resumed between postnatal day (PND) 5 and 18. Adult males were
exposed for 70 consecutive days. Offspring were evaluated using motor activity (assessed on
PND 13, 17, 21, and 60+2), passive avoidance (PND 22+1 and 62+3), functional observation
battery (FOB) (PND 60+2), acoustic startle response (PND 21 and 62+3), and neuropathology
(PND 23+2 and 61+2). No deaths occurred and no adverse physical signs were seen in Fg
males or females. There were no statistically significant effects on the reproductive performance
of the Fy rats as assessed by the number of females with live pups, litter size, average length of
gestation, and the average number of implants per pregnant female. Exposure to H,S did not
affect pup growth, development, or performance on any behavioral test. The authors conclude
that H,S is neither a reproductive toxicant nor a behavioral developmental neurotoxicant in the
rat at occupationally relevant exposure concentrations (i.e., at 10 ppm, the current occupational
daily average exposure limits - TLV and PEL; however, the ACGIH is considering lowering the
TLV to 5 ppm). The lowest level tested (10 ppm) is more than 300-fold higher than the CAAQS

of 0.030 ppm.

E. Interactions between hydrogen sulfide and other pollutants

Ethanol can potentiate the effects of H,S by shortening the mean time-to-
unconsciousness in mice exposed to 800 ppm (1,120 mg/m3) H,S (Beck et al., 1979).

Endogenous hydrogen sulfide may regulate smooth muscle tone in synergy with nitric
oxide (Hosoki et al., 1997).

Hydrogen sulfide is often accompanied by other malodorous sulfur compounds, such as

methyl mercaptan, dimethyl sulfide, and dimethyl disulfide. Some of these have odor thresholds
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lower than that of hydrogen sulfide. The complex mixture is often referred to as TRS (total
reduced sulfur).
Lindvall (1977) reported that the perceived odor strength of H,S is increased by the

simultaneous presence of 600 ppb nitric oxide (600 ppb nitric acid is imperceptible by itself).

F. Conclusions

The current standard of 0.03 ppm (30 ppb) hydrogen sulfide for one hour based on odor
is well below NOAEL levels from animal experiments where exposure lasted weeks to months,
including the period of intrauterine development. However, it is greater than OEHHA's chronic
Reference Exposure Level (REL) of 8 ppb, which is based on histological changes in the nasal
area of mice. (The chronic REL is compared to the annual average H,S concentration.) Ideally
neither of these two benchmark levels should be exceeded by the properly averaged
concentration.

Additional research might help reduce uncertainties regarding the impacts of hydrogen
sulfide on the health of infants and children. This would include:

a. Odor testing of hydrogen sulfide in adolescents or younger children, if ethically
permissible, to determine their odor threshold. Current data on odor detection in children are
not consistent. Data on H,S odor detection in children under controlled exposure are lacking.

b. The identification of children hypersensitive to the odor of hydrogen sulfide. While the
odor from very low level H,S would not itself threaten their physical health, the odor might be
alarming to hypersensitive children. Psychosomatic complaints might be more confusing to
children than to adults.

c. Physiologic testing of anosmic (either specifically anosmic to H,S or totally anosmic)
children at the CAAQS would be useful in determining whether if adverse physiological

symptoms occur in the absence of odor detection.
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d. Testing of the odor threshold for H,S using the most current methodology among
groups of healthy persons of both sexes in different age ranges. Data from such testing would
likely be an improvement over the use of either the mean of 16 people (California Department of
Public Health, 1969) or the mean from 26 studies, conducted over a period of 130 years, which
found thresholds spanning a 20,000 fold range, from 0.07 ppb to 1400 ppb (Amoore, 1985). (If
the highest and lowest values of the range in Amoore (1985) are dropped as outliers - Amoore
(1985) stated that these two studies seemed to involve only one subject - the range would be
0.43 ppb to 190 ppb, a 440-fold range).

e. Further research is needed on the topic of when odor is an adverse health effect and
how much consideration should be given to psychosomatic complaints accompanying odor
annoyance (Dalton et al., 1997; ATS, 2000). A recent American Thoracic Society position paper
titted “What Constitutes an Adverse Health Effect of Air Pollution?” (ATS, 2000) indicates that air
pollution exposures, which interfere with the quality of life, can be considered adverse. This
suggests that, for the purpose of setting a standard, odor-related annoyance should be

considered adverse, even if nausea or headache or other symptoms are not present.
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and justice. Since GCM'’s approach is extremely replicable and effective, we have been invited
to work with more than 40 communities in 27 countries. GCM collaborates with an established
network of environmental health experts in the US and internationally to leverage resources for
the communities.

Addition Information including News and Media available at:
http://ecmonitor.org/section.php?1d=179
http://gcmonitor.org/section.php?1d=29
http://ecmonitor.org/section.php?1d=224
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Executive Summary

Over the past decade, oil and natural gas exploration and production have grown at an
unprecedented rate in the United States. Since necessary environmental and health regulations
are not in place for this industry, residents living near oil and natural gas sites may be exposed to
highly toxic chemicals on a regular basis, with their health at risk.

During 2010-11, Global Community Monitor (GCM), responding to citizen odor and health
complaints, launched a community-based pilot environmental monitoring program in northwest
New Mexico, southwest Colorado and western Colorado to document and measure air pollution
from natural gas facilities. Through the course of this pilot study, residents, armed with their own
air monitors, documented a potent mix of chemicals in nine air samples from different locations.
The sites in this program are all natural gas production and processing sites, although production
of oil presents similar risks. Air sampling for this project targeted many aspects of natural gas
development.

Through the course of this study, several serious issues emerged:
Citizen samples exposed alarming levels of toxins in the air.

A total of 22 toxic chemicals were detected in the nine air samples, including four known
carcinogens, toxins known to damage the nervous system, and respiratory irritants. The levels
detected were in many cases significantly higher than what is considered safe by state and
federal agencies. The levels of chemicals, including benzene and acrylonitrile, ranged from three
to 3,000 times higher than levels established to estimate increased risk of serious health effects
and cancer based on long-term exposure.

These air samples confirm the observations, experiences and first-hand complaints of residents.
Odors and health effects that have been reported for years were consistent with exposure to the
chemicals found in the samples. These results underscore the need of regulatory agencies to take
such complaints seriously, given the close proximity between the industry and its residential
neighbors.

At least two cancer-causing chemicals, acrylonitrile and methylene chloride, were detected at
high levels near natural gas operations. Neither chemical is associated with natural gas or oil
deposits, but both seem to be associated with the use of hydraulic fracturing (fracking) products.
Resins acrylonitrile, 1, 3 butadiene and styrene (ABS) are suspected to be present in fracking
additives.

Air emissions from natural gas production are largely unregulated and unmonitored,
despite being a significant source of air pollution. State and Federal air monitoring devices are
located several miles from production sites, and test for criteria air pollutants rather than specific
volatile organic compounds associated with natural gas exploration and production.

Oil and gas exploration and production operations are exempt from two key provisions of the
Clean Air Act’s National Emissions Standards for Hazardous Air Pollutants, designed to protect
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public health. Because of these exemptions, the industry avoids complying with standards that
are applied to other industries.

Based on the data gathered in this pilot study, highly toxic chemicals are permeating the air near
homes, farms, schools, playgrounds, and town centers. Due to the lack of regulation and
standards, key information about chemicals being used in the production process, including
hydraulic fracturing is widely unavailable. Combined with the lack of appropriate air monitoring
near production sites, citizen right-to-know is virtually non-existent.

Without registration of the chemicals by industry, neighbors of gas wells have no way of
knowing what chemicals are stored on site, used during the industrial processes, vented to the air,
water or land, or disposed nearby.

Recommendations

1.

Given the proximity of residential and public property, any new sites —whether drilling,
fracking, refining, or disposal — should be located at least one-quarter mile from homes,
farms, schools, playgrounds, and businesses. This space would provide a buffer zone for
industry to continue its operations while reducing community exposure to chemical
contaminants.

The U.S. Environmental Protection Agency (EPA) should update air quality standards for
oil and gas development, including the New Source Performance Standards and National
Emission Standards for Hazardous Air Pollutants, based on the principles of
comprehensiveness, effectiveness, full health protection, forward looking, and
enforceability.

Until strong new rules are in place, the oil and natural gas industry can and should
voluntarily invest in equipment that reduces pollution escaping to the air. Such
equipment is readily available and financially profitable for companies. These
investments would increase efficiency and production and reduce cancer-causing
chemicals from being emitted into the air in communities near production facilities —
saving lives and protecting the health of neighboring families.

Current natural gas production and processing sites should have air monitors near all
operations and equipment. All data should be made available to the public.

EPA and state agencies must enforce the current laws on the books vigorously and
impose the maximum penalties available to create a culture that prioritizes public health.
Regulators should be accessible and fully funded to ensure their ability to protect public
health and the environment.

As the natural gas industry continues to grow, so will the number of families neighboring and
affected by the emissions. Industry and government leaders have a unique opportunity to address
public health and environmental issues by implementing all of these recommendations. For
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coexistence between communities and industry to be possible, chemical exposure has to be
immediately addressed.
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Oil and Natural Gas Development and Air Pollution

There are a variety of chemicals used and released during the drilling, fracking, and production
phases of oil and gas development. In addition, different types of wastes are produced throughout
the development process. Air pollution is generated at all stages of oil and gas development
including wellpad construction and drilling, workovers, fracking and completion, gas
compression, evaporation of chemicals from produced water and frack flowback, dehydration,
separation, waste treatment and disposal, transmission and processing.

The following is a brief glossary of the life cycle of natural gas development:

Construction activity

Even prior to producing natural gas, air pollution is generated by heavy construction activity
including trucks and other equipment that emit air pollutants at well pads, pipelines, roads and
compressor stations.

Drilling

During the drilling of a well, air pollution is generated by diesel engines powering the drill rig, as
well as by any natural gas emissions being vented from the hole in the ground. These emissions
could include various toxic gases, including volatile organic compounds.

Hydraulic fracturing (fracking) and completion1
Image from Stark Political Report

While oil and gas have always been extractable from
the natural fissures in certain rock formations, some of
these deposits are too diffuse to be economically
feasible to exploit using traditional drilling methods.
Increasing demand, however, has spurred the evolving
development of fracturing technology. Pioneered in
west Texas, fracking is being used to increase the
productivity of drill sites in shale, coalbed methane, and

tight sands formations that previously were too (SHALE, COALBED METHANE)

expensive to drill.

Fracking is dependent on fracturing fluid, typically comprised of water-based concoctions
riddled with assortments of chemicals and proppants like sand. The chemical makeup of the fluid
varies from company to company and site to site. The process of fracking involves perforating
oil and gas wells and then pumping chemical fluid into the earth. By pumping fracturing fluid
deep into the rock formation fissures under the earth at very high pressure, the cracks are
expanded and then propped open with the proppant. These expanded cracks allow a single well
to tap into multiple diffuse deposits.

! “Hydraulic Fracturing Research Study,” US EPA. Office of Research and Development. 24 May 2011.
http://www.epa.gov/safewater/uic/pdfs/hfresearchstudyfs.pdf
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Though fracking enables cost effective production of natural gas for the gas companies, it
also comes with risks to public health and the environment. One of the least documented
risks has been from air pollution caused by fracking compounds during their use, storage, or
waste disposal.

Pits
Waste from drilling, fracking, or production may be dumped into open air pits to allow some of
the toxic material to evaporate into the air. This can result in significant air pollution.

Land application (including land farming)
Waste from drilling, fracking, or production may be spread on the ground or otherwise applied to
the land. This can result in significant air pollution.

Compressor station

Gas from wells is collected at central locations and compressed into smaller volumes at stations.
Another type of compressor is located on the well site. Both types of compressors can leak and
release a variety of toxic gases.

Condensate tanks
Some well sites produce semi-liquid gases along with natural gas that are stored in tanks, which
can leak various toxic gases into the air.

Dehydrators
These systems are needed to remove water from natural gas and can release toxic gases in the
process.

Flaring
Unwanted gases in the production process may be burned off in the open air through flares,
which can produce other toxic gases as a result.

Fugitive emissions
Leaks in equipment such as pumps, valves, compressors, pipes and tanks can result in significant
air pollution releases because of the number of components in gas processing.

Venting
During various stages of gas exploration, production and maintenance, gases are vented directly
into the air rather than contained or flared. Venting can release large volumes of toxic gases.

Gas processing plant
The last stage of gas production involves the refining of the raw gas into the final product. This
occurs at large gas processing plants, which have many sources of air emissions.
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Additional waste disposal sites?

Wastes from various stages of gas production and processing may be sent to treatment sources
including landfills, injection sites and wastewater treatment sites, which can also release air
pollution.

2 «“Pyblic Health and Toxics.” EARTHWORKS. 20 March 2011,
http://www.earthworksaction.org/Health%20and%20Toxics.cfim
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Air Pollution and Human Health Impacts of Natural Gas Development

Air pollution can affect our health in many ways, with both short-term and long-term effects.
Different groups of individuals are affected by air pollution in different ways. Some individuals
are much more sensitive to pollutants than others. Sensitive populations, including young
children and elderly people, often suffer more from the effects of air pollution. People with

health problems such as asthma, heart and lung disease may also suffer more when the air is
polluted. The extent to which an individual is harmed by air pollution usually depends on the
total exposure to the damaging chemicals, i.e., the duration of exposure and the concentration of
the chemicals. Total exposure must be taken into account when assessing air pollution risks.

Examples of short-term effects include irritation to the eyes, nose, and throat, and upper
respiratory infections such as bronchitis and pneumonia. Other symptoms can include headaches,
nausea, and allergic reactions. Short-term air pollution can aggravate the medical conditions of
individuals with asthma and emphysema.

Long-term health effects can include chronic respiratory disease, lung cancer, heart disease,
and even damage to the brain, nerves, liver, or kidneys. Continual exposure to air pollution
affects the lungs of growing children and may aggravate or complicate medical conditions in the
elderly.3

Chemicals such as benzene, toluene, ethylbenzene and xylene (BTEX) are known to be present
around natural gas development sites, both from the gas deposits as well as chemical additives.
Our independent testing found significantly high amounts of these toxic gases downwind of
various sites. Health effects from BTEX include dizziness and confusion, eye, nose and throat
irritation, birth defects, kidney, liver, and neurological damage, and cancer. For example,
benzene is known to cause leukemia.*

Hydrogen sulfide was also found in the Bucket tests, warning signs for the gas are often visible
near well pads. Long-term exposure to hydrogen sulfide is associated with an elevated incidence
of respiratory infections, irritation of the eye, nose and throat, coughing, breathlessness, nausea,
headache, and mental health impacts, including depression.” It is recommended, that workers
handling hydrogen sulfide be equipped with hydrogen sulfide monitors, respirators, and rescue
packs for protection in the event of elevated exposure; the public has no such protection.’

Additional toxic substances were detected at high levels in the air samples, including toxic gases
not previously associated with natural gas development, suggesting that substances possibly
associated with fracking additives may have been released into the air.

’ “How Can Air Pollution Hurt My Health.” Health Effects of Air Pollution, Lawrence Berkeley National
Laboratory, March 2011, http://www.lbl.gov/Education/ELSI/Frames/pollution-health-effects-f.html

* NRDC, Drilling Down, October, 2007, table on page vi

3 Chernaik, Mark. Data Interpretation Synthesis Letter. Science for Citizens. 16 Feb. 2011

b Air Products, Material Data Sheet, http://avogadro.chem.iastate.edu/MSDS/hydrogen sulfide.pdf
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Overall, air samples gathered for this project showed that neighbors of the natural gas operations
in the target communities are breathing multiple chemicals that can cause an increased risk of
cancer and other serious health effects. There are no health-based standards for exposure to
multiple chemicals, although the negative health impacts are considered to be increased.
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Natural Gas Development in Colorado and New Mexico

Growth in Project Areas

GCM worked with two communities in the San Juan Basin—one in southwest Colorado and a
second in northwest New Mexico. In addition, GCM worked with a third community in Garfield

County in western Colorado.

* Colorado's natural gas production has risen 450% since 1990 with over 27,000 active

wells statewide. ”
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7 “Background.” Western Colorado Congress, 20 March 2011, http://www.wccongress.org/gvca.htm#background
8 «“Natural Resources- Oil and Gas.” La Plata County Planning Department, 25 March 2011,

http://www.co.laplata.co.us/departments and elected officials/planning/natural resources oil gas

? United States Department of Interior, Bureau of Land Management, Farmington Resource Management
Plan (December 2003) Final RMP/Record of Decision
' May 2011 Colorado Oil & Gas Conservation Commission Staff Report
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Target Communities

GCM worked with communities in northwest New Mexico and southwest Colorado in
partnership with the San Juan Citizens Alliance. The project also included communities in
western Colorado in partnership with the Western Colorado Congress. The communities were
trained in air monitoring and bucket sampling around natural gas development sites.

Northwest New Mexico: Aztec and Farmington Area

Of the three communities involved in this pilot project, northwest New Mexico has the longest
history of complaints about natural gas drilling. Natural gas has been drilled for, and produced,
in northwest New Mexico for over 60 years with natural gas facilities interspersed among
residential areas. Community residents in northwest New Mexico have noticed strong odors
since the late 1980s, reported as smelling like rotten eggs, petroleum and sewage, around the
ever-expanding oil and gas industry. Residents have experienced nose, throat and eye irritation
that occasionally would last for hours after smelling the odors. When the odors increased in
frequency, so did the associated acute health effects.

Energy companies in the area, including BP, Energen, XTO, Devon, Conoco Phillips, Enterprise,
Williams and Questar, are associated with drilling for and transporting natural gas, where
operations at sites can include fracking by numerous companies. San Juan County in Northwest
New Mexico consists of more than 100,000 residents potentially affected by natural gas
production, either by living near a gas well or near the plants that process the natural gas.

There are many gas wells near schools, churches, private residences and community centers.
Natural gas odor incidents are frequent, along with adverse health effects in the community. For
example, in December 2009, one of the members of the San Juan Citizens Alliance and long-
term area resident Shirley McNall went out to get her mail. She was immediately struck with an
extremely potent rotten egg odor and overcome with dizziness and nausea. According to
McNall, she fell to the ground and was forced to crawl back into
the house. While the symptoms began to slowly subside, she
reported numbness in her lips that lasted for three days after the
incident.

During less severe odor incidents, residents commonly reported
headaches, nausea and dizziness in addition to nose, throat and
eye irritation.

Shirley McNall- Aztec, NM

The health effects and reported odors could be associated with chemical exposure. McNall and
other residents have documented odors most frequently during the late evening through the early
morning hours. This could be related to the industrial process and/or weather patterns that
concentrate or bring the toxic fumes near homes.
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Community members call the New Mexico Oil and Gas Conservation Division frequently, often
multiple times a week, to report these odors. However, no satisfactory permanent solutions have
been reached. On occasion, a representative of the New Mexico Oil and Gas Conservation
Division will conduct an on-site investigation. During one of these investigations, the
representative informed the residents that the most likely cause of the odors is “treated”
hydrogen sulfide. This is a major concern because hydrogen sulfide is highly toxic and, while its
presence requires formal signage by law, no signage was present at the well under investigation.

Homeowners are not generally informed of the toxic risk when their property is in proximity to
natural gas facilities. Split estate situations where mineral ownership is separate from private
surface ownership creates confusion and uncertainty surrounding where wells can be drilled in
relation to homes. Numerous contractors and subcontractors may be involved with natural gas
facilities, further complicating responsibilities and actions. The New Mexico Environmental
Department and the U.S. Environmental Protection Agency’s (EPA) efforts to monitor and
evaluate air impacts from natural gas resources in northwest New Mexico have been limited.

Southwest Colorado: Durango

This troubling trend is not unique to the northwest corner of New Mexico. The expanding oil and
gas industry has spread into communities in Colorado.

La Plata County, located in southwest Colorado where the southern Rockies meet the high desert
country of northern New Mexico, is home to three municipalities, four river drainages, and a
sovereign Indian nation. It is known for its outdoor activities including hiking, rock climbing,
backpacking and white water rafting along the Animas River, and for the incredibly lucrative
coalbed methane field that underlies it.

Coalbed methane development has been going on here since in the mid-1980s. The
environmental degradation associated with development has been documented to include coal
seam fires and hydrogen sulfide and methane seeps at the Fruitland formation outcrop. The full
impacts of development on air quality and public health, however, remain largely unexamined.

Due to split estate status, energy companies can lease the mineral rights underneath the property
of a homeowner. Insufficient setbacks and surface owner protections allow the oil and gas
industry to place facilities directly next to homes and
schools. Near Sunnyside Elementary School, air monitoring
on January 7, 2011 showed elevated levels of four known
carcinogens. Two of the carcinogens were recorded at levels
that are considered to be an unacceptable long-term
exposure risk.

Josh Joswick- Durango, CO

LaPlata County has an estimated 3,400 wells. Many county
residents therefore live in or adjacent to the ‘gas patch,’
often times in close proximity to gas wells, compressor stations, dehydrators, and processing
plants. This incompatible mix of industrial activity in rural residential areas has had an impact on
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people’s lives. Gas patch residents in La Plata County report odors similar to their neighbors in
New Mexico. These odors, smelling like burning oil, car exhaust, and burning rubber, are most
frequently noticed around well sites.

Aaron Mallet, a La Plata County resident active with the Bucket Brigade, stated on September
28, 2010: “On a regular basis there is an acrid smell in the air that emanates from that well
pad.""! Residents have also documented headaches, sore throats and burning nasal passages
during these odor incidents.

Western Colorado: Battlement and Silt Mesas

Lastly, GCM worked with the communities of Battlement and Silt Mesas in Garfield County,
Colorado. Battlement and Silt Mesas are two rural communities experiencing impacts from
nearby development of natural gas.

Battlement Mesa is an unincorporated retirement community of 5,500 residents in western
Garfield County. Originally constructed by Exxon in the 1970s for workers in the oil shale
industry,'? it was later marketed as a destination for retirees seeking a peaceful place to spend
their golden years. Exxon eventually sold the surface properties but retained the mineral rights to
extract the fossil fuels beneath Battlement Mesa at any time in the future.

Community members watched as natural gas wells incrementally came closer to Battlement
Mesa, and the residents began to wonder if drilling would be allowed within their retirement
neighborhood.

Dave Devanney- Battlement Mesa, CO

In 2009, Battlement Mesa learned of a proposal to drill 200
natural gas wells within its borders, including sites near
homes, along the Colorado River, on the golf course, and
near a school. Battlement Mesa residents called for thorough
scientific research of the potential public health impacts of
natural gas development before any permitting decision.
After hundreds of residents signed a petition, a
groundbreaking Health Impact Assessment was
commissioned for drilling within Battlement Mesa and
county officials delayed any new drilling inside of the retirement community until this process
was completed. Drilling, however, began just outside the border of the community and
community members began complaining of noxious fumes being emitted.

Battlement Mesa residents documented strong petroleum-like odors in the middle of the night
and early mornings. Residents believed that these strong petroleum, diesel and chemical smells
were caused by nearby fracking operations. Nearby residents began experiencing health effects
such as throat and nose irritation, headaches, itching skin, burning eyes, and dizziness. Residents

! Mallet, Aaron. Pollution Log 28 Sept. 2011
"2 Oil Shale is a different formation than the source of shale gas.
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called the Colorado Oil and Gas Conservation Commission to formally report the odor events;
they started documenting odor occurrences, and they contacted local authorities.

The Colorado Oil and Gas Conservation Commission cited the operator for failing to capture
nuisance odors derived from its operations. The company was encouraged to use additional
vapor recovery techniques during flowback operations to reduce odors (but never received a
monetary penalty). Residents noticed a marked diminishment of the odors, but around the same
time, in November of 2010, a local news channel highlighted nearby Silt Mesa residents’
problems with natural gas development. Silt Mesa residents reported odors they thought were
caused by natural gas activity, and Dave Devanney of the Battlement Concerned Citizens
contacted them.

Silt Mesa is a network of irrigation canals and small ranches, sitting along the Colorado River
between Rifle and Silt, Colorado. Drilling for natural gas is taking place near homes and water
supplies, presenting many of the same challenges as on Battlement Mesa.

One Silt Mesa family with two young sons had three natural gas drill rigs surrounding its
property, each with ongoing flaring. The nearest flare stack was less than one-half a mile from
their home. Family members reported pungent odors of rotten eggs followed by severe
headaches, nosebleeds and rashes. The nosebleeds were persistent and heavy, much different
than the average nose bleed. The mother described it as “almost like hemorrhaging.” The
youngest son developed a full body rash, which prompted a doctor visit. Upon examination, the
doctor immediately told the Silt Mesa family to evacuate their home.

Although the family was forced to vacate their home because of nearby industrial activity, the
state did not issue any violations. According to Colorado rules, Silt Mesa is not a High Density
area, therefore, drilling for natural gas in the area does not warrant additional safety
precautions. "’

Today, the Silt Mesa family has left their home and put it up for sale. An air sample taken on
January 15, 2011, on their property, contained levels of hydrogen sulfide more than 185 times
above the long term level set by the U.S. EPA (2 ug/m’) to estimate increased risk of serious
health effects.

This Silt Mesa family, as well as the Battlement Mesa residents, call frequently to report odor
complaints and other incidents of non-compliance. They call the Colorado Oil and Gas
Conservation Commission, the Garfield County Oil and Gas Department, the Colorado
Department of Public Health and Environment, and occasionally, the Environmental Protection
Agency. The communities have seen worse local air quality since natural gas development
markedly increased in Garfield County, although limited air monitoring is conducted by local
and state authorities.

Collectively, nine air samples were taken by the Bucket Brigades. The members of San Juan
Citizens Alliance and Battlement Concerned Citizens have taken the results to local officials and

" Colorado Oil and Gas Conservation Commission. “Series Safety Regulations” 2 June 2011.
http://cogcc.state.co.us/
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the U.S. EPA, but, to date, the agencies have not taken any action. Most of the residents feel their
concerns have fallen on deaf ears.

A press release was issued in Aztec, New Mexico and Durango, Colorado announcing the air
sample results. The residents still have not received an adequate response from the regulatory
agencies. On Monday, April 4, 2011, Katee McClure sent an e-mail to the New Mexico
Environment Department inquiring about who is responsible for enforcing air regulations.
Although, the agency did respond in a timely manner, it provided incorrect information
regarding standards for hydrogen sulfide pollution while failing to take responsibility or provide
information for the responsible agency.'*

' McClure, Katee. 4 April 2011
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Citizen Air Sampling: Bucket Brigade Projects

Community-Based Air Monitoring: A Crucial Piece of the Puzzle

Building a trail of evidence

Regulatory and environmental agency personnel are not available at all hours to come out during
a pollution incident. In the case of Colorado and New Mexico, a proper citizen complaint system
is not established. A proper citizen complaint system would include a telephone hotline followed
by rapid response from regulatory agencies and timely air sampling during odor incidents.
Community-based monitoring provides an opportunity for residents to respond immediately to
the pollution incident with sampling equipment and to contact agency personnel.

GCM trained members of the Western Colorado Congress, the San Juan Citizens Alliance, and
other community members to keep a record of pollution incidents. These records include: the
location, nature, and duration of the incident; the wind direction, health effects or property
damage; and how the incident was addressed — by a call to the regulatory agency or the company
suspected or known to be the source of the pollution, or informative calls to other neighbors.

Pollution incident records are referred to as “pollution logs.” Pollution logs filled out by
community members ensure that a record is maintained beyond regular agency business hours.
Community members are also encouraged to take pictures and/or use a video camcorder to catch
a visual image of the pollution.

Bucket Brigades provide evidence and hard science to support the anecdotal stories of health
impacts that all affected communities know too well: strange odors causing nausea, stinging
eyes, burning noses, sore throats, coughs, and other distressing health symptoms. Community-
based monitoring engages community members in record maintenance, site identification,
operation of monitoring equipment, documentation, and custody and shipping of the sample.

The information gathered by Bucket Brigades, combining science with community experience
and reports, helps bridge the gap between communities, regulators and industry. Air sampling
and monitoring can provide key evidence exposing chemical exposure, can be a tangible way to
show that the air pollution has decreased in a community, and can help build relationships where
community members coexist with their industrial neighbors.

Bucket Brigade Training & Methods

To begin a project, GCM conducts a research assessment of toxic hazards in a target community
and identifies the appropriate environmental monitoring tools that will assist community
members in investigating their health concerns and exposures. We review the data on pollution
sources and toxins and prioritize the most serious for early action. Due to the lack of publicly
available data regarding the air emissions from natural gas drilling and refining sites, we had
little research available for reference in this project.

All Bucket Brigade trainings are conducted on site, in the local community. For this project,



17 GASSED!

GCM was given a local tour by community members in areas near Durango, Colorado;
Battlement/Silt Mesas, Colorado; and Aztec, New Mexico in late July, 2010. During the training,
GCM provided a day-long classroom training, including background on pollution and
environmental health, how to document pollution incidents, hands on training and how to use
monitoring equipment. We worked with the local community members to co-design an
environmental sampling plan.

The training and plans emphasize standard scientific methods. Community members learn how
the monitoring equipment works, the best time to use it, and the appropriate paperwork to fill out
before shipping a sample to the lab. The Bucket Brigade’s work is strengthened by following
stringent Quality Assurance/Quality Control (QA/QC) protocols and the use of EPA approved
labs.

The Bucket Monitoring Equipment

Due to the nature of the uncertainty of the emissions associated with natural gas drilling,
hydraulic fracturing and refining, this project chose to use the Bucket as the monitoring
equipment. The Bucket is modeled after the Summa Canister,'® but has some advantages in its
use.

The Bucket is portable, requiring only a tedlar bag and vacuum to take the grab sample. Air is
“grabbed” out of the air for two to three minutes and captured in the bag. Once the sample is
taken, the tedlar bag is sealed, removed from the bucket and sent to the lab for analysis.

The air sampling Bucket, gcmonitor.org

"% State of Nevada, Division of Environmental Protection. “Summa Canister Sampling”.
http://ndep.nv.gov/fallon/summa.pdf
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The lab analysis is conducted by Columbia Analytical Services in Simi Valley, California. The
lab utilizes EPA method TO-15 and ASTM D 5504-08 method for sample analysis. The TO-15
analysis includes a spectrum of more than 70 volatile organic compounds and the ASTM D
5504-08 method is used to test for 20 sulfur compounds.

Once the community members are trained on the equipment, the buckets are kept at various
locations in the community — selected based on the location of odors and health symptoms that
have been experienced and reported. When an odor incident occurs, Bucket Brigade members
join together to bring a bucket to the site of the odor incident and take a sample of the air at the
time of the odor.
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Results & Discussion of Results

Individual sample results and overall trends:

For this project, communities in New Mexico and Colorado took a total of nine air samples
between September 2010 and January 2011. This report documents serious toxic air pollution
generated at various points of the life cycle of natural gas development. Targeted sampling sites
included well pad, compressor station, gas separation plant, dehydrator and waste disposal site.
Serious cancer-causing chemicals were detected at elevated levels, including chemicals
associated with the fracking process used increasingly by energy companies.

While bucket samples are short-term grab samples of the air breathed by community members
living near natural gas development facilities, letters and pollution logs reveal that the odors are
persistent and occur on an ongoing basis. We therefore consider the data to be indicative of long-
term exposures, and the expert interpretation used in this report compares the data to pollutant
levels linked to long-term health effects.

A total of 22 toxic chemicals were detected in the nine air samples, including four known
carcinogens, toxins known to damage the nervous system, and respiratory irritants. The levels of
chemicals detected were in many cases significantly higher than is considered safe by state and
federal agencies. The levels were between three to 3,000 times higher than levels established by
public health agencies to estimate increased risk of serious health effects and cancer based on
long-term exposure.16

The most significant results:

* Benzene, a known carcinogen, was found at high concentrations in four air samples at
levels between 6.3 and 47 ug/m’. These levels are 48.5 to 800 times higher than the level
set by the US EPA 0of 0.13 ug/m3 to estimate increased cancer risk from long-term
exposure.'’

Benzene can also cause serious non-cancer health effects which can damage the blood
and nervous system Levels of benzene in one of the nine samples, collected on January
7, 2011 near the Sunnyside Elementary School, Durango, Colorado, exceeded the level
set by the U.S. EPA for benzene (30 ug/m’) to estimate increased risk of non-cancer
health effects.

'S This report defines an elevated cancer risk as 1:1,000,000
7 http://www.epa.gov/ttn/atw/toxsource/table 1 .pdf
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Sample 1: 200 Montana St Bloomfield NM
Sample 2: Bondad 33-10 #26 Williams Well, Durango, CO
Sample 3: Intersection of US 550 & CR 218 Durango, CO, near Sunnyside Elementary

50 1

_ [OBenzene
40 Results

301

20 - B US EPA:
10 Elevated
' Cancer Risk

ol (1:1,000,000)

Acrylonitrile, a human carcinogen, was found in five samples at levels between 7.9
and 30 ug/m’. These levels are 790 to 3000 times above the U.S. EPA level of 0.01
ug/m’, set to estimate an increased risk of cancer from long term exposure. All of
these levels correspond to what EPA would consider an “unacceptable cancer risk” in
that lon%;term exposure is associated with a cancer risk of greater than 100 in a
million.

Acrylonitrile is also a respiratory irritant, causing degeneration and inflammation of
nasal epithelium. Levels of acrylonitrile in the five samples exceeded the level set by
U.S. EPA for risk of increased non-cancer health effects from long term exposure (2
ug/m’) by 3 to 15 times."

Methylene chloride, a human carcinogen, was found in five samples at levels
between 7.9 and 17 ug/m3 . These levels are 3 to 8 times higher than the level set by
the U.S. EPA (2.0 ug/m®) to estimate an increased risk of cancer from long-term
exposure.

'8 Communication from Miriam Rotkin-Ellman, Natural Resources Defense Council. 7 June 2011
' The USEPA Reference Concentration (RfC) is an estimate of a continuous inhalation exposure concentration to
people (including sensitive subgroups) that is likely to be without risk of deleterious effects during a lifetime.
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» Ethylbenzene, a human carcinogen, was found in five samples at levels between 5.1
to 22 ug/m3. These levels are 12 to 55 times higher than the level set by the US EPA
(0.4ug/m’) to estimate increased cancer risk cancer from long-term exposure.

Xylene, were found at a level of 100 and 154 ug/m’. These levels exceed the U.S.
EPA’s level for estimating increased non-cancer health risks of 100 ug/m’.

* Hydrogen sulfide was found in one sample at 370 ug/m’ which is more than 185
times above the long term level set by the U.S. EPA (2 ug/m’) to estimate increased
risk of serious health effects.

Long-term exposure to hydrogen sulfide is associated with an elevated incidence of
respiratory infections, irritation of the eye and nose, cough, breathlessness, nausea,
headache, and mental symptoms, including depression. The World Health
Organization’s Guideline Value for exposure to hydrogen sulfide is 7 ug/m’ over a
30-minute period.

For the first time, at least two cancer-causing chemicals found at high levels, acrylonitrile and
methylene chloride,” were detected by the air samples at a variety of natural gas development
sites. Neither is associated with natural gas and oil deposits, but both have been shown to be
associated with chemicals used in the fracking process to increase yields from oil and gas
deposits.

The air samples found high levels of chemicals that can cause symptoms that match the odors
and health effects reported by nearby residents for years. This confirms the need for agencies to
take such complaints seriously and to better monitor and require pollution controls at all points
of natural gas production and processing.

20 Cherniak, Mark. Data Interpretation Synthesis Letter. 16 Feb 2011
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Image from San Juan Basin Health Department

Sunnyside School

r_ ~ Playground

Bucket Brigade Sample Collection Event
January 7, 2011

Dehydrator Facility Located

156 If from Sunnyside Kindergarten Playground

Results near the Sunnyside School in La Plata County, Colorado

On January 7, 2011, two members of the Bucket Brigade team in La Plata County, Colorado,
took an air sample less than 50 feet from a dehydrator that is less than 200 feet from the
Sunnyside Elementary School playground near Durango. This natural gas dehydrator is a
frequently suspected source of unknown chemical odors. The sampling team on site experienced
odors. Subsequent analysis of the air sample revealed a number of toxic chemicals, including
four known carcinogens.

A significant level of acrylonitrile, a human carcinogen, was detected in this sample (as it was in
four other samples in this report) at a level above which is considered by the US EPA to be an
unacceptable long-term exposure risk.”' Methylene chloride, a human carcinogen, was also
detected in this sample (as it was in four other samples) at a level above which is considered to
be an unacceptable long-term exposure risk.

Two more carcinogenic substances, benzene and ethylbenzene, were also detected in this sample
at levels above that which is considered to be an unacceptable long-term exposure risk. The

2 http://www.epa.gov/ttn/atw/toxsource/table1.pdf
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level of benzene in this sample, 47 ug/m’, is notable in that it is the highest level of benzene
detected so far in this area by the Bucket Brigade. Besides acting as a carcinogen, benzene can
also adversely impact the human immune system by decreasing circulating levels of
lymphocytes. To prevent reduced lymphocyte counts, the U.S. EPA has an established a
reference (long-term) concentration for benzene of only 30 ug/m’.

Mark Chernaik, PhD, interpreted the test results for this project. According to Dr. Chernaik,
“The level of benzene in this sample is more than 50% above the U.S. Reference concentration
for benzene. If this detected level of benzene in this sample represents ambient air quality that
generally prevails at this location, then persons living or attending school at this location would
be at risk to adverse impacts to the immune system.”**

The levels of other aromatics in the sample, — 4-ethyltoluene, 1,3,5-trimethylbenzene, 1,2,4-
trimethylbenzene, — although not above health reference levels are strikingly similar to the levels
of these aromatics in four other samples and seem to be a fingerprint for volatile organic
compounds near an oil and gas facility in this area. The high levels of the tentatively identified
compounds propane and butane also strongly suggest that the source of the volatile organic
compounds is related to gas field activities.

Matching odors and health effects to sample results

Residents of natural gas production facilities involved in the Bucket Brigade air-testing project
recorded their observations and health effects during testing. Once sample results were
available, the observed odors and health effects noted in pollution logs were compared to the
known health effects of the toxic chemicals found in the samples. Here are several examples:

“On Wednesday, Jan 19th air sample was taken at the Blanco, NM Enterprise Buena
Vista Compressor Station in Pump Canyon north of several homes. Chris Velasquez and
his family live "down wind" of this site. Chris was my guide and companion on the
testing trip.

1 smelled the heavy smell of oily burning plastic. My eyes burned and my nose, throat
and mouth became irritated instantly. The soft tissue in my nose, throat and mouth are
still sore today as I write this. [ have been coughing and my nose is still runny. My eyes
are still very red and irritated.””

The sample results confirmed the presence of several noxious benzene compounds, including
chlorobenzene, 1, 2, 4-trimethylbenzene and xylene compounds. They are significant irritants to
the respiratory system and combined exposure to these could have resulted in the health effects
experienced by the sampler.

“Warren & I noted additional sharp natural gas/petroleum odors coming from the
direction of the BP/CP wells when we did the air sample on January 18th. Warren noted
that his eyes were burning. My throat was very irritated and my eyes burned. The musty

?2 Chernaik, Mark. 25 Jan. 2011
> McNall, Shirley. 20 Jan. 2011
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sewage/feed lot odor is nauseating and causes throat irritation and burning eyes for me.

The wells are on BLM land that was granted to the City of Aztec in 1963 for Recreation
& Public Use Purposes (R&PP). Some of that land has been granted to Aztec Schools
for the new athletic fields and sports complex located about 800 ft. from the wells. "’

Sample results from the January 18th sample confirmed the presence of 22 different toxic gases,
including cancer-causing benzene. Many of the gases present in the sample irritate the
respiratory system and the eyes. Again, the observations recorded by Bucket Brigade air
samplers match the sample results.

** McNall, Shirley. 20 Jan. 2011
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Recommendations

Given the close proximity of residential and public property, any new sites — whether drilling,
fracking, refining, or disposal — should be located at least one-quarter mile from homes, farms,
schools, playgrounds, and businesses. This space would provide a buffer zone for industry to
continue its operations while reducing community exposure to chemical contaminants.

U.S. EPA should update air quality standards for oil and gas development, including the
New Source Performance Standards (NSPS) and National Emission Standards for Hazardous Air
Pollutants (NESHAP), based on the following principles:

Comprehensiveness: All sources of air pollution in the oil and gas sector, including exploration,
production, processing, transmission, distribution, and storage, and all pollutants released by
these sources should be included in any updated air quality regulations, regardless of the level of
emissions or major or area source status.

Air monitoring and transparency: Natural gas development sites including well pads,
compressors, gas plants, and waste sites should be required to continuously monitor for volatile
organic compounds and hydrogen sulfide in order to ensure compliance with regulations,
emission limits and public health protections. All data should be publicly available via the web
to provide full transparency to the public.

Effectiveness: The EPA should require the best available control technology and
require practices and technologies that both reduce air pollution and promote more
efficient oil and gas operations.

Full Health Protection: The EPA should consider prohibiting hazardous air pollutant emissions in
certain circumstances, and ensure that any residual risk standards reduce lifetime cancer risk
from oil and gas operations to below one in one million.

Forward Looking: EPA should develop mechanisms to ensure that any new equipment,
facilities, technologies or practices will be subject to air pollution control requirements that may
be required under any updated NSPS and NESHAP.

Enforceability: Any standards should be practicably enforceable by including monitoring,

record keeping, and reporting requirements necessary to ensure continuous compliance with the
standards and to allow the public, States, and the EPA to easily determine deviations and enforce
any noncompliance.

CONGRESS should close the gaping loophole in the Clean Air Act’s National Emission
Standards for Hazardous Air Pollutants (NESHAPs). Oil and gas exploration and production
operations are exempt from two key provisions of the NESHAPs, designed to protect public
health, allowing the industry to avoid complying with standards that are applied to other
industries.
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STATES:

In 2009, EPA Administrator Lisa Jackson issued a ruling on a Title V petition holding that states
must assess whether oil and natural gas operations should be aggregated in accordance with
longstanding EPA policies governing New Source Review and Title V permitting.?® States
should follow the EPA’s recent guidance and ensure that emissions from oil and gas operations
are appropriately aggregated to ensure compliance with New Source Review and Title V.
Aggregation provides an important opportunity to more accurately recognize integrated source
operations under the Clean Air Act and ensure that oil and gas operations are regulated on a
cumulative basis under New Source Review and Title V.

Until strong new rules are in place, the oil and natural gas industry can and should voluntarily
invest in equipment that reduces pollution escaping to the air. Such equipment is readily
available and financially profitable for companies. These investments would increase efficiency
and production and reduce cancer causing chemicals from being emitted into the air in
communities near production facilities —saving lives and protecting the health of neighboring
families.

As the natural gas industry continues to grow, so will the number of families neighboring and
affected by the emissions. Industry and government leaders have a unique opportunity to address
public health and environmental issues by implementing these recommendations. For
coexistence between communities and industry to be possible, chemical exposure has to be
immediately addressed.

% http://www.epa.gov/region7/air/title5/t5memos/oilgaswithdrawal.pdf
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Executive Summary

Within a few weeks during the summer of 2000,
eight towers rose two hundred feet above an
agricultural field on a low ridge top along the
Pennsylvania Turnpike. Not long after, large blades
began sweeping the Somerset County sky as
Pennsylvania’s first industrial wind facility went on
line. Several years later and an hour drive to the
west, an unusual natural gas well was drilled over a
mile down and pumped full of water. That well in
Washington County yielded a surprising amount of
gas flowing from fractures in a shale formation that
geologists had long suspected held plenty of gas but
has been too expensive to develop. Meanwhile, a

Forest landscape along the West Branch Susquehanna

River, Clinton County. © George C. Gress / TNC Canadian company bought a small sawmill in
Mifflintown and started producing wood pellets for

stoves, boilers, and electric plants. It soon became one of the region’s largest producers of wood biomass energy

supplies. In the decade since, these three new energy technologies have expanded rapidly across the state. By the
end of this year, 500 wind turbines will be turning on Pennsylvania ridgelines, nearly 2,000 Marcellus natural gas
wells will be scattered across rolling fields and forests, and over 50 facilities will be producing wood pellets or
burning wood for energy. Thousands of miles of pipelines and

powerlines already crisscross the state to get energy supplies to

major markets in the Northeast.

Each of these energy sources carries both promise and risk for
people and nature. The promise is that wind, natural gas, and
wood biomass energy can reduce greenhouse gas emissions,
generate jobs, and increase energy security. The risk is that
extensive land use change and loss of natural habitats could

accompany new energy development and transmission lines.
Black-throated blue warblers and other

Impacts to priority conservation habitats across the state have o . .
interior forest species could be impacted

been modest thus far. For example, aerial photo analysis

by forest fragmentation caused by energy
development. © Gary Irwin

indicates Marcellus gas development has so far cleared just 3,500
acres of forest (about 1,000 acres for wind turbines). An

additional 8,500 acres of forest is now within 300 feet of new

fragmenting edges created by well pads, and associated roads and infrastructure (5,000 acres for wind turbines).
This fragmentation deprives “interior” forest species, such as black-throated blue warblers, northern goshawks,
salamanders, and many woodland flowers, of the shade, humidity and tree canopy protection that only deep
forest environments can provide.




By all accounts, each of these energy types is likely to
grow substantially in Pennsylvania during the next two
decades. The Marcellus shale formation, which
underlies two-thirds of the state, is now believed to be
one of the largest unconventional shale gas reserves in
the world. The Pennsylvania Alternative Energy
Portfolio Standards Act of 2004, along with state and
federal incentives, will likely boost expansion of wind,
wood biomass, and other alternative energy types over
the next two decades. But, how much of each energy
type might be developed? What transmission
infrastructure will be needed to get more electric

Nine Mile Run Creek in PA’s North Central Highlands
power and natural gas to consumers? And, where are

© George C. Gress / TNC.

these energy types most likely to be developed? How

does the likely scale and location of future energy development overlap with priority conservation areas? The
Pennsylvania Energy Impacts Assessment seeks answers to these questions so that conservationists can work more
effectively with energy companies and government agencies to avoid, minimize or mitigate habitat impacts in the
future.

Assessment Goal: Develop credible energy development projections and assess how they might affect high
priority conservation areas across Pennsylvania. Marcellus natural gas, wind, wood biomass, and associated
electric and gas transmission lines were chosen as the focus since these energy types have the most potential to
cause land-use change in the state over the next two decades. The conservation impacts focus is on forest,
freshwater, and rare species habitats. The assessment does not address other potential environmental impacts,
including water withdrawal, water quality, air quality and migratory pathways for birds and bats. The assessment
also does not address a range of other social, economic, and climate characteristics of these energy types.

Key Assumptions: Any assessment of future trends must include certain assumptions. Among the most important
assumptions of the Pennsylvania Energy Impacts Assessment are the following:

e A 20-year time period is used to assess potential cumulative habitat impacts from energy development;

e  Given uncertainties about how energy prices could change, it was assumed that prices and capital
investment (and policy and social conditions) will be sufficient to promote steady development growth for
each energy type during the next two decades;

e  Given uncertainty about how technology changes could affect spatial footprints, it was assumed that
spatial footprints per well pad, turbine, and mile of transmission line will not change significantly during
the next two decades;

e Given the proprietary nature of data on leases, Marcellus Shale porosity, fine resolution wind power, etc.,
all projections are based on publicly available information;

e |t was assumed that recent trends and patterns of energy development will continue for the next two
decades absent significant changes in government policies and industry practices;




Energy projections contained in this assessment are informed scenarios — not predictions — for how much energy
development might take place and where it is more and less probable. Projected impacts, however, are based on
measurements of actual spatial footprints measured for hundreds of well pads and wind turbines.

Analytical Steps: Key analytical steps for the Pennsylvania Energy Assessment included:

1)

2)

3)

4)

5)

6)

Data collection — Over 50 spatial data layers on energy resources, development permits, road and
transmission infrastructure, physical features, and conservation priorities were compiled for the
assessment;

Spatial footprint analysis — Spatial footprints for Marcellus gas well and wind turbine pads, associated
roads, associated pipelines, associated electric transmission lines, and associated other clearings (e.g., gas
containment pits, equipment staging areas, electrical substations) were digitized using aerial photos of
sites before and after construction;

Scale projections — Low, medium, and high scenarios for how much Marcellus Shale natural gas, wind,
wood biomass, and transmission line development might occur were based as much as possible on
existing projections and data from credible sources.

Geographic projections — Projections of where new Marcellus natural gas and wind energy development is
more and less likely to occur were based on modeling the probability of a map pixel’s land-use change to
energy production based on sets of drivers and constraints developed for each energy type. Geographic
projections for wood biomass and energy transmission were not modeled due to a lack of data.
Conclusions about regional patterns of wood biomass and transmission development and potential
conservation impacts will be presented in Report 2 of the Pennsylvania Energy Impacts Assessment.

Conservation impacts analysis — The potential impacts of future energy development were assessed for
forest and freshwater habitats across the state. In addition, sites recognized as important for species of
conservation concern were assessed. Conservation datasets for these assessments included, among
others, large forest patches from The Nature Conservancy and the Western Pennsylvania Conservancy,
habitat areas for rare species from the Pennsylvania Natural Heritage Program, densities for interior
forest nesting bird species from the 2" Pennsylvania Breeding Bird Atlas, and intact watersheds for native
brook trout populations from the Eastern Brook Trout Joint Venture.

Review — A dozen energy experts in government, industry, and research organizations provided technical
review of the energy projections.

Energy Projections: The Pennsylvania Energy Impacts Assessment developed low, medium and high scenarios for

the amount of energy development that might take place in Pennsylvania by 2030. The projections include:

Marcellus Shale — Sixty thousand wells could be drilled on between 6,000 and 15,000 new well pads
(there are currently about 1,000), depending on how many wells are placed on each pad. Gas
development will occur in at least half of the state’s counties, with the densest development likely in 15
counties in southwest, north central, and northeast Pennsylvania.

Wind — Between 750 and 2,900 additional wind turbines could be built (there are currently about 500),
depending on the wind share of electric generation by 2030. Most turbines would be built along the
Allegheny Front in western Pennsylvania and on high Appalachian ridgetops in the central and
northeastern parts of the state.




e  Wood Biomass — Wood biomass energy demand could double or even triple today’s wood energy use,
depending on whether and how many coal power plants co-fire with wood biomass. Wood biomass
energy development is likely to be widespread across the state in all three scenarios.

e Transmission Lines — Preliminary findings indicate between 10,000 and 15,000 miles of new high-voltage
power lines and gas pipelines (especially gathering lines) could be built during the next twenty years.
There is considerable uncertainty about exactly where these lines will be built but recently proposed
electric and gas transmission lines provide insights into potential habitat impacts.

Conservation Impacts: This first Pennsylvania Energy Impacts Assessment report focuses on the overlap between
likely Marcellus gas and wind development areas and Pennsylvania’s most important natural habitats. A second
report will focus on the potential for additional impacts from new wood biomass energy plants, electric power
lines, and natural gas pipelines. Key findings for impacts from Marcellus natural gas and for wind development
include:

Forests. By 2030, a range of between 38,000 to 90,000 acres of forest cover could be cleared by new
Marcellus gas development in the state. Forest clearing for the wind development scenarios is much
smaller, ranging from 1,900 to 5,200 acres. Such clearings would create new forest edges where the risk
of predation, changes in light and humidity levels, and expanded presence of invasive species could
threaten forest interior species in 91,000 to 220,000 forest acres adjacent to Marcellus development and
13,400 to 36,000 forest acres adjacent to wind development. Forest impacts will be concentrated in the
north central and southwest parts of the state where many of the state’s largest and most intact forest
patches could be fragmented into smaller patches by well pads, roads, and other infrastructure. Impacts
to forest interior species will vary depending on their geographic distribution and density. Some species,
such as the black-throated blue warbler, could see widespread impacts to their relatively restricted
breeding habitats in the state while widely distributed species, such as the Scarlet Tanager, would be
relatively less affected. Locating energy infrastructure in open areas or toward the outer edges of large
patches can significantly reduce impacts to important forest areas.

Freshwater. Aquatic habitats are at risk too. Once
widespread, healthy populations of native eastern
brook trout in Pennsylvania are now largely confined to
small mountain watersheds. Nearly 80 percent of the
state’s most intact brook trout watersheds could see at
least some Marcellus gas and wind development during
the next twenty years. Strongholds for brook trout are
concentrated in north central Pennsylvania, where
Marcellus development is projected to be relatively
intensive in over half of the state’s best brook trout
watersheds. Exceptional Value streams —the
Department of Environmental Protection’s highest
quality designation — could see hundreds of well pads

(perhaps 300 - 750) and dozens of wind turbines

(perhaps 50 — 200) located within one-half mile under the projections. Because many intact brook trout
6




and EV streams are in steep terrain, rigorous sediment controls, and possibly additional setback
measures, are needed to help conserve these sensitive habitats.

Rare Species. Nearly 40 percent of Pennsylvania’s globally rare and Pennsylvania threatened species can
be found in areas with high potential for Marcellus gas development. These species tend to be associated
with riparian areas, streams, and wetlands, while others are concentrated in unusually diverse areas such
as the Youghiogheny Gorge. A handful of rare species have most or all of their known locations in high
potential areas for Marcellus gas development. For example, three-fourths of all known snow trillium
populations are in high potential Marcellus development areas as are all known populations for the green
salamander. A much smaller number of known locations for globally and state rare species overlap with
high potential wind development sites and they tend to be associated with rocky outcrops and ridgetop
barrens habitats. Species with the greatest overlaps include timber rattlesnakes, Allegheny woodrats, and
northern long-eared Myotis bats. More intensive surveys for globally rare and state critically endangered
species in high potential Marcellus and wind development areas could help to minimize impacts before
development begins. The Pennsylvania Game Commission is working with wind companies and other
researchers to assess impacts to migratory pathways for birds and bats.

Recreation. Extensive overlaps are projected between Marcellus development and state forests, state
parks, and state game lands. Just over ten percent of Pennsylvania’s public lands are legally protected
from gas development, most of it within State Wild and Natural Areas or in state parks where the
Commonwealth owns the mineral rights. The state does not own mineral rights for 80% of State Park and
State Game Lands, nearly 700,000 acres of State Forests have already been leased, and only about
300,000 acres of the remaining State Forest Lands are legally off-limits to future leases. Projections
indicate between 900 and 2,200 well pads could be developed across all state lands, with most going on
State Forest Lands, followed by State Game Lands, and State Parks. Wind development was not projected
on state lands, though some facilities are projected near highly visited sites, including natural vistas.

Clearly, the heart of some of Pennsylvania’s best natural habitats lies directly in the path of future energy
development. Integrating information on conservation priorities into energy planning, operations, and policy by
energy companies and government agencies sooner rather than later could dramatically reduce these impacts.
Many factors —including energy prices, economic benefits, greenhouse gas reductions, and energy independence —
will go into final decisions about where and how to proceed with energy development. Information about
Pennsylvania’s most important natural habitats should be an important part of the calculus about trade-offs and
optimization as energy development proceeds. Would Pennsylvania’s conservation pioneers, including Gifford
Pinchot, Maurice Goddard, and Rachel Carson, expect anything less?




Marcellus Shale Natural Gas

Once thought to be inaccessible, deep shale formations with tightly held natural gas have become the most rapidly
growing source of energy in North America. New technologies and methods have allowed companies to drill 6,000
to 10,000 feet down to reach the Marcellus shale, turn the well horizontally to follow the shale layer for a mile or
more, and then pump in millions of gallons of water to fracture the shale and release the natural gas. Pennsylvania
is at the epicenter of the Marcellus formation, one of the world’s largest unconventional shale natural gas
reserves. Situated right next door to huge markets in the Mid-Atlantic and Northeastern states, Marcellus gas
development has expanded at a furious pace since the first wells were drilled just few years ago in Washington
County. There are now approximately 2,000 drilled wells, most of them concentrated in the southwestern and
northeastern parts of the state.

The Marcellus boom is bringing rapid economic growth to many rural communities that have been in economic
decline for decades. Natural gas is also displacing higher carbon coal and oil supplies thus slowing the rise in
greenhouse gas emissions. These benefits are real but not without costs. Large amounts of water must be
withdrawn to frac each well (about 5 million gallons). The return flow water that comes back up from the well
contains varying levels of chemicals, heavy metals, and even radioactive materials, and must be handled carefully
to avoid spills when recycled or disposed. Heavy trucks and compressor stations rumble constantly in gas
development areas putting heavy strains on roads, bridges and air quality. Because of known and perceived risks
to environmental quality and human health, water use, air emissions and transportation demands are receiving
growing attention from government agencies, researchers and energy companies. Thus far, relatively little
attention, however, has been focused on Marcellus gas development impacts to natural habitats across the state.

What is Marcellus Shale Natural Gas?

The Marcellus is the largest gas-bearing shale
formation in North America in both area and
potential gas volume. It spans over 150,000
square miles across 5 states including the
southern tier of New York, the northern and
western half of Pennsylvania, the eastern third of
Ohio, most of West Virginia, and a small slice of
western Virginia. Estimates of the potential
recoverable volume have increased steadily. The
latest estimates by the U.S. Department of Energy
are nearly 300 trillion cubic feet — enough to
supply all natural gas demand in the United States
for at least 10 years.

Map showing the extent of the Marcellus Shale formation.

Data source: United States Geological Survey.




Geologists have long known the Marcellus formation is an organically-rich shale with potentially large amounts of
natural gas, but it was too deep, too thin, and too dense to exploit. In 2005, Range Resources drilled the first
production Marcellus well using horizontal drilling and hydraulic fracturing methods. The horizontal drilling is
necessary because the shale is typically thin and vertical wells will only intercept a small part of the formation.
Hydraulic fracturing (or “fracing”) is a process that uses large volumes of water, sand, lubricants, and other
chemicals to create small fissures in the shale rock. Hydro-fracing is necessary to release the gas which is tightly
held in the dense black shale. These methods, first perfected for deep shale gas in the Barnett formation of Texas,
unlocked the tremendous gas reserves in the Marcellus and other “unconventional” shale formations previously
thought to be out of economic reach.

In contrast to shallow gas deposits in western Pennsylvania, the Marcellus is developed with multiple horizontal
wells that can reach out 5,000 feet or more from one well pad. Everything about Marcellus development is bigger
than conventional shallow gas plays. The well pads are more expansive (averaging just over 3 acres compared to a
small fraction of an acre), the water used to frac wells is much greater (5 million gallons versus a hundred
thousand gallons), and the supporting infrastructure is much larger in scale (24” diameter pipelines to gather gas
from wells versus 2” or 4” pipelines in shallow fields). Individual wells are also vastly more productive (5 - 10
million cubic feet per day versus less than 100,000 cubic feet in peak early production). While the larger pad,
greater water use, and more extensive infrastructure pose more challenges for conservation than shallow gas, the
area “drained” by wells on each Marcellus pad is much larger than from shallow gas pads (500-1,000 acres versus
10-80 acres) since there are typically multiple lateral wells on a Marcellus pad versus a single vertical well on a
shallow gas pad. The lateral reach of Marcellus wells means there is more flexibility in where pads and
infrastructure can be placed relative to shallow gas. This increased flexibility in placing Marcellus infrastructure
can be used to avoid or minimize impacts to natural habitats in comparison to more densely-spaced shallow gas
fields.

Current and Projected Marcellus Shale Natural Gas Development

Projections of future Marcellus gas development
impacts depend on robust spatial measurements of Landscape Context of Assessed

existing Marcellus well pads and infrastructure. By Marcellus Shale Well Pads
comparing aerial photos of Pennsylvania Department

of Environmental Protection (DEP) Marcellus well
permit locations taken before and after
development, we precisely documented the spatial
foot print of 242 Marcellus well pads (totaling 435
drilling permits) in Pennsylvania visible in 2008 aerial
imagery from the National Agriculture Imagery
Program. The ground excavated for wells and
associated infrastructure is the most obvious spatial
impact. For each well site, areas cleared for the well
pad, new or expanded roads, gathering pipelines,
and water impoundments were digitized and

measured.




Aerial photos before and after development of a Marcellus gas well pad site in Susquehanna County, PA. To

assess the impacts of this type of energy development, we digitized the spatial footprint of 242 gas well pad

sites and associated infrastructure.

Average Spatial Disturbance for Marcellus Shale

Well Pads in Forested Context (acres)

Forest cleared for Marcellus Shale well pad 3.1
8.8
Forest cleared for associated infrastructure 5.7
(roads, pipelines, water impoundments, etc.) )
Indirect forest impact from new edges 21.2
TOTAL DIRECT AND INDIRECT IMPACTS 30

Well pads occupy 3.1 acres on average
while the associated infrastructure
(roads, water impoundments,
pipelines) takes up an additional 5.7
acres, or a total of nearly 9 acres per
well pad.

Adjacent lands can also be impacted,
even if they are not directly cleared.
This is most notable in forest settings
where clearings fragment contiguous
forest patches, create new edges, and
change habitat conditions for sensitive
wildlife and plant species that depend
on “interior” forest conditions.
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Forest ecologists call this the “edge effect.” While the effect is somewhat different for each species, research has
shown measurable impacts often extend at least 330 feet (100 meters) forest adjacent to an edge. Interior forest
species avoid edges for different reasons. Black-throated blue warblers and other interior forest nesting birds, for
example, avoid areas near edges because of the increased risk of predation. Tree frogs, flying squirrels and certain
woodland flowers are sensitive to forest fragmentation because of changes in canopy cover, humidity and light
levels. Some species, especially common species such as whitetail deer and cowbirds, are attracted to forest edges
— often resulting in increased competition, predation, parasitism, and herbivory. Invasive plant species, such as
tree of heaven, stilt grass, and Japanese barberry, often thrive on forest edges and can displace native forest
species. As large forest patches become progressively cut into smaller patches, populations of forest interior
species decline.

To assess the potential interior forest habitat impact, we created a 100 meter buffer into forest patches from new
edges created by well pad and associated infrastructure development. For those well sites developed in forest
areas or along forest edges (about half of assessed sites), an average of 21 acres of interior forest habitat was lost.

Interior forest habitat before and after development of a Marcellus gas well

pad site in Elk County, PA.

The number of Marcellus wells drilled in Pennsylvania during the next two decades will expand steadily. Just how
many wells are drilled will be driven by various factors including natural gas prices, technological improvements,
human resources, regulatory changes in Pennsylvania and beyond (e.g., end of New York drilling moratorium), and
social preferences. Assessing how these factors will change over the next two decades is very difficult; therefore
our projections assume economic, policy, and social conditions remain stable enough to promote steady expansion

of Marcellus gas development in the state. The first key variable in our projection is the number of drilling rigs that
11 e




will be operating in Pennsylvania. By October 2010, the industry had moved just over 100 rigs into Pennsylvania to
drill Marcellus wells according to the Baker-Hughes weekly rig count. Given the high productivity of the Marcellus

and its proximity to major northeastern markets, most industry observers expect this number to continue growing
steadily. The number of horizontal drill rigs operating in the Barnett Shale has peaked at about 200, but the

We project 60,000 Marcellus wells will be drilled during the next twenty years based on company
investor presentations and academic assessments of gas development potential. Depending on how

many wells on average are placed on the same pad site (see illustration below), we project between
7,000 and 16,000 total well pad sites will be developed in Pennsylvania by 2030.
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Marcellus Shale is much larger and could reach 300 rigs in Pennsylvania alone. We chose a conservative estimate
of 250 maximum horizontal drill rigs for each scale projection scenario. Assuming that each rig can drill one well
per month, 3,000 wells are estimated to be drilled annually. At that rate, 60,000 new wells would be drilled by the
year 2030.

The second key variable, especially for determining land-use and habitat impacts, is the number of wells on each
pad. Because each horizontal well can drain gas from 80 to 170 acres (depending on the lateral well length), more
wells per pad translates to less disturbance and infrastructure on the landscape. Itis technically possible to put a
dozen or more Marcellus wells on one pad. So far, the average in Pennsylvania is two wells per pad as companies
quickly move on to drill other leases to test productivity and to secure as many potentially productive leases as
possible (leases typically expire after 5 years if there is no drilling activity). In many cases, the gas company will
return to these pads later and drill additional wells. The low scenario (6,000 well pads) assumes that each pad on
average will have ten wells. Because many leases are irregularly shaped, in mixed ownership, or the topography
and geology impose constraints, it is unlikely this scenario will develop. It would take relatively consolidated
leaseholds and few logistical constraints for this scenario to occur. The medium scenario for well pads assumes 6
wells on average will be drilled from each pad, or 10,000 new well pads across the state. Industry staff generally
agree that six is the most likely number of wells they will be developing per pad for most of their leaseholds, at
least where lease patterns facilitate drilling units of 600 acres or larger. The high scenario assumes each pad will
have 4 wells drilled on average, or 15,000 well pads across the state. This scenario is more likely if there is
relatively little consolidation of lease holds between companies in the next several years.

The number of well pads is less important than where they are located, at least from a habitat conservation
perspective. To understand which areas within Pennsylvania’s Marcellus formation are more and less likely to be
developed, we used a machine-based learning modeling approach known as maximum entropy (Maxent 3.3.3a,
Princeton University). Maximum entropy was used to find relationships between 1,461 existing and permitted well
pad locations and variables that might be relevant to a company’s decision to drill a Marcellus well. Such variables
were chosen based on data availability and included Marcellus Shale depth, thickness and thermal maturity as well
as percent slope, distance to pipelines, and distance to roads. The model produces a raster surface that represents
the probability of an area to potentially support future gas well development. An additional 487 existing and
permitted well pads were used to test the validity of the model’s probability surface and the model was found to
be 80% accurate in predicting existing and permitted wells from randomly sampled undeveloped areas. The
resulting probability map indicates wide variation across the Marcellus formation in terms of the likelihood of
future gas well development.

To get a better sense of where gas development is most likely, we searched for the highest probability areas where
well pads in each scenario might be located. The probability raster was re-sampled to a resolution that reflects the
minimum separation distance between well pads for each of the three impact scenarios (low — 1,590 m; medium —
1,260 m; high — 1,020 m). The minimum separation distance depends on the number of wells drilled per pad and
accounts for the average gas drainage area assumed for each of the three scenarios. Areas incompatible for future
gas exploration (existing drilled Marcellus Shale wells, Pennsylvania State Wild Areas and Natural Areas, and water
bodies) were excluded from being selected as probable pixels. For each scenario, the highest probable pixels were
selected until the pad threshold was reached (low — 6,000 well pads; medium — 10,000 well pads; high — 15,000
well pads). The highest probable pixels were then converted into points for map display purposes.
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While the geographic area with projected well pads expands from low to high scenarios, the overall geographic
pattern is not cumulative due to the differences in minimum separation distance between the three scenarios.
Overall, hotspots for future gas development can be seen in half a dozen counties in southwestern Pennsylvania
and half a dozen counties in north central and northeastern parts of the state.

These geographic projections of future Marcellus gas development are spatial representations of possible
scenarios. They are not predictions. We faced several constraints in developing the geographic scenarios:

e We do not have access to proprietary seismic and test well geologic data that natural gas companies
have. Shale porosity, for example, is a key factor but there are no publicly available data for this.

e We do not have the detailed location of gas company leases. Each company is looking for the highest
probability locations across their lease holds while our model looks for the highest probability sites across
the entire Marcellus formation in the state. Because there have only been a few Marcellus test wells and
permits in the Delaware watershed, we believe the projections for new well pads are probably
significantly underestimated in Wayne County.

Still, we believe the overall geographic patterns in the projected gas development locations are relatively robust
for several reasons. We used nearly 1,500 existing drilled or permitted well pads to build the model and nearly 500
additional drilled and permitted well pads to validate the model. These unique well pad locations represented
4,446 permitted wells. This is typically a sufficient sample size for building predictive models. Additionally, reviews
from industry, academic, and government agency reviewers indicate our methods and results are generally sound.
Some reviewers expect future well pad locations to be more geographically expansive than our current projections
indicate, especially in the Delaware watershed where only a few Marcellus test wells and permits have been
issued. Our projections for Wayne County, for example, are likely underestimating future development potential.
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Map showing projected location of 10,000 new Marcellus Shale natural gas pads across Pennsylvania (medium development scenario).




Map showing projected location of new Marcellus well pads in southern Susquehanna County

under the medium development scenario.

Map showing projected location of new Marcellus well pads in southwestern Pennsylvania under

the medium development scenario.
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Map showing projected location of 6,000 new Marcellus well pads across Pennsylvania (low

development scenario).

Map showing projected location of 15,000 new Marcellus well pads across Pennsylvania (high

development scenario).
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Conservation Impacts of Marcellus Shale Natural Gas Development

What is the overlap of the areas with the highest probability of future Marcellus gas development and those areas
known to have high conservation values? To answer this question, we intersected the projected Marcellus well
pads with areas previously identified and mapped as having high conservation values. We looked at several
examples from four categories of conservation value, including:

e  Forest habitats

e  Freshwater habitats

e Species of conservation concern
e  Qutdoor recreation

Substantial areas of overlap are indicated between likely future Marcellus development areas and Pennsylvania’s
most important forest, freshwater, sensitive species habitats, and outdoor recreation sites.

FORESTS

Forests are Pennsylvania’s most extensive natural habitat type. Once covering at least 95 percent of the state’s
land area, forests were whittled away for agriculture, charcoal for iron smelting, and lumber until only a third of
the state’s forests remained. Forests have rebounded steadily to cover about 60 percent of the state, though a
trend toward increasing net loss of forest has emerged during the past decade. Pennsylvania is famous worldwide
for its outstanding cherry, oak, and maple hardwoods, and forests provide livelihoods for many thousands of
Pennsylvanians in the forest products and tourism industries. They also contribute enormously to the quality of
life for all Pennsylvanians by filtering contaminants from water and air, reducing the severity of floods,
sequestering carbon dioxide emissions that would otherwise warm the planet, and providing a scenic backdrop to
recreational pursuits.

A majority of projected well locations are found in a forest setting for all three scenarios (64% in each case). The
low scenario would see 4,310 well pads in forest areas. With an average cleared forest average of 8.8 acres per
pad (including roads and other infrastructure), the total forest clearing would be approximately 38,000 acres.
Indirect impacts to adjacent forest interior habitats would total an additional 91,000 acres. Forest impacts from
the medium scenario (6,950 projected wells in forest locations) would be 61,000 cleared forest acres and an
additional 147,000 acres of adjacent forest interior habitat impacts. For the high scenario (10,250 forest well
pads), approximately 90,000 acres would be cleared, and an additional 220,000 acres of forest interior habitats
would be affected by new adjacent clearings. While the high Marcellus scenario would result in a loss of less than
one percent of the state’s total forest acreage, areas with intensive Marcellus gas development could see a loss of
2-3 percent of local forest habitats. Some part of the cleared forest area will become reforested after drilling is
completed, but there has not been enough time to establish a trend since the Marcellus development started.
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Large contiguous forest patches are especially valuable because they sustain wide-ranging forest species, such as
northern goshawk, and provide more habitat for forest interior species. They are also more resistant to the spread
of invasive species, suffer less tree damage from wind and ice storms, and provide more ecosystem services — from
carbon storage to water filtration — than small patches. The Nature Conservancy and the Western Pennsylvania
Conservancy’s Forest Conservation Analysis mapped nearly 25,000 forest patches in the state greater than 100
acres. Patches at least 1,000 acres in size are about a tenth of the total (2,700) and patches at least 5,000 acres are
rare (only 316 patches). In contrast to overall forest loss, projected Marcellus gas development scenarios indicate
a more pronounced impact on large forest patches. For example, 40 percent of patches greater than 5,000 acres
are projected to have at least one well pad and associated infrastructure located in them in the medium scenario
compared to just over 20 percent for patches > 1,000 acres. Most affected large patches have multiple projected
well pads (as many as 29). The projections indicate larger patches are likely to be more vulnerable, with over a
third projected to have at least one new well pad and road. Many affected large patches have multiple projected
well pads (as many as 17 for patches). While one or two well pads and associated infrastructure may not
fragment the large patch into smaller patches, each additional well pad increases the likelihood that the large
patch will become several smaller patches with a substantially reduced forest interior habitat area.

Map showing number of probable Marcellus well pads in forest patches greater than 1,000 acres across

Pennsylvania.
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Map showing projected number of well pads in forest patches greater than 1,000 acres under the medium

development scenario in Potter, Cameron, McKean and Forest Counties.

Bird species that nest in close canopy forest environments are often referred to as “forest interior” species. The
Carnegie Museum of Natural History, Powdermill Nature Reserve and the Pennsylvania Game Commission recently
completed Pennsylvania’s Second Breeding Bird Atlas project. As part of the project, trained ornithologists
conducted point counts using standardized protocols at 39,000 sites from 2004 to 2009. The result is an incredibly

Scarlet tanager © U.S. Fish and

Wildlife Service

detailed data base that provides the most accurate information on the
distribution and density of breeding birds available anywhere in the
United States. Density data for several forest interior nesting species
were mapped and intersected with the projected Marcellus gas well pad
locations. The resulting maps show the estimated reduction in habitat for
that species in each Marcellus gas probability pixel (including both cleared
forest and adjacent edge effects). Scarlet Tanagers are one of the most
widespread forest interior nesting bird in the state. Since they are so
widespread, a majority of their range in the state is outside of the most
likely Marcellus development areas. In some locations, scarlet tanager
populations could decline by as much as 23 percent in the Medium
Scenario. Black-throated blue warblers are more narrowly distributed in
Pennsylvania favoring mature northern hardwood and coniferous forests
with a dense understory, frequently in mountain terrain. Since most of
their breeding range in Pennsylvania overlaps with likely Marcellus
development areas, a higher proportion of their habitat could be affected.
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Map showing estimated percent loss of habitat for Scarlet Tanagers under medium scenario.

Map showing estimated percent loss of habitat for Black-Throated Blue Warblers under medium

scenario.
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FRESHWATER

Home to three great river systems and one of the Great Lakes, Pennsylvania’s fresh water resources are vital not
only to the Commonwealth but to much of the eastern United States. The Ohio River basin contains the richest
fresh water ecosystems in North America. In Pennsylvania, French Creek and parts of the Upper Allegheny River
contain some of the most intact aquatic ecosystems in the entire basin. The Susquehanna River is the source of
more than half the fresh water that enters the Chesapeake Bay, and most of the water that flows down the
Susquehanna River originates in tributary headwaters across a wide swath of central Pennsylvania. Forming
Pennsylvania’s eastern boundary, the Delaware River is the longest undammed river in the eastern United States,
one of the last strongholds for Atlantic coast migratory fish, and provides the drinking water source for nearly 20
million Americans living in Pennsylvania, New York, and New Jersey. Because of their importance to human health
and livelihoods, the potential of Marcellus gas development to affect water flows and quality have received
growing attention from regulatory agencies, natural gas companies, and environmental groups.

The intersection of gas development with sensitive watersheds has received less attention. High Quality and
Exceptional Value (EV) watersheds have been designated by the Pennsylvania Department of Environmental

Map showing current number of Marcellus well pads in intact and predicted intact brook trout

watersheds. Data source: Eastern Brook Trout Joint Venture.
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Protection across the state. Our projections indicate 28 percent of High Quality and 5 percent of Exceptional
Values streams have or will have Marcellus gas development during the next two decades. Presence of well pads
in these watersheds may not be a problem as long as spill containment measures and erosion and sedimentation
regulations are strictly observed and enforced in these areas. More specifically, the projections indicate 3,581 well
pads could be located within % mile of a High Quality or Exceptional Values streams. Pads within close proximity
to High Quality and especially Exceptional Value streams pose more risk than those at greater distances, as there is
increased risk for potential spills and uncontained sediments to find their way into streams.

Map showing projected number of Marcellus well pads by 2030 in intact and predicted intact brook trout

watersheds under medium scenario. Data source: Eastern Brook Trout Joint Venture.

Native brook trout are one of the most sensitive aquatic species in Pennsylvania watersheds. Brook trout favor
cold, highly-oxygenated water and are unusually sensitive to warmer temperatures, sediments, and contaminants.
Once widely distributed across Pennsylvania, healthy populations have retreated to a shrinking number of small
watersheds. Many of these watersheds overlap with the Marcellus shale formation. A large majority (113) of the
138 intact or predicted intact native brook trout watersheds in Pennsylvania are projected to see at least some
Marcellus gas development. Over half (74) are projected to host between 6 — 38 well pads, and the number
reaches as high as 64 pads for some intact brook trout watersheds in the high scenario. Rigorous sediment
controls and carefully designed stream crossings will be critical for brook trout survival in watersheds, especially
upper watersheds, with intensive Marcellus development.
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RARE SPECIES

Of the approximately 100,000 species believed to occur in
Pennsylvania, just over 1 percent (1052) is tracked by The
Pennsylvania Natural Heritage Program (PNHP). Due to low
population sizes and immediate threats, these species are rare,
declining or otherwise considered to be of conservation concern.
PNHP records indicate that 329 tracked species have populations
within pixels that have a relatively high modeled probability for
Marcellus development. Nearly 40 percent (132) are considered to
be globally rare or critically endangered or imperiled in Pennsylvania.
Many are found in riparian areas, streams, and wetlands, while
others are clustered in unusually biologically diverse areas such as
the Youghiogheny Gorge. Some of these species may have only one,
two or three populations left in the state. Two examples include the
green salamander (Aniedes aeneus) with all known populations in
relatively high probability Marcellus development pixels and snow Green salamander © Pennsylvania Fish
trillium (Trillium nivale) with 73 percent of known populations in and Boat Commission

relatively high probability pixels. A well-managed screening system to

identify the presence of these species and their preferred habitats will be critical to their survival as energy
development expands across the state.

RECREATION

Pennsylvania has built one of the largest networks of public recreation lands in the eastern United States, but
much of it could see Marcellus and other natural gas development in coming decades. Of the 4.5 million acres of
state and federal lands in the state, we estimate as little as 500,000 acres are permanently protected from surface
mineral development, including gas drilling. State and federal agencies do not own mineral rights under at least
2.2 million acres. Most other areas where the state does own mineral rights can be leased, such as the estimated
700,000 acres previously leased for gas development on state forest lands. Severe budget pressures will likely to
tempt the legislature to lease additional lands in the future. Our projections excluded state Wild and Natural
Areas, National Park lands, and Congressionally-designated Wilderness Areas but otherwise assumed that high
probability Marcellus gas pixels on public lands could be developed. The low scenario projects 897 pad locations
on State Forest and State Game Lands which expands to 1,438 well pads in the medium scenario and 2,096 pads in
the high scenario. The focal area below illustrates what the overlap of future gas development and conservation
lands could look like in the medium scenario for the southern Laurel Highlands. It projects 7 well pads in the
portion of Forbes State Forest visible in the focal area above, 13 pads on State Game Lands 51, and 3 on State
Game Lands 111.
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Map showing projected Marcellus well pads under the medium scenario on public and

private conservation lands in the Laurel Highlands.

Pennsylvania’s state park system, recognized as one of the best in the nation, illustrates the challenge of
protecting recreational values in areas of intensive Marcellus development. While the DCNR has a long standing

policy of not extracting natural resources in state parks, it does not own the mineral rights under an estimated 80

percent of the system’s 283,000 acres. Our projections indicate Marcellus well pads could be located in between 9

and 22 state parks.

AVOIDING FOREST IMPACTS IN THE LAUREL HIGHLANDS

The projected potential impacts of Marcellus gas energy development assume recent patterns of development will

Projected Well Pads on State Lands (Medium Scenario) H

DCNR State Forests 1,002
DCNR State Parks 41
State Game Lands 436
Total State Lands 1,479

continue. Given the relatively
large areas drained by
Marcellus gas pads
(depending on the lateral
length and number of wells
per pad), there is flexibility in
how they are placed. This
allows us potentially to
optimize between energy
production and conservation
outcomes. To look at how

conservation impacts could be minimized, we examined how projected Marcellus gas pads could be relocated to
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avoid forest patches in the Southern Laurel Highlands in Fayette and Somerset counties. This area is important
because it represents a unique ecological region with a large amount of state land as well as private farmland and
forest land. The area is also facing great pressure to develop the Marcellus Gas resource. The focus area included
approximately 350 square miles and included Chestnut Ridge on its western border and Laurel Ridge on its east.
Within the area, there are two state parks (Ohiopyle State Park and Laurel Hill State Park), two State Game Lands
(SGL 51, SGL 111), and state forest land (Forbes State Forest).

The Medium Scenario projected 127 well pads in the focus area. Fourteen well pads were projected in agricultural
fields, 33 were in edge habitat (within 100 m of the forest edge), 11 fell within existing cleared areas (e.g. strip
mines), and 69 were in forest. There were five pads on Ohiopyle State Park, and 13 within a mile of its boundary.
Laurel Ridge State Park contained two pads. Forbes State Forest had seven modeled pads. State Game Lands 111
had 3 pads, and SGL 51 had 13. It was not clear if DCNR State Parks Bureau or the Game Commission control the
sub-surface mineral rights beneath the 23 modeled pads. Given that 80 percent of mineral rights are severed on
State Park and State Game Lands (and close to 100 percent in western parts of the state), we have assumed that
drilling could happen at those projected locations.

To assess additional impacts beyond the well pad itself, we placed a new and/or improved road from the projected
pad to the nearest existing road (ESRI Roads Layer). We placed new roads along existing trails, paths and openings
whenever detectable on aerial photo imagery (used Bing Maps and 2005-2006 PA Map imagery), avoiding
wetlands, steep slopes, cliffs, rock outcrops, and buildings, and where possible, rivers, streams, and forest patches.
The projected pads and roads required clearing 400 acres of forest.

Can a modest shift in the location of well pads reduce impacts to forest patches and conservation lands? To
reduce the impacts to forest habitats, the wells were relocated to nearby existing anthropogenic openings, old
fields, or agricultural fields. Attempts were made to maintain the 4,200 foot (1,260 m) distance between modeled
wells. If nearby open areas did not exist, the locations of the well pads were moved toward the edges of forest
patches to minimize impacts to forest interior habitats. A set of rules was developed and followed to minimize
bias, including:

1. Modeled well pads were not relocated if they occurred in old fields or agricultural fields.

2. Modeled well pads that occurred in forest or edge habitat were moved but well pads were placed in the
same general areas as the modeled well pad;

3. Attempts were made to avoid placing relocated well pads any closer that the minimum distance between
pads, as specified by the medium scenario (1260 m )

4. Agriculture, cleared land (e.g., former strip mines), or otherwise opened land cover was favored over
forest or edges for relocating well pads;

5. If the well pad could not be placed in an open area, forest edges were favored over deep interior forest;

6. Residential areas were avoided. Relocated well pads were placed at least 500 feet (150 m) from homes;

7. Wetlands, water, steep slopes, cliffs, rock outcrops, creeks and rivers, buildings and manicured lawns
were avoided;

8. Relocated well pads were only placed in areas with similar to those that supported modeled pads.

9. Relocated well pads often were connected to roads using existing trails, paths and openings whenever
detectable on aerial photo imagery (used Bing Maps and 2005-2006 PA Map imagery);

10. The same number of relocated well pads were placed on state lands and Western Pennsylvania
Conservancy lands as they were in the modeled output;

11. When the modeled well pad occurred within a forest patch with no nearby alternative locations (due to
proximity of other wells or environmental constraints), the projected well pad was not relocated.
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The relocated wells and roads did not eliminate forest impacts in this heavily forested landscape, but there

was a significant reduction. Total forest loss declined almost 40% while impacts to interior forest habitats

adjacent to new clearings declined by a third.
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Location of 127 projected Marcellus well pads and new roads in the study area in the

southern Laurel Highlands.

Relocated well pads (on the right) reduced forest clearing and forest interior habitat impacts

by 40 % and 33% respectively compared to the projected well pads (on the left).
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Key Findings

Key findings from the Pennsylvania Energy Impacts Assessment for Marcellus Shale natural gas include:

e About 60,000 new Marcellus wells are projected by 2030 in Pennsylvania with a range of 6,000 to 15,000
well pads, depending on the number of wells per pad;

e  Wells are likely to be developed in at least 30 counties, with the greatest number concentrated in 15
southwestern, north central, and northeastern counties;

e Nearly two thirds of well pads are projected to be in forest areas, with forest clearing projected to range
between 38,000 and 90,000 acres depending on the number of number of well pads that are developed.
An additional range of 91,000 to 220,000 acres of forest interior habitat impacts are projected due to new
forest edges created by well pads and associated infrastructure (roads, water impoundments);

e On astatewide basis, the projected forest clearing from well pad development would affect less than one
percent of the state’s forests, but forest clearing and fragmentation could be much more pronounced in
areas with intensive Marcellus development;

e  Approximately one third of Pennsylvania’s largest forest patches (>5,000 acres) are projected to have a
range of between 1 and 17 well pads in the medium scenario;

e Impacts on forest interior breeding bird habitats vary with the range and population densities of the
species. The widely-distributed scarlet tanager would see relatively modest impacts to its statewide
population while black-throated blue warblers, with a Pennsylvania range that largely overlaps with
Marcellus development area, could see more significant population impacts;

e  Watersheds with healthy eastern brook trout populations substantially overlap with projected Marcellus
development sites. The state’s watersheds ranked as “intact” by the Eastern Brook Trout Joint Venture
are concentrated in north central Pennsylvania, where most of these small watersheds are projected to
have between two and three dozen well pads;

e Nearly a third of the species tracked by the Pennsylvania Natural Heritage Program are found in areas
projected to have a high probability of Marcellus well development, with 132 considered to be globally
rare or critically endangered or imperiled in Pennsylvania. Several of these species have all or most of
their known populations in Pennsylvania in high probability Marcellus gas development areas.

e Marcellus gas development is projected to be extensive across Pennsylvania’s 4.5 million acres of public
lands, including State Parks, State Forests, and State Game Lands. Just over 10 percent of these lands are
legally protected from surface development.

e Integration of conservation features into the planning and development of Marcellus gas well fields can
significantly reduce impacts. For example, relocating projected wells to open areas or toward the edge of
large forest patches in high probability gas development pixels in the southern Laurel Highlands reduces
forest clearing by 40 percent and forest interior impacts by over a third.
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Additional Information

Geologic information on the Marcellus shale formation in Pennsylvania:

Estimates of Marcellus shale formation gas reserves:

Baker-Hughes weekly oil and gas rig count

Pennsylvania Department of Environmental Protection, Permit and Rig Activity Report:

Copeland, H. E., K.E. Doherty, D.E. Naugle, A. Pocewicz, and J. M. Kiesecker. 2009. Mapping Oil and Gas
Development Potential in the US Intermountain West and Estimating Impacts to Species:

Overview of forest fragmentation impacts on forest interior nesting species:

Overview of Pennsylvania High Quality and Exceptional Value Streams:

Pennsylvania Department of Environmental Protection, Chapter 93 Water Quality Standards, Exceptional
Value and High Quality Streams: data downloaded from Pennsylvania Spatial Data Access:

Eastern Brook Trout Joint Venture intact brook trout watersheds:

Overview of Carnegie Museum of Natural History, Powdermill Nature Reserve, and the Pennsylvania
Game Commission’s 2™ Pennsylvania Breeding Bird Atlas Project:

Pennsylvania Natural Heritage Program, including lists of globally rare and state endangered and
imperiled species:

U.S. Department of Agriculture, Natural Resources Conservation Service, National Agriculture Imagery
Program:

DigitalGlobe, GlobeXplorer, ImageConnect Version 3.1:
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http://www.dcnr.state.pa.us/topogeo/oilandgas/marcellus_shale.aspx
http://geology.com/articles/marcellus-shale.shtml
http://gis.bakerhughesdirect.com/Reports/StandardReport.aspx
http://www.dep.state.pa.us/dep/deputate/minres/oilgas/RIG10.htm
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0007400
http://www.state.nj.us/dep/fgw/neomigr.htm
http://www.dcnr.state.pa.us/wlhabitat/aquatic/streamdist.aspx
http://www.pasda.psu.edu/
http://128.118.47.58/EBTJV/ebtjv2.html
http://www.carnegiemnh.org/powdermill/atlas/2pbba.html
http://www.naturalheritage.state.pa.us/
http://datagateway.nrcs.usda.gov/GDGOrder.aspx
http://www.digitalglobe.com/

Wind

Wind has become one of the country’s fastest growing sources of renewable energy. Pennsylvania is a leader in
the industry as host to several wind company manufacturing plants and corporate headquarters. Wind energy
development has been spurred by its potential to reduce carbon emissions, promote new manufacturing jobs, and
increase energy independence. Technological advances have expanded the size and efficiency of wind turbines
during the past decade. This, together with state and federal incentive programs, has facilitated wind
development in Pennsylvania, which otherwise ranks relatively low among states for its potential wind generation
capacity. The eight turbines installed next to the Pennsylvania Turnpike in Somerset County a decade ago have
grown to nearly 500 turbines, with more permitted for construction (AWEA, 2010). Topography is a key factor in
average wind speeds across Pennsylvania, so nearly all turbines have been built on mountain ridgelines or on top
of high elevation plateaus.

Wind energy has become the most symbolic icon of the shift toward a low carbon economy. With no air
emissions or water consumption, it is one of the cleanest renewable energy types. Communities across the state
benefit economically as rural landowners lease their properties, skilled jobs are created to manufacture turbines,
and workers are hired to install and maintain turbines. Wind development has faced controversy in some areas
from neighboring landowners and those worried about impacts to migrating birds and bats. The wind industry,
government agencies, and independent researchers have invested considerable effort in trying to better
understand impacts on birds and bats. For example, 26 wind development companies have signed a cooperative
agreement with the Pennsylvania Game Commission to conduct bird, bat and animal surveys using specified
protocols in proposed development areas. Among other findings have been the discovery of the Pennsylvania’s
second largest Indiana bat maternal colony and a variety of previously undocumented foraging and roosting
locations for the state’s two rarest bats (Indiana and eastern small-footed). Less understood are the potential
habitat impacts of wind development in the northeastern United States. This assessment, therefore, focuses on
impacts to forest and stream habitats and selected species of conservation concern that may be vulnerable to
development of ridgetop habitats.

What is Wind Energy?

Wind mills have powered grain processing and water pumping in agriculture around the world — most famously in
the Netherlands — for centuries. The first modern wind facilities to generate electricity were built in California in
the early 1980s. Rated at less than 0.5 MW capacity per turbine, the towers were only 50 feet tall. These facilities
were poorly designed and generated considerable controversy because they caused significant mortalities to
migrating hawks and eagles. Wind energy development did not expand appreciably until the late 1990s when
newer turbine designs and federal energy incentives stimulated the development of new facilities. These turbines
were rated at 1.0 or 1.5 MW capacity and reached about 200 feet high at the tip of their rotor. Since the power
produced by a wind turbine is proportional to the cube of the blade size and how high in the air it is; turbine size,
height and power ratings have expanded steadily. The largest turbines installed in Pennsylvania are now rated at
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2.5 MW (the average was 1.8 MW in 2009) and reach over 400 feet to the tip of the rotor at the apex of its
rotation.

Location is everything for wind development in the northeastern United States. Unlike the vast windswept plains
in the Midwest and the intermountain West, high wind speeds in the Northeast are primarily confined to mountain
ridgetops, plateau escarpments, and the Atlantic and Great Lake shorelines. Areas that have a wind power class
rating of 3 or more (300 watts per m°) are potentially feasible for wind power development. Wind companies will
lease areas that seem to have the most favorable characteristics including wind class, flat pad sites, proximity to
transmission lines, and proximity to existing highways. Before development, a wind development company will
typically place an anemometer tower on potential development sites to improve knowledge about wind power at
the site during a year or longer monitoring period. The turbines are mounted on pads at least 800 feet apart with
an access road between towers. The average size of wind facilities has been growing steadily since the first eight
were established in 2000. The two largest facilities are now between 75 and 100 turbines.

Several steps have been taken to address potential conflicts between wind development and wildlife in
Pennsylvania. The Pennsylvania Game Commission (PGC) has a voluntary agreement in place with most wind
companies active in the state to screen proposed facilities for possible impacts to birds and bats and migratory
pathways. Participating wind companies carry out pre-construction monitoring for birds and bats. If possible
conflicts are identified, PGC works with wind companies to avoid or minimize impacts and to continue monitoring
post construction in some cases. Second, the Pennsylvania Wind and Wildlife Collaborative (PWWC) was
established in 2005 with a state goal to develop a set of “Pennsylvania-specific principles, policies and best
management practices, guidelines and tools to assess risks to habitat and wildlife, and to mitigate for the impact of
that development.” Several studies on wildlife and habitat issues have been commissioned, though guidelines and
Best Management Practices (BMPs) have not been released.

Current and Projected Wind Energy Development

We documented the spatial
foot print of 319 wind
turbines at 12 wind facilities
across the state by
comparing aerial photos
taken before and after
development. Turbine pads,
roads, and other new
clearings were digitized for
all 12 facilities visible in
2008 images from the

Map showing 12 wind

facilities included in the
spatial footprint analysis.
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National Agriculture Imagery Program. The
ground excavated for turbines, roads, and

Average Spatial Disturbance for Wind Energy Development

in Forested Context (acres) associated infrastructure (e.g., clearings for
constructions staging areas or electrical
errendre e R 1.4 sub-stations) is the most obvious spatial

impact. For each turbine site, turbine pads,

1.9 . .
q o ds, st , and sub-stat
Forest cleared for associated infrastructure new ro.a s StagINg areas, and su s_ ations
0.5 were digitized and measured. Turbine pads
(roads, other cleared areas) _
occupy 1.4 acres on average, while the
Indirect forest impact from new edges 13.4 associated infrastructure (roads, staging

areas, and substations) takes up an
additional half acre, for a total of 1.9 acres
of spatial impact per wind turbine.

TOTAL DIRECT AND INDIRECT IMPACTS 153

As with Marcellus gas development, adjacent lands can also be impacted even if they are not directly cleared (See
p. 11 for a description of forest edge impacts on forest “interior” species). To assess the potential interior forest
habitat impact, we created a 330 foot buffer into forest patches from new edges created by wind turbine and
associated infrastructure development. For turbine sites developed in forest areas (about 80% of the 319
turbines), an average area of 13.4 acres of interior forest habitat was lost in addition to the 1.9 acres of directly
cleared forest.

We project between 1,250 and 3,400 total wind turbines will be erected in Pennsylvania by 2030.
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The number of wind turbines built in Pennsylvania will certainly expand during the next two decades. Various
factors will drive exactly how many turbines are ultimately built including electricity prices, state and federal
incentives, technological improvements, energy and climate policy, regulatory changes, and social preferences.
Our projections assume economic, policy, and social conditions will remain favorable enough to promote steady
expansion of wind development in the state since we cannot reasonably forecast energy prices, technological
developments, and policy conditions. The key driver in our low scenario is that companies will use wind energy to
meet 70 percent of the current Alternative Energy Portfolio Standard (AEPS) Tier 1 standard (8 percent of electric
generation). This projection indicates an additional 750 turbines (2 MW average) will be added to the 500 turbines
currently operating. The key driver in our medium scenario is that utilities will use wind energy to meet 70 percent
of an expanded AEPS 15% Tier 1 standard, as proposed in recent draft legislation. That scenario would add 1,400
new turbines to those already built. The high scenario used in this assessment is based on the 20% wind power
electric generation scenario used by the National Renewable Energy Laboratory in the Eastern Wind Integration
Study (EWITS). This scenario would require 2,900 additional turbines.

Where are those new turbines in each scenario more and less likely to go? To start, we created a probability
surface by looking at a range of variables that might be relevant to a company’s decision to develop a wind facility
with wind turbines that have already been built. We used the maximum entropy modeling approach used to
develop the Marcellus gas probability surface (see p. 13) and built the model using 580 existing and permitted
wind turbines. Variables that potentially drive wind energy development were chosen based on data availability
and included wind power (W/mz), distance to transmission lines, percent slope, distance to roads, and land cover.
An additional 193 existing and permitted wind turbines were used to test the validity of the model’s probability
surface and the model was found to be 95.8% accurate in predicting existing and permitted turbines from
randomly sampled undeveloped areas. The resulting probability map indicates many long, narrow high probability
sites along ridge tops, and several wider areas on high plateaus and along the Lake Erie coastline.

To determine where wind development is more likely, we searched for the highest probability areas where wind
turbines in each scenario might be located. The probability surface was re-sampled from 30-meter to 60-meter
resolution (0.89 acres) to represent the approximate geographic footprint of wind turbines based on aerial photo
assessment. We selected the highest probability pixel, buffered that pixel by a minimum separation distance of
800 feet (240 meters — the average minimum distance between existing turbines), and then selected the next
highest probability pixel, and so on. Pixels were selected until the threshold for each scenario was reached (low —
700 turbines; medium — 1,200 turbines; high — 2,700 turbines). The selected pixels were then converted into points
for map display purposes.

The resulting projected turbine locations occurred in strings, groups, or scattered single turbines, mostly in
southwest, north central and northeastern parts of Pennsylvania. Wind turbines, however, are almost always
located in clusters rather than widely separated locations for individual turbines. In order to represent viable wind
farms, we selected clusters of pixels with high probability to represent viable wind facilities, based on the
following:

- Excluded areas approximately 300 meters (1,000 ft) from existing homes (as visible in aerial imagery)

- Excluded buffers of regional airports by 6,096 m (20,000 ft) and local airports by 3,048 m (10,000 ft)

- Excluded buffers of existing turbines (buffer = 960 m or 4 times the minimum turbine separation distance
of 240 m)

- Excluded Pennsylvania State Parks, Pennsylvania State Forests, and Pennsylvania State Game Lands

- Excluded setbacks of 152 m (500 ft) from the boundaries of state and federal lands
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- Required a minimum of 6 projected turbines grouped together to be considered a potentially viable site
- Selected already proposed wind turbines (based on permit data from the Federal Aviation Administration)

Potential wind facilities were manually selected by identifying groupings of projected wind turbines. Scenarios are
cumulative, so the medium scenario includes turbines in both the low and medium scenarios, whereas the high
scenario includes all projected turbines.

Map showing existing wind turbines with the probability that a given area will be developed indicated

by color (dark red is high probability; dark blue is low).
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Map showing 1,400 new wind turbines projected by 2030 under the medium development scenario.
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Map showing 750 new wind turbines projected by 2030 under the low development scenario.

Map showing 2,900 new wind turbines projected by 2030 under the high development scenario.
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Map showing medium wind development scenario within Somerset and Bradford counties.

These geographic projections of future wind energy development are spatial representations of possible scenarios.
They are not predictions. We faced several constraints in developing the geographic scenarios:

e We do not have the detailed wind power data that wind companies have developed through anemometer
tower monitoring.
e We do not have the detailed location of wind energy leases.

Still, we believe the overall geographic patterns in the projected wind development locations are relatively robust
for several reasons. We used over 500 existing or permitted wind turbines to build the model and nearly 200
additional existing and permitted wind turbine sites were used to validate the model. This is typically a sufficient
sample size for building predictive models. They are also consistent with Black and Veatch (2010) projected
locations for wind facilities under a 15% renewable energy portfolio standard.

Conservation Impacts of Wind Energy Development

What is the overlap of the areas with the highest probability of future wind energy development and those areas
known to have high conservation values? To answer this question, we intersected the projected wind energy
facilities with high conservation value areas. We looked at several examples from four categories of conservation
value, including:

e  Forest habitats

e Freshwater habitats
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e Species of conservation concern
e Qutdoor recreation

Areas of overlap between likely future wind development areas and priority conservation areas in Pennsylvania are
substantially less than the conservation area overlap with likely future Marcellus development areas, largely
because the projected foot print will be much smaller.

Forests

A large majority of projected wind turbines are found in forest patches, about 80 percent for each of the scenarios.
The low scenario would see 600 new wind turbines in forest areas. With a cleared forest average of 1.9 acres per
turbine (including roads and other infrastructure), the total forest loss would be a modest 1,900 acres. Indirect
impacts to adjacent forest interior habitats would total an additional 13,400 acres. Forest impacts from the
medium scenario (1,520 projected turbines in forest locations) would be 2,900 cleared forest acres and an
additional 20,400 acres of adjacent forest interior habitat impacts. For the high scenario (2,720 turbines in forest
areas) 5,200 acres would be cleared and an additional 36,500 acres of forest interior habitats would be affected by
new adjacent clearings. On a statewide basis, the projected forest losses and accompanying interior forest habitat
impacts will be minor given the Pennsylvania’s 16 million acres of forest. Locally, these impacts could be
significant for individual large forest patches where wind development takes place.

All forests have conservation value, but large contiguous forest patches are especially valuable because they
sustain wide-ranging forest species, such as northern goshawk, than small patches. They are also more resistant to
the spread of invasive species, can better withstand damage from wind and ice storms, and provide more
ecosystem services — from carbon sequestration to water filtration — than small patches. The Nature Conservancy
and the Western Pennsylvania Conservancy’s Forest Conservation Analysis mapped nearly 25,000 forest patches in
the state greater than 100 acres. Patches at least 1,000 acres in size are about a tenth of the total (2,700). The
medium projected wind development scenarios indicate 73 patches (3%) greater than 1,000 acres in size are
projected to have at least one wind turbine and associated infrastructure. Patches at least 5,000 acres in size are
relatively rare (only 316 patches). The medium wind scenario indicates about 21 (7%) of these patches could be
affected by future wind turbine development. Most affected large patches have multiple projected wind turbines
(as many as 36). Typically, a large patch is split by wind development into two or three smaller patches due the
linear pattern of development. Projected gas well pads, by contrast, are more likely to fragment a large patch into
multiple smaller patches.

Forest interior bird species could be affected by the clearing of forest and adjacent edge effects that wind turbine
facilities create in a forest context. We used data from the 2™ Breeding Bird Atlas Project (see p. 20) to assess the
potential impact on forest interior species. The resulting maps show the estimated reduction in habitat for that
species in each high wind development gas probability pixel (including both cleared forest and adjacent edge
effects). Scarlet Tanagers are perhaps the most widespread forest interior nesting bird in the state. Since they are
so widespread, the vast majority of their range in the state is outside of the most likely wind development areas.
Scarlet Tanager populations could decline by an insignificant amount due to habitat losses projected in the
medium scenario. Black-throated blue warblers are more narrowly distributed in Pennsylvania favoring mature
northern hardwood and coniferous forests with a thick understory, frequently in mountain terrain. Likewise,
population declines would also be extremely small for Black-throated blue warblers under the medium scenario.
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Map showing estimated percent loss of habitat for Scarlet Tanagers under the medium wind

scenario.

Map showing estimated percent loss of habitat for Black-Throated Blue Warblers under the

medium wind scenario.
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Freshwater

Wind energy and freshwater habitats are not often thought of in the same context since most wind facilities are
generally in high elevation areas away from rivers and streams. The exceptions are small headwater streams, some
of which may be classified as Exceptional Value watersheds. Our medium scenario projection indicates that 9
percent of future turbine development could be located within % mile of an Exceptional Value stream.

Native brook trout are one of the most sensitive species in Pennsylvania watersheds. Brook trout favor cold,
highly-oxygenated water and are unusually sensitive to warmer temperatures, sediments, and contaminants. Once
widely distributed across Pennsylvania, healthy populations have retreated to a shrinking number of small
watersheds. The potential impact on intact brook trout watersheds, however, does increase significantly between
the low to high scenarios. Wind turbines have been built in just five of the intact brook trout watersheds identified
by the Eastern Brook Trout Joint Venture. That number would expand to 13 in the low scenario, 19 in the medium
scenario, and 28 in the high scenario. The presence of wind turbines may pose a limited risk in many of these
watersheds, principally from soil disturbance near headwater streams.

Map showing current number of wind turbines in intact and predicted intact brook trout

watersheds.
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Map showing projected number of wind turbines in intact brook trout watersheds (by

2030) under medium scenario.

Poorly designed or maintained sedimentation measures, especially on road cuts and stream crossings, is the
principal risk to these sensitive populations.

Rare Species

Of the approximately 100,000 species believed to occur in Pennsylvania, just over 1 percent is tracked by The
Pennsylvania Natural Heritage Program (PNHP). These species are rare, declining or otherwise considered to be of
conservation concern. PNHP records indicate that 77 tracked species have populations within pixels that have a
relatively high modeled probability for wind development. Most of these species are commonly found in rocky
outcrops and scrub oak/pitch pine barrens habitats on ridgetops across the state. Only a handful of species,
however, have more than a few occurrences overlapping with the relatively high probability wind development
pixels. For example, the eastern timber rattlesnake (Crotalus horridus) and Allegheny woodrat (Neotoma
magister) are strongly associated with rocky outcrops and talus slopes along or near ridgetops. Six percent of the
rattlesnake’s known rattlesnake breeding/denning sites and three percent of Allegheny woodrat den sites are
located in relatively high wind probability pixels. The den sites are very small sites and do not include foraging
areas. The Pennsylvania Natural Heritage Program has developed core habitat polygons for each Allegheny
woodrat occurrence. Much larger than the den locations, these polygons indicate a much broader overlap — 43
percent — with relatively high probability pixels for wind development. The Northern long-eared Myotis bat (Myotis
septentrionalis) has about eight percent of its known winter hibernation and summer roosting areas overlapping
with relatively high probability wind development pixels. Ridgetop barrens communities in northeastern
Pennsylvania have some of the state’s largest concentrations of rare terrestrial species. The Nature Conservancy
has mapped these communities, and some of these habitats overlap with high wind areas. In general, there
appears to be relatively little overlap between tracked species occurrences in Pennsylvania and likely wind

42 ¢




development sites. For a handful of species, there is enough overlap to indicate the importance of surveys early in
the project planning stage to identify the presence of rare species and their core habitats.

We have not addressed the potential impact of these scenarios on bird migration patterns and bat foraging
populations. For more information on wind development impacts on bird and bat species, please see links to the
Pennsylvania Game Commission, U.S. Fish and Wildlife Service, American Wind and Wildlife Institute, and Bat
Conservation International.

Recreation

Wind development has not occurred on any state or federal lands in Pennsylvania to date. Since our projections
assume there will not be a significant change in state land leasing policies for wind development, we have not
projected new wind turbines in State Parks, State Forests or State Game Lands. Our projections, however, do
indicate that wind turbines will be located in close proximity (sometimes as close as 500 feet) to many state lands.
They are likely to be highly visible in some heavily visited areas, such as Blue Knob State Park in Bedford County,
where natural landscape vistas are a prime attraction.

43




Key Findings

Key findings from the Pennsylvania Energy Impacts Assessment include:

e Projections of between 750 and 2,900 new wind turbines developed on ridgetops and high plateaus by
2030, depending on the size of the Pennsylvania Alternative Energy Portfolio standard. There are
currently an estimated 500 wind turbines built in the state.

e  Wind turbine facilities are likely to be developed in half of the state’s counties, especially along the
Allegheny front in western Pennsylvania and on high Central Appalachian ridges in central and
northeastern parts of the state;

e Nearly eighty percent of turbine locations are projected to be in forest areas, with forest clearing
projected to range between 1,900 and 5,200 acres depending on the number of turbines developed. An
additional range of 13,400 to 36,500 acres of forest interior habitat impacts are projected due to new
edges created by turbine pads and roads;

e On astatewide basis, the projected forest clearing from turbine development is relatively minor, though
some of the state’s largest forest patches (>5,000 acres) could be fragmented into smaller patches by
projected wind turbine development;

e Impacts on forest interior breeding bird habitats appear to be limited, largely because the overall
footprint for the projected wind turbine facilities is small in comparison to the typical breeding range of
these species in Pennsylvania. The study did not assess impacts to migratory pathways for birds or
foraging bats.

e Relatively few watersheds ranked as “intact” by the Eastern Brook Trout Joint Venture are affected by
projected wind turbine development. Several intact watersheds, however, could see several dozen wind
turbines. In a number of cases, these small watersheds are projected to see significant Marcellus gas
development as well. Given the cumulative impact of these activities, rigorously designed and monitored
sediment control measures will be needed to protect sensitive brook trout populations.

e Arelatively small handful of rare species occurrences tracked by the Pennsylvania Natural Heritage
Program are found in areas with high probability for wind development. These species tend to be
associated with rocky outcrops and barrens communities typically found on ridge tops, including the
Allegheny wood rat, the eastern timber rattlesnake, and the northern long-eared Myotis bat.

e  Wind development is not projected to occur on Pennsylvania’s public lands. Existing and projected wind
turbines, however, will be close to some of Pennsylvania’s most heavily visited outdoor recreation areas
where scenic natural vistas are a major attraction.
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Additional Information

e American Wind Energy Association (2010). U.S. Wind Projects Database.

e Black and Veatch (2010). Assessment of a 15 Percent Pennsylvania Alternative Energy Portfolio Standard.
Report prepared for the Community Foundation for the Alleghenies, Johnstown, PA.

e Federal Aviation Administration (FAA) permits for wind turbines:

e  Federal Aviation Administration (FAA), Obstruction Evaluation / Airport Airspace Analysis (OE/AAA):

e Pennsylvania Wind Farms and Wildlife Collaborative:

e PA Game Commission (2007) Wind Energy Voluntary Cooperative Agreement and First Annual Report for

the Wind Energy Voluntary Cooperative Agreement:

e  Pennsylvania Department of Environmental Protection, Chapter 93 Water Quality Standards, Exceptional
Value and High Quality Streams: data downloaded from Pennsylvania Spatial Data Access:

( )

e U.S. Department of Energy TrueWind 80 Meter Wind Resource Maps:

e U.S. Fish and Wildlife Service Wind Turbine Advisory Committee:

e U.S. Environmental Protection Agency summary of forest fragmentation effects:

e Overview of forest fragmentation impacts on forest interior nesting species:

e Overview of Pennsylvania High Quality and Exceptional Value Streams:

e  Eastern Brook Trout Joint Venture intact brook trout watersheds:
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http://www.awea.org/la_usprojects.cfm
http://www.cfalleghenies.org/pdf/aepss.pdf
https://oeaaa.faa.gov/oeaaa/external/public/publicAction.jsp?action=showCaseDownloadForm
https://oeaaa.faa.gov/oeaaa/external/public/publicAction.jsp?action=showCaseDownloadForm
http://www.dcnr.state.pa.us/wind/index.aspx
http://www.portal.state.pa.us/portal/server.pt?open=514&objID=613068&mode=2
http://www.pasda.psu.edu/
http://www.windpoweringamerica.gov/wind_maps.asp
http://www.fws.gov/habitatconservation/windpower/wind_turbine_advisory_committee.html
http://cfpub.epa.gov/eroe/index.cfm?fuseaction=detail.viewInd&lv=list.listByAlpha&r=219658&subtop=210
http://cfpub.epa.gov/eroe/index.cfm?fuseaction=detail.viewInd&lv=list.listByAlpha&r=219658&subtop=210
http://www.state.nj.us/dep/fgw/neomigr.htm
http://www.dcnr.state.pa.us/wlhabitat/aquatic/streamdist.aspx
http://128.118.47.58/EBTJV/ebtjv2.html

Overview of Carnegie Museum of Natural History, Powdermill Nature Reserve, and the Pennsylvania
Game Commission’s 2" Pennsylvania Breeding Bird Atlas Project:

Pennsylvania Natural Heritage Program, including lists of globally rare and state endangered and
imperiled species:

U.S. Department of Agriculture, Natural Resources Conservation Service, National Agriculture Imagery
Program:
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http://datagateway.nrcs.usda.gov/GDGOrder.aspx
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DCNRis entrusted to balance the uses and
values of our state forests while protecting the
integrity and health of the whole system.

There are proposals and public debate about
the merits of a moratorium on natural gas
drilling on state forest.

This mapping analysis demonstrates how any
additional leasing involving surface disturbance
upsets the sustainable balance DCNR is charged
to maintain.




State Forest Land in North-Central Pennsylvania
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The State Forest System in Northcentral PA (shown in green) is home to a diverse
assemblage of plant and animal species. As part of its mission, the Bureau of Forestry
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State Forest Land in Northcentral Pennsylvania

Bureau of Forestry
" is to ensure the
long-term health,
viability, and
productivity of the
Commonwealth's
forests and to

“Managing state forests under sound ecosystem
management, to retain their wild character and
maintain biological diversity while providing pure
water, opportunities for low-density recreation,
habitats for forest plants and animals, sustained
yields of quality timber, and environmentally
sound utilization of mineral resources.
Protecting forestlands, public and private, from
damage and/or destruction by fires, insects,

4| diseases and other agents. Promoting forestry and
the knowledge of forestry by advising and assisting
other government agencies, communities,
landowners, forest industry, and the general public
in the wise stewardship and utilization of forest
resources. Protecting and managing native wild
flora resources by determining status, classifying,
and conserving native wild plants.”
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Maintaining the Forest’s Ecological Integrity

Not all state forest land is subject to natural gas development. The land outside the
Marcellus Shale Formation region is cross-hatched in gray.




Maintaining the Forest’s Ecological Integrity

Much of the State Forest System has already been leased for natural gas. These areas
are shown in dark blue.




Maintaining the Forest’s Ecological Integrity
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DCNR does not own mineral rights to approximately 15% of State Forest Land. These
acres are unavailable for leasing and are shown in light blue. Although these areas
are not available for leasing, they are subject to natural gas development by the private




Maintaining the Forest’s Ecological Integrity
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Not all areas are appropriate for natural gas development. The ecologically sensitive -
areas shown in red are not appropriate for gas development because they contain
unique species or features that contribute to native biological diversity or contain rare,
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Maintaining the Forest’s Ecological Integrity
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A series of unique areas have been added in red to the map. These ecologically ~ -
sensitive areas include wild & natural areas, old growth, wild plant sanctuaries, or steep,
wet, and rocky areas. They are also not appropriate for natural gas development.




Maintaining the Forest’s Ecological Integrity
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Road, trail, and stream buffers are added in red to the map. These ecologically
sensitive areas protect water quality, provide wildlife travel corridors, are managed for

aesthetics / scenery, and provide habitat connectivity. As such, they are not
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Maintaining the Forest’s Ecological Integrity
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The remaining fragments of green areas are small in size and intertwined with
ecologically sensitive areas — they cannot be developed for gas without crossing and
damaging ecologically sensitive areas.
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Maintaining the Forest’s Wild Character
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Maintaining the Forest’s Wild Character
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Pennsylvania’s State Forest System contains some of the most remote and wild forest
in the Mid Atlantic Region. The largest and most remote areas are found within the
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Maintaining the Forest’s Wild Character
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Much of the State Forest System has already been leased for Natural Gas (shown in
dark blue). DCNR does not own mineral rights to approximately 15% of State Forest
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The most pnmltlve and undeveloped areas of the State Forest are shown in red aboveff
DCNR has designated these areas as off limits to drilling because they provide peace,
solitude, remoteness, and backland experiences for recreation.
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Semi-Primitive areas are shown in orange. These areas are moderately remote and
contain limited timber and gas activities, but still contribute to the wild characteristics of
the forest. Gas development in Semi-Primitive areas can shrink or destroy Primitive
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The remaining lands that are not Primitive or Semi-Primitive are shown in dark green-
as Semi-Developed. Encounters with other recreationists, motorized activity, as well as




Impacts on the Wild Character
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Zooming into
~ this region 4

\ Zone Min Size | Remoteness [~

r Primitive 500 ac Y% Mile
Semi-Primitive 250 ac YaMile |,

/ﬁSﬁgi-[zevlelopd Non None

The next series of slides models
change to the forest's wild
character as a result of natural gas L«
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_haracter before Well Pads

i Today’'s W d Character
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Forest s W|Id Character with New Well Pads

' Future Wild Character
‘i] (result of development)




Impact on the Forest’s Wild Character

- Change to the wild character of
"i] the forest as a result of gas £
rent. ‘Today's
ilc character is




Impact on the Forest s Wild Character

' The only two remaining ,
primitive areas are labeled, and
) they are foundto be Natural
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Change in the Forest’s Wild Character
Before ___ Alfter
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Ih this ~65,000 cre andscape view,
with 54 new well pads...

Zone Net Gain/Loss
B Primitive -8,171
OSemi-Primitive -5,374
B Semi-Developed 13,545




Modeling Change in the Forest’s Wild Character

Before

Additional Natural Gas
Development Involving
Surface Disturbance
would Significantly
Damage the Wild
Character of the State

In thi.s ~65,000 cre andscpe view,
with 54 new well pads...

Zone Net Gain/Loss
B Primitive -8,171
O0Semi-Primitive -5,374

B Semi-Developed 13,545




Maintaining the Forest’s Wild Character

¥ Gas development on surrounding
private land also has a lasting
impact on the state forest’s wild

Private Land
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# The red points are private land
Marcellus Shale well permits
_issued in 2008.
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7 The blue points are private land
Marcellus Shale well permits
_issued in 2009.
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¥ The purple points are private land
Marcellus Shale well permits
issued in 2010.
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Prlvate Land
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¥ The brown lines show major
pipelines. Marcellus Shale permit
activity is forming a pattern that
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Mamtalnlng the Forest’s Wild Character

¥ Marcellus well permits on State
Forest Land (SFL) are added in
~orange on the map. This depicts

Prlvate Land
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TNC-WPC Priority Forest Patches

li'lt : - Western Pennsylvania
ThENature @ Conservancy —
Conservancy 3 AP eS8
= L h o
Protecting nature. Preserving life. Y - water, land, life.

A joint effort conducted by The Nature Conservancy and The Western Pennsylvania
Conservancy evaluated contiguous patches of forestland in the Commonwealth. Some
of their results, which identify high-quality patches of large, intact forests and their
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Much of the State Forest System has already been leased for Natural Gas (shown in
dark blue). DCNR does not own mineral rights to approximately 15% of State Forest
Land. These acres are unavailable for leasing and are shown in light blue. Although

these areas are not available for leasing, they are subject to natural gas development




TNC-WPC Priority Forest Patches
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The red areas added to this map show priority forest patches identified through the
Forest Conservation Analysis conducted jointly by The Nature Conservancy and The
Nestern Penn ania Conservan hese areas identify high-quality patches of large




Cumulative Assessment & Impacts
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Cumulative Assessment & Impacts

Let's now step back and take a bigger picture look among all the analyses shown —
existing leases, severed rights, the forest’s wild character, ecological considerations,
and the conservancy’s priority forest patches.




Cumulative Assessment & Impacts
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Much of the State Forest System has already been leased for Natural Gas. These
areas are shown in dark blue.
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DCNR does not own mineral rights to approximately 15% of State Forest Land. These
acres are unavailable for leasing and are shown in light blue. Although these areas

are not available for leasing, they are subject to natural gas development by the private
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...and Priority Forest Patches (added in red) identified by The Nature Conservancy and
The Western Pennsylvania Conservancy...

/i B



Cumulatlve Assessment & Impacts

-DCNR Gas Lease
7~ Severed Rights
B Ecologically Sensitive Areas
‘9 B Primitive Areas

B TNC-WPC Forest Patches
_/ Major Pipelines

Za & Marcellus Permits (‘08 — '10)
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...and consider the impacts from surrounding private lands (added to the map in black
diamonds are Marcellus well permits from 2008-2010)...
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Cumulatlve Assessment & Impacts

-DCNR Gas Lease
7~ Severed Rights
B Ecologically Sensitive Areas
‘9 B Primitive Areas

B TNC-WPC Forest Patches
_/ Major Pipelines

Za & Marcellus Permits (‘08 — '10)

# mmInaccessible w/o damaging
/ sensitive areas

...we're left with small, fragmented areas (shown in green) that are not accessible for
gas development without crossing and damaging the forest’s wild character or
ecological integrity.
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Ohio Announces Tougher Permit Conditions for
Drilling Activities Near Faults and Areas of Seismic
Activity

4/11/2014 Ohio DNR in Oil and Gas

COLUMBUS, OH - Today Ohio Department of Natural Resources (ODNR) Director James Zehringer
announced new, stronger permit conditions for drilling near faults or areas of past seismic activity.
The new policies are in response to recent seismic events in Poland Township (Mahoning County)
that show a probable connection to hydraulic fracturing near a previously unknown microfault.

New permits issued by ODNR for horizontal drilling within 3 miles of a known fault or area of
seismic activity greater than a 2.0 magnitude would require companies to install sensitive seismic
monitors. If those monitors detect a seismic event in excess of 1.0 magnitude, activities would
pause while the cause is investigated. If the investigation reveals a probable connection to the
hydraulic fracturing process, all well completion operations will be suspended. ODNR will develop
new criteria and permit conditions for new applications in light of this change in policy. The
department will also review previously issued permits that have not been drilled.

“While we can never be 100 percent sure that drilling activities are connected to a seismic event,
caution dictates that we take these new steps to protect human health, safety and the
environment,” said Zehringer. “Not only will this reasonable course of action help to ensure public
health and safety but it will also help us to expand our underground maps and provide more
information about all types of seismicity in Ohio.”

“ODNR’s directives are a sensible response to a serious issue that regulators across the country are
closely examining,” said Gerry Baker, Associate Executive Director of the Interstate Oil and Gas
Compact Commission. “IOGCC is pleased to work with Ohio and other states to share scientific data
to better understand the nature of these occurrences.”

“These additional standards add even more strength to Ohio’s already comprehensive regulatory
program,” said Mike Paque, Executive Director of the Groundwater Protection Council. “State
regulators are taking an aggressive lead in tackling tough and complicated oil and gas issues and
ODNR is no exception.”

More than 800 wells have been drilled in Ohio’s Utica and Marcellus shale play, including as many
as 16,000 hydraulic fracturing stages from those wells. Regarding the seismic events in Poland
Township, Mahoning County, ODNR geologists believe the sand and water injected into the well
during the hydraulic fracturing process may have increased pressure on an unknown microfault in
the area. Further hydraulic fracturing at the site is suspended but the company will be permitted to
recover resources from five of the previously drilled wells located on the pad. This is also expected
to have the beneficial effect of reducing underground pressure and decreasing the likelihood of
another seismic event.

http://mww2.ohiodnr.g ovinews/post/ohio-announces-toug her-permit-conditions-for-drilling-activities-near-faults-and-areas- of-seismic-activity
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Under ODNR’s lead, Ohio has joined a consortium of state regulators dedicated to learning more
about seismic activity, especially as it relates to oil and gas activity. The members of this
consortium are currently working with the Interstate Oil and Gas Compact Commission and
Groundwater Protection Council to share information and knowledge. The working group also hopes
to draw upon current and future research to develop common procedures for how to monitor for
seismic activity and respond if activity occurs.

The Ohio Seismic Network, coordinated by ODNR and operated by various partners, began recording
seismic events in 1999. Before that time, the recording of seismic events varied from distant
machines and felt reports. Ohio has a history of seismic activity, and since the network has
established, Ohio has experienced 109 events greater than 2.0 magnitude. Data from the Ohio
Seismic Network will be used as part of our new application review process.

A map of underground seismic faults and past seismic events is available at oilandgas.ohiodnr.gov.

ODNR ensures a balance between wise use and protection of our natural resources for the benefit of
all. Visit the ODNR website at ohiodnr.gov.

Tags: Oil and Gas
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