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FOREWORD

The Report on Carcinogens (RoC) is prepared in response to Section 301 of the Public
Health Service Act as amended. The RoC contains alist of all substances (i) that either
are known to be human carcinogens or may reasonably be anticipated to be human
carcinogens and (ii) to which a significant number of persons residing in the United
States are exposed. The Secretary, Department of Health and Human Services, has
delegated responsibility for preparation of the RoC to the National Toxicology Program,
which prepares the Report with assistance from other Federal health and regulatory
agencies and nongovernmental institutions.

Nominations for listing in or delisting from the RoC are reviewed by aformal process
that includes a multi-phased scientific peer review and severa opportunities for public
comment. The review groups eval uate each nomination according to specific RoC listing
criteria. This Background Document was prepared to assist in the review of the
nomination of lead and lead compounds. The scientific information in this document
comes from publicly available peer-reviewed sources. Any interpretive conclusions,
comments, or statistical calculations made by the authors of this document that are not
contained in the original source are identified in brackets|[ ]. If any members of the
scientific peer review groups feel that this Background Document does not adequately
capture and present the relevant information, they will be asked to write a commentary
for this Background Document that will be included as an addendum to the document. In
addition, a meeting summary that contains a brief discussion of each review group’s
review and recommendation for the nomination will be added to the Background
Document, also as an addendum.

A detailed description of the RoC nomination review process and a list of all nominations
under consideration for listing in or delisting from the RoC can be obtained by accessing
the NTP Home Page at http://ntp-server.niehs.nih.gov. The most recent RoC, the Ninth
Edition, was published in May 2000 and may be obtained by contacting the National
Institute for Environmental Health Sciences Environmental Health Information Service at
http://ehis.niehs.nih.gov (800-315-3010).
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Executive Summary

Introduction

Lead can be used in its pure form as a metal, alloyed with other metals, or used in
chemical compounds. Inorganic lead compounds usually consist of lead in the divalent
state. Organic lead compounds were used in automotive gasoline additives in the United
States until 1996. Lead and lead compounds were nominated by the Nationa Institute of
Environmental Health Sciences based on the 1987 finding by the International Agency
for Research on Cancer (IARC) of sufficient evidence of carcinogenicity in experimental
animals to identify lead and inorganic lead compounds as possibly carcinogenic to
humans (Group 2B) and the subsequent publication of additional human and animal
studies of lead and lead compounds.

Human Exposure

Use. In worldwide metal use, lead ranks behind only iron, copper, aluminum, and zinc.
Its greatest use isin lead-acid storage batteries found in motor vehicles and general
industry. Other common uses of lead metal include ammunition, cable covering, piping,
brass and bronze, bearing metals for machinery, and sheet lead. Lead oxides are found in
paint, glass, and ceramics. Organic lead was used in motor vehicle fuels as an anti-knock
additive in the United States until 1996, when it was banned by the U.S. Environmental
Protection Agency, following a phase-out initiated in the 1970s. Organic lead till is
permitted for use in gasoline for aircraft and in fuels for racing vehicles and for non-road
vehicles such as farm machinery, marine vessels, construction equipment, and
recreational vehicles. Despite reductions in some lead applications and the legislated end
to use of lead as a gasoline additive, the overall consumption of lead is growing, mainly
due to increased production of lead-acid batteries.

Production. Lead is refined from mined ore. Lead ore occurs most frequently in the form
of lead sulfide, also known as galena. As of 2000, 19 mines, employing approximately
1,000 workers, produced the vast mgjority of lead in the United States. Mined lead ore
first is crushed and ground; then the various minerals are separated, resulting in alead
concentrate, which is shipped to a primary smelter for refining. At a primary smelter, lead
concentrates are sintered, then roasted and subjected to a series of refining steps, resulting
in lead metal that is 99.99% pure. In 2001, two primary lead smelter-refineries were
operating, employing atotal of approximately 400 people. Secondary smelters (recycling
smelters) use scrap lead, mainly from used lead-acid batteries, as their supply. As of
2001, 26 secondary lead smelters were operating within the United States, employing
approximately 1,600 workers. In 2001, the United States produced 1,375,000 tons of

lead, used 1,687,000 tons of lead, and recycled 1,099,000 tons of lead.

Environmental exposure. Environmental exposure to lead results in absorption of lead
into the body viainhalation (approximately 30% to 50% absorbed into the bloodstream),
viaingestion (approximately 8% to 15% absorbed into the bloodstream) and, to alimited
extent, through the skin. Air lead concentrations may be > 10 ng/m?® near industrial
sources such as smelters. A 1991 survey of lead levelsin U.S. urban air revedled a
maximum quarterly mean concentration of approximately 0.08 nym®. Rural
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concentrations typically are lower, bringing the estimated U.S. mean air lead
concentration to 0.04 my/m®in 1995. The average intake of lead by inhalation is estimated
at 2 ng/day for an adult living in a U.S. urban setting. Lead concentrationsin U.S.
drinking water generally are below 5 ng/L. Lead also is found in food, cigarette smoke,
and alcoholic beverages. In 1990, the estimated daily intake of lead from consumption of
food, water, and beverages was approximately 4 ng/day for children 2 years of age and
younger, 6 to 9 ng/day for children aged 14 to 16, 6 to 9 ng/day for adults aged 25 to 30,
and 2 to 8 ng/day for adults aged 60 to 65. The most common source of environmental
lead exposure for young children is direct ingestion of paint chips and leaded dusts and
soils released from aging painted surfaces, which can contribute an additional intake of 5
ng/day for atoddler engaging in normal hand-to-mouth activity.

Occupational exposure. The most common route of occupational exposureto lead is
inhalation of lead fumes or leaded dustsin air and absorption of lead through the
respiratory system. Lead also may be ingested and absorbed in the gastrointestinal tract.
The National Institute for Occupational Safety and Health has estimated that more than
three million Americans potentially are occupationally exposed to some form of lead.

Many occupations have the potential for high exposure to lead. Occupations having
frequent high exposure to lead include battery-production workers, battery-recycling
workers, foundry workers, lead chemical workers, lead smelter and refinery workers,
leaded-glass workers, pigment workers, and radiator-repair workers. Occupations with
moderate frequency of high exposures include firing-range instructors, house renovators,
lead miners, newspaper printers, plastics workers, rubber workers, and steel welders and
cutters. Occupations with low frequency of high exposure include automobile-repair
workers, cable-production workers, construction workers, demolition workers, firing-
range participants, flame-solder workers, plumbers and pipe fitters, pottery-glaze
producers, ship-repair workers, and stained-glass producers. Mean lead air concentrations
in U.S. industries, as monitored by the Occupational Safety and Health Administration,
ranged from 165 ny/m® (secondary smelters) to 200 ng/m? (storage-battery plants and
brass, bronze, and copper foundries).

Human Cancer Studies

IARC reviewed lead and lead compounds in 1987 and concluded that the evidence
available at that time, which was very limited, was inadequate to demonstrate human
carcinogenicity. The number of epidemiologic studies on the potentia role of lead
exposure in cancer has expanded since the last IARC update; 17 case-control and 17
cohort studies have been published, as well as updates on previoudy studied populations
and meta-analyses. Steenland and Boffetta (2000) calculated a fixed-effects rate ratio of
1.04 (95% confidence interval [Cl] = 1.00 to 1.09) for all cancers combined (N = 1,911)
based on eight cohort studies of highly exposed workers.

Lung cancer. Meta-analyses performed since the IARC review have reported
significantly elevated relative risks (RRs) for lung cancer and lead exposure. Fu and
Boffetta calculated RRs of 1.24 (95% CI = 1.16 to 1.33) based on 15 studies and 1.42
(95% CI = 1.05 to 1.92) based only on studies of battery and smelter workers, who were



05/08/03 RoC Background Document for Lead and Lead Compounds
Do not quote or cite

considered to have the highest exposure. Steenland and Boffetta (2000) calculated an RR
of 1.30 (95% CI = 1.15 to 1.46; 675 lung-cancer deaths) based on eight cohort studiesin
which lead was the predominant exposure. In Section 3.3.1 of this background document,
21 lead-exposed populations are evaluated; 15 of the 18 populations included in at |east
one cohort study had elevated risks of lung cancer, eight of which were statistically
significant. Two of the three case-control studies of populations not included in cohort
studies aso reported weak associations between lead expsoure and lung cancer.

Popul ation-based cohort studies of environmental exposure to lead also have reported
positive associations between lung cancer and blood lead levels. The addition of one
environmental cohort study to the Steenland and Boffetta (2000) meta-analysis yielded an
RR of 1.32 (95% CI = 1.16 to 1.50). Confounding by smoking or other occupational
exposures, particularly to arsenic, may be partialy responsible for the elevated risks seen
in these studies. However, elevated risks also were observed in population studies that
adjusted for cigarette smoking.

Somach and general digestive cancer. Meta-analyses conducted since the 1987 IARC
review have reported elevated risks for stomach cancer with lead exposure; Fu and
Boffetta (1995) reported an RR of 1.33 (95% CI = 1.18 to 1.49) for lead exposure based
on ten studies and an RR of 1.50 (95% CI = 1.23 to 1.83) for battery or smelter workers
only, and Steenland and Boffetta (2000) reported an RR of 1.34 (95% CI = 1.14 to 1.57).
In Section 3.2, 21 studies are evaluated, approximately half of which reported a positive
association between lead exposure and stomach cancer.

Kidney cancer. Meta-analyses for kidney cancer were based on fewer studies and fewer
cases or deaths among exposed individuals. Fu and Boffetta (1995) calculated an RR of
1.19 (95% CI = 0.96 to 1.48) based on five studies, and Steenland and Boffetta (2002)
calculated an RR of 1.01 (95% CI = 0.72 to 1.42) based on seven studies. For the review
in Section 3.3.3 of this document, Steenland and Simonsen calculated an RR of 1.22
(95% CI = 0.93 to 1.59) based on the same seven studies plus a recently published case-
control study; because the recent study was large, it had a substantial effect on the RR.
The low incidence of kidney cancer, resulting in a small number of cases, limits the
evaluation of carcinogenicity. Of the four studies reviewed in Section 3.3.3 that had more
than five cases in lead-exposed subjects, three reported a positive association between
lead exposure and kidney cancer.

Bladder cancer. Fu and Boffetta (1995) reported an RR of bladder cancer from lead
exposure of 1.41 (95% CI = 1.16 to 1.71) based on five studies. Of seven studies
reviewed in Section 3.3.4, six reported a positive association between lead exposure and
bladder cancer.

Other cancers. Other cancers with evidence linking them to lead exposure include
cancers of the brain and central nervous system, liver, colon, and rectum, among which
the evidence is strongest for brain and central nervous system cancers. The results of
studies on paternal lead exposure and childhood cancer are conflicting and difficult to
evaluate because of the limited number of studies and small sample sizes.
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Summary. Overal, the evidence is consistent with the hypothesis that lead is carcinogenic
to humans. This evidence is strongest for lung cancer, for which alargely consistent
association has been demonstrated with occupations and industries entailing lead
exposure, as well as with indices of individual lead exposure, including job history and
biological monitoring of occupationally exposed and general populations. Evidence also
suggests an association between lead and stomach cancer.

Where exposure-response assessment was attempted, the strongest association with lung
cancer usually was seen in the highest exposure group, but a monotonic increase with
duration, intensity, or overall amount of exposure was not always observed. Here,
interpretation again is complicated by the general lack of adequate statistical power to
evaluate multiple exposure levels while controlling for smoking, age, gender, and other
potential confounders or effect modifiers. Also, workers who experience acute lead
toxicity tend to drop out of the exposed worker population, which could lead to
underestimation of the association between lead and cancer.

The observed associations, while consistent, generally are weak. The crude exposure
measures used by most studies, such as treating whole plants or jobs as uniformly
exposed, may have contributed to the modest size of most risk estimates. Confounding by
lifestyle exposures, such as smoking for lung cancer or diet for stomach cancer, or by
concomitant occupational exposures, such as arsenic, may partialy explain these small
associations. However, associations were also observed in studies that adjusted for
potential lifestyle confounders or that were conducted in populations without systematic
occupationa exposures other than lead. Thus, confounding may not entirely account for
the increase in cancer risk associated with lead exposure.

Studiesin Experimental Animals

Lead acetate (soluble), lead subacetate (soluble), and lead phosphate (insoluble) were
found to be carcinogenic in rats and/or mice, inducing tumors of the kidney (adenoma
and adenocarcinoma) and, in some studies, increased incidences of cerebra gliomaand
lung adenoma. Renal tumors were observed in male and female rats and mice and were
not always accompanied by chronic lead-induced nephropathy. The studies used a variety
of exposure routes, including oral, subcutaneous, intramuscular, transdermal,
transplacental, and trand actational; however, no inhaation studies were reported. Many
of the studies focused on kidney toxicity and carcinogenicity, and thus did not include
complete histopathological exams. However, the few studies that did examine other
tissues found little evidence that lead induced tumors. Lead subacetate co-administered
with 2-acetylaminofluorene was reported to enhance liver and kidney tumorigenicity in
one study but not in two others and was shown to promote renal tumors in Wistar rats
administered N-ethyl-N-hydroxyethylnitrosamine. In other studies, lead acetate increased
the incidence of viral-induced lymphocytic leukemia in mice and was co-carcinogenic
when administered with N-(4'-fluoro-4-biphenyl)acetamide to F344 rats, but lead acetate
did not increase tumor incidences in Sprague-Dawley rats when co-administered with
ethyl urea and sodium nitrite.

Vi
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Genotoxicity

Lead induced chromosomal aberrations in most studies in plants and in mammals (in
vitro and in vivo) and DNA damage and fragmentation in mammals (in vivo; conflicting
results were observed in in vitro studies) and cell-free systems (in the presence of
hydrogen peroxide) and inhibited DNA and RNA polymerase in cell-free systems and
mammalian cells (in vitro). Conflicting results were observed for sister chromatid
exchange and micronucleus induction in mammalian studies (in vitro and in vivo). Lead
was not mutagenic in bacteria, and conflicting results were observed in mammalian in
vitro systems. Conflicting results may reflect differences in the model systems employed,
the end points used to determine genotoxicity, and the lead compounds employed. In
studies of humans occupationally exposed to lead, there is evidence to suggest that lead
damages chromosomes or DNA; most studies were positive for induction of micronuclel,
chromosomal aberrations, and DNA damage. Studies on sister chromatid exchange and
studies in humans exposed environmentally to lead gave conflicting results. Studiesin
humans are sometimes difficult to evaluate, because little information is given on how the
popul ations were selected for study and because of potential exposure to compounds
from occupational or environmental sources that may act in conjunction with lead to
increase its genotoxic potential. Likewise, personal habits such as smoking and alcohol
consumption affect the genotoxic properties of various compounds, including lead.
However, many of the more recent studies either controlled for smoking or reported an
exposure-response relationship, suggesting that the genotoxic effects were due to lead
exposure. Although lead(l1) forms stable complexes with the nitrogenous bases and
phosphate groups of purified DNA, it is unlikely that lead compounds are directly
genotoxic. However, several mechanisms exist by which lead compounds could
indirectly alter DNA replication, fidelity, and repair, resulting in genotoxicity.

Other Relevant Data

Absorption, distribution, and excretion. Lead absorption in humans and laboratory
animalsis affected by age, the chemical form of lead, and mineralsin the diet (e.g., iron,
calcium, and zinc). Gastrointestinal absorption declines with age, with children absorbing
lead to a greater extent than adults. Dietary deficienciesin iron, calcium, and zinc
increase lead absorption and retention, whereas a high-protein diet appears to reduce
absorption. After absorption, lead is distributed to blood plasma, nervous system, and soft
tissues. It subsequently is redistributed and accumulates in bone; approximately 75% to
90% of the lead body burden is found in bones and teeth.

Toxicity. The toxic effects of lead include neurotoxicity and developmental, reproductive,
and cardiovascular effects. Lead is a potent neurotoxin affecting the central nervous
system (CNS) and the periphera nervous system (PNS), and high levels of exposure
result in profound cognitive impairments. Exposure of children to lower levels of lead has
been associated with impairment of neurocognitive and behavioral development,
including impairment of attention and hearing.

Potential mechanisms of carcinogenicity. The mechanisms leading to the carcinogenic
effects of lead are not understood. Lead compounds do not appear to be directly
genotoxic but may cause genetic damage through several indirect mechanisms. These
include inhibition of DNA synthesis and repair, oxidative damage, and interaction with

Vi
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DNA-binding proteins and tumor-suppressor proteins. Interference with DNA synthesis
and repair has been suggested as one possible explanation for the genotoxic and co-
mutagenic properties of lead. It has been suggested that increased cell proliferation may
play arolein lead s induction of renal cancer in rodents; however, the mechanisms have
not been established. Although exposure to lead also induces cell proliferation in the
liver, the data suggest that the liver is not as susceptible as the kidneysto the
carcinogenicity of this effect. No studies have associated liver tumors with lead exposure,
and several studies have shown that lead-induced proliferative mitogenesis does not
promote the formation of liver foci or nodules from initiated hepatocytes, as observed
during regenerative mitogenesis. An association of renal adenocarcinoma with cystic
nephropathy has been suggested but is uncertain.

viii
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Criteriafor Listing Agents, Substances or Mixturesin the Report on Carcinogens

U.S. Department of Health and Human Services
National Toxicology Program

Known to be Human Carcinogens:

There is sufficient evidence of carcinogenicity from studies in humans, which
indicates a causal relationship between exposure to the agent, substance or
mixture and human cancer.

Reasonably Anticipated to be Human Car cinogens:

There is limited evidence of carcinogenicity from studies in humans, which
indicates that causal interpretation is credible but that alternative explanations
such as chance, bias or confounding factors could not adequately be excluded; or

There is sufficient evidence of carcinogenicity from studies in experimental
animals which indicates there is an increased incidence of malignant and/or a
combination of malignant and benign tumors: (1) in multiple species, or at
multiple tissue sites, or (2) by multiple routes of exposure, or (3) to an unusual
degree with regard to incidence, site or type of tumor or age at onset; or

There is less than sufficient evidence of carcinogenicity in humans or |aboratory
animals, however; the agent, substance or mixture belongs to a well defined,
structurally-related class of substances whose members are listed in a previous
Report on Carcinogens as either a known to be human carcinogen, or reasonably
anticipated to be human carcinogen or there is convincing relevant information
that the agent acts through mechanisms indicating it would likely cause cancer in
humans.

Conclusions regarding carcinogenicity in humans or experimental animals are based on
scientific judgment, with consideration given to al relevant information. Relevant
information includes, but is not limited to dose response, route of exposure, chemical
structure, metabolism, pharmacokinetics, sensitive sub populations, genetic effects, or
other data relating to mechanism of action or factors that may be unique to a given
substance. For example, there may be substances for which there is evidence of
carcinogenicity in laboratory animals but there are compelling data indicating that the
agent acts through mechanisms which do not operate in humans and would therefore not
reasonably be anticipated to cause cancer in humans.

Xi
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1 Introduction

Two lead compounds, lead acetate and lead phosphate, have been listed in the Report on
Carcinogens (RoC) since 1981 as reasonably anticipated to be human carcinogens (NTP
2000). Lead and lead compounds were nominated by the National Institute of
Environmental Health Sciences for possible listing in the RoC, based on the 1987 listing
by the International Agency for Research on Cancer (IARC) of lead and inorganic lead
compounds as possibly carcinogenic to humans (Group 2B) and the subsequent
publication of additional human and animal studies of lead and lead compounds.

1.1 Chemical identification of lead

Elemental lead (Pb, atomic wt 207.2, CASRN 7439-92-1) is an odorless silver-bluish
white soft metal that isinsoluble in water. It also is known as C.I. 77575, C.I. pigment
metal 4, KS-4, and lead (inorganic). Its melting point is 327.43°C, its boiling point is
1,740°C, and its appearance varies depending on the physical structure of the specific
compound. Lead exists in the valence states of +2 and +4 and has four naturally
occurring isotopes. 204, 206, 207, and 208. Inorganic lead compounds usually consist of
lead in the divalent state (+2). The chemistry of divalent lead is similar to that of other
Group 2 metals, which include beryllium, magnesium, calcium, strontium, and barium.

The major chemical forms of lead found in the environment, as well as in occupational
exposures, are reviewed in this report. The U.S. Environmental Protection Agency (EPA)
codes for lead and lead compounds are K005, K006, K007, K046, K061, K062, K069,
U144, U145, U146, P110, and DO08. The RTECS number for lead is OF7525000, and
the shipping code is NA 1794 ORM-C.

1.2 Physical-chemical properties of lead

The physical structure of crystalline lead is cubic and close-packed, asillustrated in
Figure 1-1. Lead is very soft, highly malleable, ductile, and arelatively poor conductor of
electricity. It is very resistant to corrosion but tarnishes upon exposure to air. Lead alloys
include pewter and solder. The physical and chemical properties of lead arelisted in
Table 1-1.
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Table 1-1. Physical and chemical properties of lead

Source: WebElements 2000.

Figure 1-1. Physical structure of lead

Property

Information

Reference

Atomic weight

207.2

Budavari et al. 1996, ChemFinder 2000

Budavari et al. 1996, CRC 1998,

Color silver-bluish white ChemEinder 2000
Odor odorless CRC 1998, HSDB 2002
. Budavari et al. 1996, CRC 1998,
Physical state soft metal ChemEinder 2000
Mélting point (°C) 30743 Budavari et al. 1996, CRC 1998, HSDB
2002
Bailing point (°C) 1,740 Budavari et al. 1996, CRC 1998, HSDB
2002
Density (g/cc at 20°C) 114 HSDB 2002
Vapor pressure
(mm Hg at 1,000°C) 177 HSDB 2002
Crystal system cubic close-packed WebElements 2000
Y oung’s modulus (GPa) 16 WebElements 2000
Solubility:
water at 20°C insoluble Budavari et al. 1996, CRC 1998, HSDB
nitric acid insoluble as lead nitrate 2002, ChemFinder 2000

hydrochloric acid

soluble as lead chloride

1.3 Chemical forms of lead

Lead is released into the environment in many different chemical forms. The chemical
form of lead determines its water solubility, the types of chemical reactions that occur in
the atmosphere, water, and soil, and the extent to which lead binds in soils (NSF 1977).
The primary source of lead in the environment historically has been lead emissions from
gasoline-containing lead additives. The use of leaded gasoline was banned in the United
States after December 31, 1995, except for use in gasoline for aircraft and in fuels for
racing vehicles and for non-road vehicles (ATSDR 1999) (see Section 2.1). Lead
exposure from all chemical forms most commonly is measured in the body by
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determining blood lead levels. The results are reported as micrograms of lead per deciliter
of blood, and childhood blood lead levels of 10 ng/dL or higher are considered to present
risks to children’s health (see Sections 2.6 and 2.10). Exposure to various chemical forms
of lead also may be measured in urine, plasma, bones, teeth, and hair (see Sections 2.3.6
to 2.3.10).

1.3.1 Inorganic lead compounds

Of the lead emitted from automobiles using leaded gasoline, 90% is in particul ate form,
and the remaining 10% exists as organic lead vapors (see Section 1.3.2). The particle size
distribution varies with the engine operating conditions, however, generally, 20% to 30%
of the lead particles are larger than 5 nm in diameter, 50% to 70% are in the 1- to 5-mm
range, and 5% or fewer are smaller than 1 nm in diameter. Any particle less than 30 nm
in diameter can be deposited in the nasopharyngeal region of the respiratory tract, and
particles smaller than 5 mm can reach the bronchiolar region (Casarett et al. 1996). The
majority of compounds detected consist of the lead halides. lead bromide (PbBr,), lead
chloride (PbCl,), lead bromochloride (PbBrCl), and the alpha and beta forms of the
double salt lead bromochloride ammonium chloride (2PbBrCI’NH,4CI) (NSF 1977).

Studies have shown that 95% of the particles emitted from secondary |ead-smelting
operations are less than 5 mm in diameter. The chemical forms most often detected are
lead sulfide (PbS), lead sulfate (PbSO,), and elemental lead (NSF 1977). Another form
emitted from mining operations and smeltersis lead oxidexead sulfate (PbOPbSO,)
(ATSDR 1999).

Once these lead compounds are present in the atmosphere, they are converted through
chemical reactions into alarge number of additional lead compounds. Some of the lead
compounds identified in the atmosphere are 2PbBrCI»NH4Cl, PbSO,, lead carbonate
(PbCOs), PbBr,, PuCl,, lead oxide (PbOy), lead hydroxychloride (Pb(OH)CI), lead
hydroxybromide (Pb(OH)Br), lead phosphate (Pbs(PO,),), lead oxidexead sulfate
(3PbO*PhS0O,), lead oxidextead chloride (2PbOPbCl,), and lead oxidexead
bromochloride (2PbO*PbBrCl) (NSF 1977).

Inorganic lead compounds aso are found in water and soil. The amount of lead in surface
water depends on the pH and the dissolved salt content. In the environment, the divalent
form (Pb®") is the stable ionic form of lead. The forms of lead most often found in soil are
PbSO, and PbCOs3, the same compounds identified as primary forms found in the
atmosphere (NSF 1977).

1.3.2 Organic lead compounds

The tetraalkyl lead compounds, specifically tetraethyl lead (TEL) and tetramethyl lead
(TML), are the primary organic lead compounds used as automotive gasoline additivesin
the United States until 1996 and still used today in racing-car and aviation gasoline. The
phaseout of tetraethyl and tetramethyl lead from automotive gasoline was initiated in the
1970s. These two compounds no longer are present in large amounts in the atmosphere;
however, their degradation products still exist in the atmosphere. These compounds
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decompose rapidly to trialkyl and dialkyl lead compounds when exposed to sunlight and
eventually degrade to inorganic lead oxides (ATSDR 1999).

In water, the tetraalkyl lead compounds are subject to photolysis and volatilization. The
more volatile compounds are lost to the atmosphere by evaporation. Asin air, the
degradation process consists of trialkyl lead compounds degrading to dialkyl lead and
finaly to inorganic lead. Triethyl and trimethyl lead are more water soluble than are
tetraethy| or tetramethyl lead and therefore are more often detected in aquatic
environments (ATSDR 1999).

Another source of organic lead in water is the conversion of inorganic lead to tetramethyl
lead by microorganisms living in anaerobic lake sediments (Craig et al. 1980, ATSDR
1999). However, if the water over the sedimentsis aerobic, the tetramethyl lead will be
oxidized, resulting in release of lesser amounts of tetramethyl lead to the water (ATSDR
1999).

In soil, organic lead compounds such as tetramethyl and tetraethyl lead may be converted
to highly water-soluble compounds, such as the trialkyl lead oxides. These compounds
could be subject to leaching from the soil (ATSDR 1999).

1.4 Physical-chemical properties of lead compounds

Tables 1-2 and 1-3 present the chemical formulas, synonyms, uses, and structures of the
major lead compounds, and Tables 1-4 and 1-5 present the physical-chemical properties
of these same compounds. The tables are organized according to whether compounds are
relatively insoluble in water (Tables 1-2 and 1-4) or relatively soluble in water (Tables 1-
3 and 1-5). Compounds are considered soluble or insoluble based on the following
criteria: (1) If asolubility constant (Kg) is available, a compound with a value greater
than or equal to the K, for lead chloride (1 x 10™) is considered soluble. (2) If a Kegis
not available, a compound is considered soluble if more than 2 g of the compound
dissolvesin 100 mL of water. (3) If no numeric solubility data are available, the
compounds are considered soluble or insoluble based on a genera rule of solubility of
chemical species, as outlined in McQuarrie and Rock (1984).

1.5 Lead ionization and bioavailabilty

The physical-chemical properties of lead and lead compounds determine their availability
to be absorbed into the body, as well as their other pharmacokinetic properties. Studies
have shown that soluble lead compounds are more likely to be absorbed into the body
than are insoluble compounds and that smaller inorganic lead particulates are absorbed to
agreater degree than are larger particulates (Fleming 1998). The degree of absorptionin
the body also depends on the particular physical-chemical properties of the lead
compound (see Section 6 for a discussion of the toxicokinetics of lead). In a study in
which rats were fed lead in the diet, the percent absorption of metallic lead and several
lead compounds was compared with that of lead acetate. The percent absorption was
lowest for metallic lead (14%), followed by lead chromate (44%), lead naphthenate
(64%), and basic lead carbonate (164%), for a 12-fold difference in absorption between
metallic lead and basic lead carbonate (Barltrop 1975). In addition, studies of metals,
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including lead, have emphasized the significance of chemical speciation, particularly
ionization, in toxicity (Degawa et al. 1994, Ritchie et al. 2001).

1.6 Identification of metabolites

Metallic lead is not metabolized; however, metallic lead and lead compounds are
transformed after entry into the body. These transformations are discussed in Section 6.
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Table 1-2. Uses and structures of insoluble lead compounds

Compound, formula,

mol wt CASRN Synonyms Uses Structure
Lead arsenate 7784-40-9 | acid lead orthoarsenate, acid lead | formerly used as an 0
PbASHO, arsenate, arsenic acid lead (2+) insecticide and | |
347 1971 salt, arsinette herbicide As
. S ~-
HO P \ O Pp*+2
Lead azide 13424-46-9 | initiating explosive as an explosive ‘N _N —N-
PbNe
291.2402 Pb** 'N\\
N\
N-

Lead bromide 10031-22-8 | lead(l1) bromide (not available)
PbBr, Br—Pb—Br
367.008
Lead carbonate 598-63-0 carbonic acid, lead (2+) salt (1:1), | asacatayst, in high- 0]
PbCO, lead(11) carbonate, and lead pressure |ubricating | |

carbonate, 99.999% greases, and asa c
267.2092 photoconductor for N

electrolithography, O O
and in coatings for Pb*2

thermographic
copying, formerly
used in paint
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Compound, formula,
mol wt

CASRN

Synonyms

Uses

Structure

Lead chromate
PbCrO,
323.1936

7758976

lead(11) chromate; lead(1V)
chromate; chrome yellow;
plumbous chromate; crocoite;

lead chromate (V1); chromic acid,
lead(2+) salt (1:1); canary chrome
yellow 40-2250; chrome green
uc6l; chrome green uc74; chrome
green uc76; chrome lemon;
chrome yellow g; chrome yellow
of; chrome yellow If; chrome
yellow light 1066; chrome yellow
light 1075; chrome yellow
medium 1074; chrome yellow
medium 1085; chrome yellow
medium 1298; chrome yellow
primrose 1010; chrome yellow
primrose 1015; chrome yellow

5g; chromium yellow; CI 77600;
C.1. pigment yellow 34; cologne
yellow; C.P. chrome yellow light;
C.P. chrome yellow medium; C.P.
chrome yellow primrose;

crociote; dianichi chrome yellow
0; leipzig yellow; lemon yellow;
paris yellow; pigment green 15;
pure lemon chrome 13gs

asapigmentin
paints, rubber, and
plastics

O

=

ﬁ
Cr-.:l”l”o_

+2
o Pb

Lead fluoride
PbF,
245.1969

7783462

lead difluoride, lead(2+) fluoride,
and plumbous fluoride

asacatayst, in low-
power fuses, in low-
melting glasses, and
in other electronic
and optical
applications

Pb
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Compound, formula,

mol wt CASRN Synonyms Uses Structure
Lead fluoroborate 13814-96-5 | lead fluoborate, borate(1-), in electroplating, asa F Ph*2 F
PbB,F, tetrafluoro-lead(2+), lead curing agent for |
borofluoride, lead boron fluoride, | epoxy resins, and asa B B
380.8072 and lead tetrafluoroborate catalyst - \\\ F F— o
F /7 OF
F F

Lead iodide 10101-63-0 | lead diiodide, lead(11) iodide, in photographic
Pbl, plumbousiodide emulsions, aerosols

for cloud seeding, Pb
461.009 asbestos brake N

linings, and ' '

thermoelectric

materials
Lead naphthenate 50825-29-1 | cyclohexanecarboxylic acid and asavarnish drier,
Pb(C7HllOZ)2 lead salt Cdalyg, wood

preservative, and
461.5254 insecticide

/C=O
O
Pb+2
-o\
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Compound, formula,

mol wt CASRN Synonyms Uses Structure
Lead oxide 1317-36-8 | lead(ll) oxide, lead monoxide, in paint, glass, and
PbO lead oxide yellow, litharge, C.I. ceramic products, as
77577, lead ocher, lead avulcanizing agent
223.1994 oxide(mono), lead protoxide, in rubber and
litharge yellow [-28, massicot, plastics, and as an Pb——0
massicotite, pigment yellow 46, intermediate in the
yellow lead ocher, plumbous manufacture of
oxide, lead(l1) oxide yellow, and | pigments
lead oxide, 99.99%
Lead phosphate 7446-27-7 | lead orthophosphate, plumbous as a stabilizer for o]
Pb,OsP, phosphate, trilead phosphate, styrene and casein ”
perlex paste, trilead plastics and in special P
811.54272 bi ;(orthophosphate), phosphoric glasses o/ \ _o
acid lead(2+) salt (2:3), and O
lead(11) phosphate (3:2)
Pb*? Pb*2  Pb*2
o
‘0
\P/O'
o
Lead stearate 1072-35-1 | lead distearate, lead(I1) n- as a stabilizer for
Pb(C1gH3505)s octadecanoate, and lead(l1) plastics and rubber
Stearate processing
774.1466

Pb+2
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Compound, formula,

mol wt CASRN Synonyms Uses Structure
Lead styphnate 63918-97-8 | initiating explosive lead in munitions o
PHCsHOL(NO); styphnate, lead trinitroresorcinate, | manufacture
and styphnate of lead O2N NO>
450.2000 Pb*?
o
NO,
Lead sulfate 7446-14-2 | lead(Il) sulfate, anglistlite, white | in photography, in
PbSO, lead, fast white, milk white, lithography, in earth- o o
sulfuric acid lead (2+) salt (1:1), fill dams, and roads, \\//
303.2576 lead sulfate basic, lead sulfate and with zinc in pi
99.999%, and lead sulphate galvanic batteries /S\
(lead(I1) sulfate) O o~
Lead sulfide 1314870 | gaena, plumbous sulfide, lead(ll) | in ceramics, asa
PbS sulfide, lead monosulfide, lead semiconductor, as a
sulfide 99.999%, and lead sulfide | catalyst, asamirror -
239.26 (1:1) coating, and as a Pb==5
humidity sensor in
rockets
Lead tetraoxide 1314-41-6 mineral red, lead oxide, red lead in plasters, ointments, /O\
PO, oxide, orange_lead, and glazes, a_nd varnishes, Pb\ - Pb
lead(11,111) oxide for coloring of | o |
685.5976 rubber, in cement for o o
glass, in storage ~_ .~
batteries, and in Pb
paints
Lead thiocyanate 592-87-0 isothiocyanic acid lead(2+) salt, in manufacture of Pb*2
Pb(SCN), lead dithiocyanate, lead(l1) safety matches and S S
thiocyanate, lead isothiocyanate, | cartridges
323.3554 / \

and lead sulfocyanate

10




05/08/03

RoC Background Document for Lead and Lead Compounds

Do not quote or cite

Compound, formula,

mol wt CASRN Synonyms Uses Structure
Tetraethyl lead 78-00-2 motor fuel anti-knock compound, | as an antiknock HsC
PO(CHO), lead tetraethyl, additive in gasoline, N\
tetraethylplumbane, TEL, and banned since 1996 in H, CH2
323.446 tetraethy! lead (liquid) motor vehiclesin the /c\ //CH<
Pb
u.S H3C \ CHs
/CH 2
H3C
Tetramethy! lead 75-74-1 lead tetramethyl, TLM, as an antiknock CHs
Pb(CH3) 4 tetramethylplumbane, TML, and | additive in gasoline, |
67 2388 toluene blend no.2 banned since 1996 in Pb
. motor vehiclesin the &I
e CH
us. T S

CHs

Sources. ChemFinder 2000, HSDB 2002.

11
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Table 1-3. Uses and structures of soluble lead compounds

Compound, formula,

catalyst, and as aflame
retardant

mol wt CASRN Synonyms Uses Structure
Lead acetate 301-04-2 acetic acid, lead(2+) salt, sugar of | asawater repellant, for H3C @) @) CHs
PECH.O, lead, lead diacetate, lead(Il) salt | mildew prevention, asa N eyl N
acetic acid, normal lead acetate, coloring agent, and as a
325.289 neutral lead acetate, lead dibasic mordant in cotton dyes. | | ”
acetate, and dibasic lead acetate O O
Lead acetate trihydrate 6080-564 | salt of Saturn, lead acetate (1), in varnishes, chrome /O\
PhC,H,0- trihydrate, acetic acid-lead(+2) pigments, and H H
salt trihydrate, antifouling paints, in
379.3346 bis(acetato)trihydroxy-trilead, historical paint o
lead diacetate trihydrate, and manufacture, and as an
acetic acid-lead salt trihydrate analytical reagent HaC——C Ph*2 C——CHj
‘0
H H H H
\O/ \O/
Lead chloride 7758954 | lead(Il) chloride and lead in manufacture of
PbCl, dichloride organolead compounds,
in asbestos clutch or - Pb\
278.106 brakelinings, asa Cl Cl

12
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Compound, formula,
mol wt CASRN Synonyms Uses Structure
Lead nitrate 10099-74-8 | lead dinitrate, nitric acid-lead(2+) | in manufacture of O
salt, lead(l1) nitrate, and lead matches and explosives,
PbN,Os ; S
nitrate, 99.5% as a heat stabilizer in N*
331.2098 nylon, and as a coating . O/ ~ o
on paper for »
photothermography Pb
-o\ /o-
N+
Lead subacetate 1335-32—6 | bis(acetato-O)tetrahydroxytrilead, | in sugar anaysis and 0o 0o
Pb,CHsOs basic lead acetate, for clarifying solutions ” ”
bis(acetato)tetrahydroxytrilead, of organic substances C Pb *2 c
566.5036 bis(aceto)tetrahydroxytrilead, He | o o cw,
bis(aceto)dihydroxytrilead, BLA, "
monobasic lead acetate, and ] Pb
subacetate |ead OH OH

Sources. ChemFinder 2000, HSDB 2002.
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Table 1-4. Physical-chemical properties of insoluble lead compounds®

Compound, Color and Melting point Boiling point Density or

formula physical state (°Cc) (°Cc) specific gravity Solubility, reactivity

Lead arsenate white powder or crystals 280 NA 5.94 insoluble in water; soluble in nitric

PbASHO, acid and alkali

Lead azide white needles or powder NA explodes at 350 NA 230 mg/L at 18°C in water

PbNs

Lead bromide white crystalline powder 373 916 6.66 8,441 mg/L at 20°C in water;

PbB, insoluble in a cohol

Lead carbonate colorless rhombic crystals 315 NA 6.6 Ke =1.1x 10 insolublein water,

PhCO; ammonia, or ethanol; soluble in acid
and alkali

Lead chromate yellow or orange yellow 844 decomposes NA Ke =17 x 10™; insoluble in water,

PbCrO, powder <0.1g/100 mL at 19°C

Lead fluoride colorless to white crystals 824 1,293 8.44 (orthorhombic) | insoluble in water, acetone, or

PbF, 7.75 (cubic) ammonia; soluble in nitric acid

Lead fluoroborate colorless crystalline NA NA 175 decomposes in acohol

PbB,Fs powder

Lead iodide bright yellow crystals or 402 954 6.16 630 mg/L at 20°C; insolublein

P, powder alcohol

Lead naphthenate yellow semi-transparent 100 NA 1.15 insoluble in water; soluble in

Pb(C;H110,), paste ethanol

Lead oxide yellow or reddish-yellow 888 1,470 9.53 insoluble in water or alcohal;

PbO crystals solublein akali, anmonia chloride,
acetic acid, and nitric acid

Lead phosphate white solid powder 1,014 NA 6.9 insoluble in water or ethanal;

Pb:OgP; soluble in akali and nitric acid
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adlight musty odor

Compound, Color and Melting point Boiling point Density or

formula physical state (°Cc) (°Cc) specific gravity Solubility, reactivity

Lead stearate white powder NA NA NA NA

Pb(ClSHSSOZ)Z

Lead styphnate orange-yellow crystals NA NA NA NA

PhCeHO,(NO,)3

Lead sulfate white heavy crystal 1,170 NA 6.2 Ko =15x 10 soluble in sodium

PbSO, powder hydroxide; insoluble in alcohol

Lead sulfide metallic black cubic 1,114 1,281 7.57-7.59 Ke =1x 107, solublein nitric

PbS crystals acid; insoluble in alcohol, potassium
hydroxide, or water

Lead tetraoxide bright-red heavy powder 500 NA 9.1 soluble in hydrochloric and acetic

Pb:O, acid; insoluble in water or ethanol
oxidizing material

Lead thiocyanate white crystals 190 NA 3.82 insoluble in water; soluble in alkali

Pb(SCN), hydroxide, thiocyanate solutions,
and lead sulfocyanate

Tetraethyl lead colorless liquid or dyed -136.8 200 1.659 K >4 x 10™; insoluble (0.000021

Pb(C,Hs)s red, orange, or blue, with 0/100 mL) in water; solublein

adlight musty odor benzene, ethanol, and diethyl ether

flash point is93°C

Tetramethy! lead colorless liquid or dyed -275 110 1.995 insoluble in water; soluble in

Pb(CHs), red, orange, or blue, with benzene, ethanol, and diethyl ether

flash point is 37.7°C

Sources; ChemFinder 2000, HSDB 2002.

NA = not available.
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Table 1-5. Physical-chemical properties of soluble lead compounds®

Compound, formula, Color and Melting point | Boiling point Density or

mol wt physical state (°Cc) (°Cc) specific gravity Solubility, reactivity

Lead acetate colorless or white 280 NA 3.25at 20°C Kg = 2Xx 107 1-5 ¢/100 mL water & 20°C;

PbC,HO; crystals, granules, dightly soluble (< 0.1 ¢/100 mL) in

or powder ethanol; dightly soluble (1-5 g/100 mL) in

DMSO; dlightly soluble (< 0.1 g/100 mL)
in acetone; solublein glycerol

Lead acetate trihydrate white crystals 75 280 255 miscible in water; dightly solublein

PhC,H,0- ethanol and acetone; solublein glycerol
sensitive to air; reagent for neutralization of
amino acids and hydrochlorides

Lead chloride white crystalline 501 950 5.85 Ke =1x 10 soluble in water, dilute

PbCl, powder hydrochloric acid, and ammonia; insoluble
in ethanol

Lead nitrate colorless or white 470 NA 4.53 Ke =2 x 107; soluble in water, 43%

PbN,O¢ crystals ethanol, akali, and ammonig; insolublein
nitric acid
oxidizing material

Lead subacetate white heavy powder 75 decomposes NA soluble in water and ethanol

PD,C4HgOs sensitive to air

Sources. ChemFinder 2000, HSDB 2002.

NA = not available.
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2 Human Exposure

21 Use

In worldwide metal use, lead ranks behind only iron, copper, aluminum, and zinc (Howe
1981). Lead may be used in its pure form as a metal, alloyed with other metals, or used in
chemical compounds. The utility of lead may be derived from its low melting point
(327°C), high density (11.4 g/cm?®), malleability, chemical stability, and resistance to acid
corrosion (Howe 1981). The vast majority of lead used, both in the United States and
internationaly, isin lead-acid storage batteries found in motor vehicles and general
industry. Other common uses of lead metal include ammunition, cable covering, piping,
brass and bronze, bearing metals for machinery, and sheet lead (ATSDR 1999). In
addition, lead-based metals are used in solders, shipping containers, radiation shielding,
building construction, and metal cans. Lead oxides are found in paint, glass, and ceramics
(Smith 2002a). However, in the United States, lead is no longer used as a solder in piping
for drinking water, as a solder in food cans, or in house paints, because of environmental
and health concerns (ATSDR 1999).

In the early 1970s, the U.S. EPA began to regulate the lead content in gasoline. Before
that, approximately 250,000 tons of organic lead (tetraethyl and tetramethyl lead) were
added to gasoline annually in the United States as an anti-knock additive. By 1988, a lead
phase-down program had reduced the total lead usage in gasoline to less than 1% of that
in 1970. In 1996, lead was totally banned as an additive to fuel in motor vehiclesin the
United States (ATSDR 1999). However, organic lead still is permitted for use in gasoline
for aircraft and in fuels for racing vehicles and for non-road vehicles, such as farm
machinery, marine vessels, construction equipment, and recreational vehicles (Smith
2000).

Lead also is used in folk remedies and cosmetics, particularly in developing countries
(UNEP-UNICEF 1997). Thereis evidence that traditional cosmetics containing lead,
such as the eye cosmetic kohl, have been purchased and used in the United States (Parry
and Eaton 1991).

Despite reductions in some lead applications and the legislated end to use of lead asa
gasoline additive, the overall consumption of lead is growing. From 1990 to 1996, the use
of lead in the United States grew at an average annual rate of 3.3%. This trend was due
primarily to increased production of lead-acid batteries. The proportion of lead used for
this purpose increased from just below 80% to nearly 88% in thistime span (ATSDR
1999). The vast mgjority of lead-acid batteries find application as starting, lighting, and
ignition batteries in motor vehicles. The remainder are designed for various industrial
motive power and stationary power battery applications (Smith 2000). Figure 2-1 shows
the end uses of lead worldwide in 2000 (neither the data nor the percentages of the uses
are provided in the reference).
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Figure 2-1. Worldwide lead use by end consumption (2000)

2.2 Production

Lead is refined from mined ore. Lead ore occurs most frequently in the form of lead
sulfide, also known as galena. Anglesite (PbSO,) and cerussite (PbCOs) are two other
common ores (Howe 1981). In the United States, virtually al lead mines are
underground, rather than open pits (ATSDR 1999). As of 2000, 19 mines produced the
vast mgjority of lead in the United States (Smith 2000), employing approximately 1,000
workers (Smith 2002b). Mines were located in Alaska, 1daho, Missouri, Montana,
Nevada, New Y ork, and Tennessee, with over 90% of the total mining occurring in
Missouri and Alaska (Smith 2000). Mined lead ore first is crushed and ground. The
various minerals are then separated by differential flotation, resulting in alead
concentrate which is shipped to a primary smelter for refining. In 2001, two primary lead
smelter-refineries were operating in Missouri and one primary lead smelter was operating
in Montana, employing atotal of approximately 400 people (Smith 2002b).

At aprimary smelter, lead concentrates are sintered to remove sulfur dioxide and other
volatile oxides, and the product is roasted with by-products and coke. Molten lead is
formed in the blast furnace during the smelting process; impurities are collected in a slag.
Drossing is performed to remove copper, lead oxide, and other compounds. Additional
refining is performed to separate out minor quantities of silver, antimony, arsenic, copper,
and bismuth. The resulting lead metal is 99.99% pure.

Secondary smelters (recycling smelters) use scrap lead, mainly from used lead-acid

batteries, as their supply. Used batteries are passed through a separation unit that removes
leaded materials and processes the battery acid. The remaining leaded materials are
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passed through rotary, reverberatory, or blast furnaces, with an impure lead (or lead
aloy) resulting (Howe 1981). The impure metal may then be refined, with its drosses
submitted back for reprocessing. Lead recovery efficiencies of 98% may be achieved
through secondary smelters. As of 2001, 26 secondary lead smelters were operating
within the United States (Smith 2002b); approximately 98% of total lead recycling was
carried out by seven companies operating atotal of 15 plantsin Alabama, California,
Florida, Indiana, Louisiana, Minnesota, Missouri, New Y ork, Pennsylvania, Tennessee,
and Texas (Smith 2000). In total, secondary lead smelting employs approximately 1,600
workers nationwide (Smith 2002a). From 1990 to 1996, the share of total lead metal
production coming from secondary smelters rose from just under 70% to 77% (ATSDR
1999). Thistrend toward secondary production is reflected in Table 2-1, which provides
data on recent U.S. lead mining and smelting production (ATSDR 1999).

Table 2-1. Mine and smelter production of lead in the United States from 1990 to
1996 (thousands of metric tons)

1990 1996 Percentage change
Mining 484 436 -10
Primary smelting 404 326 -19
Secondary smelting 922 1,100 +19

Source: ATSDR 1999.

Statistical data are available on lead mining in the United States going back over 100
years, in fact, there is information to indicate that lead was mined and smelted in North
Americaas early as 1621. In the 1830s, annual U.S. production was reported at 2.7
million kg. In 1976, U.S. production of lead was reported at 550 million kg, with imports
at 208 million kg in 1976 and 318 million kg in 1978. Exports were reported at 5.3
million kg in 1976, 9.0 million kg in 1977, and 8.0 million kg in 1978.

Lead acetate was first produced in the United States in 1944, with importsin 1978
reported at 112.7 kg (IARC 1980). U.S. production of |ead acetate was approximately
300,000 kg in 1977 and 200,000 kg in 1980, with imports reported at approximately
52,000 kg in 1984 and 50,000 kg in 1985 (NTP 2000). Lead carbonate has been produced
commercialy in the United States since the 1600s; in 1976, U.S. production was

1.48 million kg, with importsin 1978 of 178,000 kg (IARC 1980). Commercial
production of lead naphthenate in the United States was first reported in 1944. In 1969,
production of lead naphthenate was 8.2 million kg, with production dropping to

2.2 million kg in 1977 (IARC 1980). Lead nitrate was first commercially produced in the
United States in 1943, and imports of 480,000 kg were reported in 1978 (IARC 1980).
U.S. production of lead oxide in 1976 was 120 million kg, with imports at 20 million kg
(IARC 1980). Commercial production of lead subacetate was first reported in the United
States in 1947 (IARC 1980); no production data are available. U.S. production of lead
tetraoxide in 1976 was reported at 18 million kg, with imports at 800,000 kg in 1976 and
1 million kg in 1979. In 1977, approximately 1 to 15 million kg were exported (IARC
1980).
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Tetraethyl lead was first produced commercially in the United States in 1923, with

266 million kg produced in 1964; production dropped in 1977 to 148 million kg. Imports
of tetraethyl lead in 1978 were 17,000 kg (IARC 1980). Commercia production of
tetramethyl lead in the United States began in 1960, with 54 million kg produced in 1977
and 13,800 kg imported in 1974 (IARC 1980).

Table 2-2 shows the number of U.S. suppliers of the lead compounds listed in Tables 2-2
and 2-3.

Table 2-2. Number of U.S. suppliers of lead compounds

Lead compound Number of U.S. suppliers

Lead acetate 26
Lead acetate trihydrate 19

Lead arsenate 3
Lead azide (not reported)
Lead bromide 13
Lead carbonate 20
Lead chloride 16
Lead chromate 13
Lead fluoride 17

Lead fluoroborate 15

Lead iodide 21

Lead naphthenate (not reported)
Lead nitrate 44
Lead oxide 30
Lead phosphate 4
Lead stearate 10
Lead styphnate (not reported)
Lead subacetate 15
Lead sulfate 8
Lead sulfide 17

Lead tetraoxide 9
Lead thiocyanate 10
Tetraethyl lead

Tetramethy! lead 2

Source: Chem Sources 2002.

Worldwide production data from 2001 show that the United States is the mgjor producer,
user, and recycler of lead, and that Australia mines more lead than any other country (see
Table 2-3). Global statistics show that lead production and consumption increased fairly
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steadily from 1964 to 2000, while worldwide mine production decreased slowly,
remaining steady over the last few years (see Figure 2-2) [It is not stated in the reference
whether these statistics are for metallic lead or lead compounds.].

Table 2-3. Key world lead production and consumption statistics®

Lead (tons)
Top mining countries
Australia 714,000
China 599,000
United States 459,000
Peru 289,000
Canada 154,000
Largest lead producers
United States 1,375,000
China 1,172,000
United Kingdom 382,000
Germany 375,000
Japan 302,000
Major usersof lead
United States 1,687,000
China 650,000
Germany 403,000
United Kingdom 323,000
South Korea 314,000
Main recyclers of lead
United States 1,099,000
Germany 218,000
United Kingdom 183,000
Japan 175,000
ltaly 164,000

Source: LDA 2002.

*The statistics in this table do not include the amount of lead imported and exported; therefore the amount of
lead produced is not equal to the amount of lead used by the countries cited in this table.
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Figure 2-2. Global lead mine production and consumption (1964—2001)

2.3 Analysis

The most common techniques for the analysis of lead in environmental or biological
samples include atomic absorption spectrometry (AAS), graphite furnace atomic
absorption spectrometry (GFAAYS), particle-induced X-ray emission (PIXE), inductively
coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma atomic
emission spectrometry (ICP-AES), and anode-stripping voltametry (ASV). Isotope-
dilution mass spectrometry (IDMYS) is the best technique for applications involving very
low lead concentrations (NRC 1993) but is not commonly used because of its equipment
reguirements and reliance on technical expertise (ATSDR 1999). A brief overview of the
methods for lead analysis in various media is presented below, aong with summary
tables for the methods most commonly used for environmental lead analysis (Table 2-4)
and biological lead analysis (Table 2-5).

2.3.1 Air

Lead in air may be given as a concentration of lead in particulate or gaseous form,
usually expressed as micrograms of lead per cubic meter. The most common methods for
the analysis of particulate lead in air are AAS, GFAAS, PIXE, and ICP-AES. A filtering
approach is used to isolate particulate lead. GFAAS has alower limit of detection than
AAS (approximately 0.25 ng/m® and 100 ng/m?®, respectively) but is more sensitive to
gpectral interference arising from the matrix (NRC 1993). Lead in gaseous form is
organic lead and often is detected by GFAAS. Gas chromatography with AAS (GC-
AAS), with a detection limit of approximately 0.2 ng/m®, also may be used to distinguish
among species of organic lead (De Jonghe et al. 1981).
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Table 2-4. Common methods for the analysis of lead in environmental samples

Detection
Matrix Preparation Procedure limit Reference
Air Collect particulates onto membrane filter, | GFAAS 2 mym® ATSDR 1999
digest with nitric acid and hydrogen -
peroxide, heat, dilute with distilled water. (particulete)
Collect particulates onto stretched-Teflon | PIXE 0.6 ng/m? Eldred and Cahill
filter, mount into 3- mm dlide frame. (particulate) 1994
Collect particulates onto cellulose nitrate | IDMS 0.008 ng/m* | Vélkening et al.
filter, add *°Pb spiketo filter, dissolvein (particulate) | 1988
sodium hydroxide, acidify with nitric
acid, separate lead by electrodeposition.
Filter gas, pass through iodine GFAAS 0.25 ng/m® Birch et al. 1980
monochloride bubbler, convert lead (gaseous)
compounds, extract with carbon
tetrachloride solution, follow with acid
extraction.
Filter gas, trap gas cryogenically. GCIGFAAS | 0.2ng/m® De Jonghe et al.
(gaseous) 1981
Water Filter water through membrane filter, AAS 100 ny/L ATSDR 1999
dissolve particulates by wet ashing. (particulate)
Filter water through membrane filter, ICP-AES 42 ng/L ATSDR 1999
dissolve particulates by wet ashing. (particulate)
Filter water through membrane filter, GFAAS 1yl ATSDR 1999
dissolve particulates by wet ashing. (particulate)
Filter water, complex with sodium GCIAAS 2.5ng/L Chakraborti et al.
diethyldithiocarbamate, extract with (dissolved) 1984
pentane, run off water, butylate, extract
sample with nonane.
Soil Dry ash, digest with hydrochloric and AAS 2 ny/g Beyer and
nitric acids (3:1), dilute with water. Cromartie 1987
Dry sample and sieve, digest with nitric ICP-AES 0.09 no/g Schmitt et al.
acid, agitate, centrifuge. 1988
Food Digest with sulfuric acid and dry ash, GFAAS 5ng/g Ellen and Van
dissolve in hydrochloric acid, dilute with (bread) Loon 1990
water.
Dry ash sample; dissolve with nitricacid | ASV 1ng/g Capar and Rigsby
and water. (evaporated | 1989
milk)
Dry ash sample with sulfuric acid; dilute | DPASV 0.4 ng/g Satzger et al. 1982
with nitric acid and water. (crops)

Source: ATSDR 1999 (with additional references).
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2.3.2 Water

Lead in water may be analyzed for concentration in particulate form or dissolved form,
usually expressed as micrograms per liter or parts per billion. Techniques frequently used
in the analysis of lead in water include AAS, GFAAS, and ICP-AES. ICP-MSisamore
sensitive method, with a detection limit of about 1/1,000th that of ICP-AES (whichis
approximately 42 ng/L). For this reason, use of ICP-MS is becoming more widespread,
not only for water lead analysis, but also for measurement of lead in other environmental
and biological media. For dissolved lead analyses, GC-AAS can be used to separate
organic lead into its various species (Chakraborti et al. 1984).

2.3.3 Saoil

AAS, GFAAS, or ICP-AES may be used to determine lead concentrations in soil. Total
lead or organic lead may be assessed. ICP-AES is the most sensitive technigue in
common application, with a detection limit of approximately 0.09 ng/g. Asin analysis of
other environmental media, GC-AAS may be used to distinguish among organic species
of lead (Chau et al. 1979).

2.3.4 Food

Analyses of lead concentrations in food generally are similar to analyses of lead in soil.
AAS, GFAAS, and ICP-AES are most common, although ASV and differentia pulse
anode-stripping voltametry (DPASV) have been introduced with good results (Satzger et
al. 1982, Capar and Rigshy 1989). GFAAS has a detection limit of approximately 5 ng/g
for measurement of lead in bread (Ellen and Van Loon 1990), and ASV has a detection
limit of approximately 1 ng/g for measurement of lead in evaporated milk (Capar and
Rigsby 1989).

2.3.5 Blood

Measurement of lead in whole blood is the most common biological means of monitoring
exposure and is a routine occupational health procedure for many |ead-exposed workers.
Measurements of blood lead reflect exposure to all lead compounds (inorganic and
organic) and al routes of exposure (inhalation, oral, and dermal). Blood lead gives
information only about fairly recent absorption, since the half-life of lead in blood has
been measured at 36 days (Rabinowitz et al. 1976) and 28 days (Griffin et al. 1975, as
cited in ATSDR 1999). The most common approaches are AAS, ASV, GFAAS, and ICP-
MS. The sensitivities of these methods, whose detection limits range from approximately
41010 ng/L, are generaly sufficient for either occupational or environmental lead
exposure assessment.

2.3.6 Serum or plasma

Although lead more frequently is assessed in whole blood, it also is technically possible
to analyze its concentration in serum or plasma, but with severe difficulties owing to the
low lead concentrations. This analysisis desirable, sinceit is believed that the quantity of
lead in blood plasma governs the amount available for distribution to tissue (L eggett
1993, O'Flaherty 1993). Analysis of lead in plasma or serum is becoming more common
with improved techniques, primarily involving ICP-MS. Recent studies have shown that
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lead in serum is 0.08% to 0.29% of that in whole blood, as measured by ICP-MS
(Manton et al. 2001, Cake et al. 1996, Smith et al. 2002). As noted above for blood, lead
concentrations in serum or plasmawill reflect all routes of exposure to al lead
compounds.

Table 2-5. Common methods for the analysis of lead in biological samples

Detection
Matrix Preparation Procedure limit Reference
Blood | Digest with nitric, perchloric, and sulfuric ICP-AES 10 ny/L ATSDR 1999
acids (3:1:1), heat.
Wet ash, combine with dithizone, extract. AAS 10 ny/L Gerhardsson et al.
1995a
Wet ash. GFAAS 4 my/L Zhang et al. 1997
Dilute with Triton X-100, nitric acid, and ICP-MS 0.06 ng/L Roberts et al.
thallium internal standard; agitate. 2000
Concentrate on mercury thin-film electrode, | ASV 1pg NRC 1993
strip from electrode.
Serum | Dilute, add bismuth nitrate as internal ICP-MS 0.015 ng/L | Schitz et al. 1996
or standard.
plasma
Spike with lead isotope, heat in distilled ICP-MS 0.015 ng/L Manton et al.
nitric acid . 2001
Urine | Wet ash with acid mixture and dissolvein ASV 4 ng/L NIOSH 1977
perchloric acid.
Extract with polydithiocarbamateresinand | ICP-AES 0.5 ng/L ATSDR 1999
sodium hydroxide, agitate, filter, neutralize
with sodium hydroxide, ash, heat, dilute
with water.
Soft Digest with sulfuric acid and dry ash, GFAAS 5ng/g Ellen and Van
tissues | dissolvein hydrochloric acid, dilute with (bovine) Loon 1990
water.
Ash, add nitric acid, stir solution. GFAAS 2ng/g Gerhardsson et al.
(human) 1995b
Bone Excitation of lead with partialy plane- LXRF 5 ny/g Markowitz and
polarized X-rays, characteristic lead L-shell (invivo) Shen 2001
X-rays detected.
Excitation of lead with *®Cd g-ray source, | KXRF 6 My/g Todd et al. 2000,
characteristic lead K-shell X-rays detected. (invivo) Hu et al. 1995

Source: ATSDR 1999 (with additional references).

2.3.7 Urine

Lead concentration in urine may be measured with good sensitivity by methods such as
AAS, ASV, or ICP-AES. Detection limits for these methods range from approximately
0.5to 4 ng/L. Usually, measurement of blood lead concentration is considered a more
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direct biological approach to assessing current exposure. However, given the sampling
limitations and the analytical difficulties of measuring lead in plasma, some researchers
have used lead in urine as a proxy for lead in plasma that will provide an estimate of lead
exposure from all routes and to all lead compounds (Tsaih et al. 1999, Gulson et al.
2000). Exposure to lead has on occasion been assessed by administration of a chelating
agent, such as edetate calcium disodium (cal cium disodium ethylenediaminetetraacetate
dihydrate), followed by measurement of lead excreted in the urine.

2.3.8 Biomarkers

Biomarkers used to identify exposure to lead usually measure the level of total lead in
tissues and fluids. Total lead measurements in the body reflect exposure to all lead
compounds (inorganic and organic) from all sources of exposure (inhalation, oral, and
dermal). Tetraalkyl lead compounds are the only lead compounds that may be measured
in the breath, in addition to being measured in body tissues and fluids (ATSDR 1999).

A variety of biomarkers are available for monitoring lead exposure, effects, and
susceptibility (NRC 1993). Some of the most commonly used biomarkers are those based
on disturbance of heme synthesis by lead (see Table 2-6). One of these assays measures
erythrocyte protoporphyrin (EP) or zinc protoporphyrin (ZPP) concentration in blood,
and another measures the activity of d-aminolevulinate dehydratase (ALAD; aso known
as porphobilinogen synthetase). EP and ZPP increase following lead exposure, while
ALAD activity decreases (NRC 1993). However, EP measurements many not accurately
reflect lead levels in populations that may be iron deficient, such as low-income children,
because iron influences EP levels (Mahaffey and Annest 1986). EP has a sensitivity of
0.351 at blood lead levels of 15 ng/dL or higher, with sensitivity defined as the ability to
detect a condition when it is present. This means that on average, the EP test will identify
about 35% of children with blood lead levels of 15 ng/dL or higher and will fail to detect
about 65% of these children. Asthe blood lead concentration increases, the EP test
becomes more sensitive. For example, at blood lead concentrations of 30 ng/dL or
higher, the sengitivity is approximately 0.87 (NRC 1993). Other biomarkers based on
disturbance of heme synthesis are measurement of increased urinary d-aminolevulinic
acid (ALA) and the accumulation of coproporphyrin in urine.

In addition, a number of biomarkers of lead exposure are not based on heme-synthesis
effects (see Table 2-6). One biomarker measures lead’ s inhibition of the enzyme
pyrimidine-5'-nucleotidase (Py-5'-N), another measures decreased plasma concentrations
of the hormonal metabolite 1,25-dihydroxyvitamin D, and a third measures inhibition of
erythrocyte membrane Na',K*-ATPase (NRC 1993).

Other biomarkers include measurement of lead in bones, teeth, and hair (see Section
2.3.10 for adiscussion of lead in bone and teeth). Hair has been used in the past and is
currently being used as a biomarker of lead exposure. However, use of hair analysisin a
clinical setting poses many problems, including inaccuracy of measurements due to
exogenous contaminants (such as sweat, dust, and beauty treatments), variable analytic
procedures, and low interlaboratory reliability (Frisch and Schwartz 2002).
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2.3.9 Softtissue

The analysis of lead in soft tissue normally is limited to autopsy studies (Barry 1975,

Gerhardsson et al. 1995b) and has included measurements in kidney, liver, brain, lung,
testis, and spleen. Analysis methods include AAS, GFAAS, ASV, and ICP-AES, with
detection limitsof 2 to 5 ng/g (ATSDR 1999).

2.3.10 Bone and teeth

Because the half-life of lead in bone is on the order of years to decades (Gerhardsson et
al. 1993), analysis of bone lead is more reflective of long-term than short-term exposure.
The two main approaches to in vivo bone lead measurement are L-shell X-ray
fluorescence (LXRF) and K-shell XRF (KXRF). The lower energies involved in the

L XRF technique mean that this measurement samples a more superficial component of
bone than does the KXRF approach (Todd and Chettle 1994). Common bone sites for
measurements include the tibia, calcaneus, and patella. Lead content in teeth also may be
assessed, either in vivo by XRF methods or, more commonly, by techniques such as
IDMS (Gulson 1996) or ASV (Kim et al. 1996) with shed deciduous teeth.

Table 2-6. Biomarkersfor lead exposure

Lead effect

Result

Marker threshold,
lead concentration

(mg/dL)

Comments

Heme synthesis disturbances biomarkers

Inhibition of ALAD accumulation of ALA in 5 sensitive for current

activity tissues and urine population blood lead
concentrations;
problematic relation to
tissue effects

Feedback stimulation of | minor contribution to 40 not afeasible marker

ALA synthetase activity | total ALA inurine

Accumulation of urinary -- 2040 useful for population

ALA

screening; limited in
individual predictability;
not useful for childhood
screening

Inhibition of heme
formation from
protoporphyrin 1X

accumulation of
erythrocyte
protoporphyrin in blood

15-20 (children)
25-30 (adults)

most common screening
marker for children and
workers

Impaired use of
coproporphyrin

accumulation of
coproporphyrin in urine

40

supplanted in popularity
by EP measurement

Non-heme synthesis biomarkers

Inhibition of Py-5'-N
activity in erythrocytes

accumulation of
ribosomal fragmentsin
reticulocytes

5-10

quite sensitive
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Marker threshold,

lead concentration
Lead effect Result (mg/dL) Comments
Inbition of Na’, K*- potassium loss and net not established studies in lead workers;
ATPase in erythrocyte sodium gain in cells; direct measure of lead’s
membrane altered cell survival presence; subject to

contamination
Inhibited hydroxylation | reduction in hormonal 10-15 important health effect,
of 25-OH-vitamin D metabolite 1,25-(0OH),- not appropriate for use
vitamin D as biomarker

Source: NRC 1993.

2.4 Environmental occurrence

Lead isanaturally occurring element found in the earth’s crust in trace quantities of
approximately 8 to 13 ppm (Rudnick and Fountain 1995, Taylor and McLennan 1995).
Lead existsin the crust in a number of ores, predominantly as lead sulfide (galena). In the
absence of human activity, small amounts of lead would reach the surface environment
by natural weathering processes to create a baseline exposure, which in localized areas
such as mineral provinces can be very high. The abundant and widespread presence of
lead in our current environment is largely aresult of anthropogenic activity. In this
respect, lead has along history; evidence exists that lead has been used for approximately
6,000 years (Hunter 1978). The ubiquity of lead in the environment has resulted in
modern body burdens that are, by one estimate, 300 times those found in pre-industrial
humans (Patterson et al. 1991).

24.1 Air

Lead isreleased to air by natural processes such as volcanic activity, forest fires, crustal
weathering, and radioactive decay from radon. These natural contributions are of
relatively minor consequence. The vast majority of lead in the atmosphere results from
human activity. A major change in lead emission patterns in the United States resulted
from the phasing out of tetraethyl lead as an anti-knock fuel additive. The overall
emissions of lead to air dropped significantly beginning in the 1970s and continuing until
acomplete ban on lead in fuel went into effect in 1996. Nonetheless, as recently as the
late 1980s, motor vehicle exhaust was the single largest source of lead emissions in the
United States, resulting in the release of inorganic particul ates (approximately 90% by
mass) such as lead bromochloride and organic lead fumes (< 10% by mass) (ATSDR
1999).

Although numeric values are not available, it appears that the percentage of total lead in
the atmosphere contributed by organic lead has dropped significantly as a result of the
phase-out and the eventual ban of lead in fuel in 1996. When organic lead compounds are
exposed to sunlight, they decompose rapidly to trialkyl and dialkyl lead compounds.
These compounds eventually decompose to inorganic lead oxides, through a combination
of photolysis and reactions with hydroxyl radicals and ozone. The half-lives of tetraethyl
and tetramethyl lead in the summer are 2 and 9 hours, respectively, while in the winter,
both compounds have half-lives up to several days (ATSDR 1999).
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Investigators have measured long-range transport of lead from motor vehicle exhaustsin
populated regions to pristine areas by comparing ratios of stable lead isotopes in remote
areas with the isotope ratios characteristic of lead from industrial sources in various
regions. Rosman et al. (1994a) measured lead isotopes in preserved layers of snow
deposited in Greenland between 1960 and 1988 and found ratios of **°Pb/*”’Pb of 1.16in
the early 1960s, 1.18 in 1976, and 1.16 in the mid 1980s. They concluded that the
elevated ratio of ®Pb to *’Pb indicated transport of lead from U.S. sources, particularly
lead in gasoline, and they speculated that the decrease in the 1980s was due to the switch
to unleaded gasoline for motor vehicles. In another study, the ratios of lead isotopesin
samples from Antarctica in the 1980s indicated that the lead probably was from South
America (Rosman et al. 1994b).

Releases of airborne lead also occur during smelting, the manufacture of goods, and the
incineration of municipal and medical wastes (ATSDR 1999). The largest of these
sources is waste incineration; however, the contribution from this source is significantly
less than the environmental release of lead to landfill (see Section 2.4.3). Thisis because
the amount of lead in incinerated waste is less than that released to landfills and because
not all of the lead in incinerated waste is released to air.

EPA’s Toxics Release Inventory (TRI) estimated arelease of 354,065 Ib of lead from 832
facilities and 1,224,315 Ib of lead compounds from 1,045 facilitiesto air in 1999 in the
United States (TRI99 2001). However, the TRI data are not exhaustive and should be
used with caution, as only certain types of facilities are required to report releases. The
June 2000 edition of EPA’s National Toxics Inventory (NTI) estimated that 5,253,736 |1b
of lead compounds were released into air in 1996 (EPA 2000). The NTI draws on data
from the TRI, state and local agencies, and EPA databases.

2.4.2 Water

Lead enters groundwater from natural weathering of rocks and soil, indirectly from
atmospheric falout, and directly from industrial sources. In water, organic lead
compounds undergo photolysis and volatilization. Degradation processes convert trialkyl
lead to dialkyl lead and then to inorganic lead compounds (ATSDR 1999). EPA’s TRI
estimated that in 1999, 8,368 Ib of lead from 832 facilities and 65,600 |b of lead
compounds from 1,045 facilities were released to surface water in the United States
(TRI99 2001). The TRI data should be used with caution, since only certain types of
facilities are required to report releases. An additional and distinct hazard to the water
supply islead piping or lead solder in older plumbing systems. Areas with a supply of
soft (acidic) water are more susceptible to release of lead from plumbing, which can
result in levels of lead in drinking water high enough to have significant effects on human
health (Lee et al. 1989).

2.4.3 Soil

The largest amount of lead released into the environment is released to land,
predominantly to landfill sites. Lead-containing wastes result from ore production,
household renovation and remediation of lead paint, use of lead in ammunition, solder,
weights, and bearing metals, and production of iron and steel. Although lead is now
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banned in motor fuelsin the United States and several other countries, organic lead
compounds continue to be present or actively deposited in the soil. Data suggest that
tetraethyl and tetramethyl lead are converted to water-soluble lead compounds in soil
(ATSDR 1999). EPA’s TRI estimated a direct release of 10,411,207 |b of lead from 832
facilities and 311,467,762 Ib of lead compounds from 1,045 facilities to land in 1999 in
the United States. An additional 13,250 Ib of lead and 8,142,009 b of lead compounds
were released in 1999 by underground injection (TRI99 2001). The TRI data should be
used with caution, as not all types of facilities are required to report releases.

2.4.4 Paint

The release of lead from paint to the local environment deserves mention as an important
source of environmental exposure. Leaded paints were most commonly used in the
United States from approximately 1870 to 1940, although they persisted as recently as the
late 1970s. Lead carbonate was the most frequently used lead pigment, and lead oxide
and lead chromate aso were common. Flaking or peeling of aging paint can be a major
point source of environmental lead exposure, as well as sanding of painted surfaces
during home renovation. By these processes, lead can become mobilized in dust to the air
and soil. In apooled analysis of 12 epidemiological studies, Lanphear et al. (1998)
confirmed that |ead-contaminated house dust was the major source of lead exposurein
children. Additionally, young children may directly ingest chips of paint containing lead
(ATSDR 1999).

2.5 Environmental fate

As an element, lead is not destroyed in the environment. When emitted into the
atmosphere, tetraethyl and tetramethyl lead decompose via photolysisinto trialkyl and
dialkyl lead compounds and then to inorganic lead oxides and carbonates (ATSDR 1999).
With restrictions on the use of lead in gasoline, industrial sources now produce the
majority of lead emissions in the United States, and lead in the atmosphere is primarily in
the form of lead sulfate and lead carbonate. Particulate lead is removed from the
atmosphere by wet or dry deposition, resulting in its uptake by soil and water. Particle
Sizeis adeterminant of atmospheric transport, with particles of diameter greater than

2 nm remaining close to the point of emission and smaller particles demonstrating greater
mobility (ATSDR 1999).

The proportion of lead remaining in solution in surface water and groundwater generally
issmall, because of formation of the low-solubility compounds lead sulfate, lead
carbonate, lead phosphate, and lead hydroxide. Lead is held strongly in soil and does not
readily transport into groundwater, except in highly acid soil. Lead is bound within soil
by ion exchange and specific adsorption (ATSDR 1999). However, in one study, metallic
lead in soil from shotgun pellets deposited in alime-deficient, acidic, sandy soil was
detected 20 years later in small mammals. This study showed that metallic lead in the
environment could be transformed to a biologically available form and transferred up the
food chain (Ma1989).
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2.6 Environmental exposure

Environmental exposure to lead results in absorption of lead into the body viainhalation,
viaingestion, and, to alimited extent, through the skin. The most efficient exposure route
generdly isinhalation; the proportion of inhaled lead absorbed into the bloodstream is
believed to range from 30% to 50%, whereas approximately 8% to 15% of ingested lead
is absorbed (O'Flaherty 1993, Staudinger and Roth 1998). Conditions favoring high
solubility result in the absorption of greater proportions of inhaled or ingested lead into
the bloodstream. Among the factors affecting the solubility of inhaled or ingested lead are
the type of lead compound involved, particle size, site of contact within the body, acidity
of the body fluid contacted, and physiologic status of the individual (Spear et al. 1998).
Compared with typical pre-industrial populations, the contemporary U.S. population is
exposed to high levels of lead (Patterson et al. 1991), but the levels are substantially
lower now than they were 30 years ago.

The most common way to measure environmental lead in the body is by measuring blood
lead levels. Venous blood is usually analyzed by AAS or ASV (see Section 2.3.5), and
the results commonly are reported as micrograms per deciliter (NRC 1993). The
relationship between environmental lead exposure, lead uptake, and blood lead levelsis
complex. Several models have been used to predict blood lead concentrations in
individuals exposed to lead in the environment. One of these models, EPA’ s Integrated
Exposure Uptake Biokinetic Model for Lead in Children (IEUBK), allows the user to
input relevant absorption parameters, such as the fraction of lead absorbed from water, as
well as intake from exposure to soil, dust, water, and air, and exposure rates. The IEUBK
model calculates a complex set of equations to estimate the potential concentration of
lead in the blood for a hypothetical child or population of children aged 6 months to 7
years. Because the Centers for Disease Control and Prevention (CDC) has determined
that childhood blood lead levels at or above 10 ng/dL present risks to children’s health
(see Section 2.3.10), the IEUBK model calculates the probability that children’s blood
lead concentrations will exceed 10 ng/dL (EPA 2002). Figure 2-3 shows the decrease in
lead used in gasoline and the substantial reduction in blood lead levels from 1976 to 1980
in the U.S. population, as measured in the Second National Health and Nutrition
Examination Survey (NHANES I1) (NRC 1993).
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Figure 2-3. Lead used in gasoline and aver age blood lead levels measured in
NHANESII

Source: NRC 1993.

Air lead concentrations may be high (> 10 ng/m®) near industrial sources such as smelters
(ATSDR 1999). A 1991 survey of lead levelsin U.S. urban air revealed a maximum
quarterly mean concentration of approximately 0.08 ng/m® (EPA 1996). Rural
concentrations typically are lower, bringing the estimated U.S. mean air lead
concentration to 0.04 ng/min 1995 (EPA 1996). Remote sites report air lead
concentrations as low as 0.001 ng/m® (Eldred and Cahill 1994).

Lead concentrations in U.S. drinking water generally are below 5 ng/L (ATSDR 1999).
Lead pipes or soldering in the presence of corrosive water can result in water lead
concentrations above 500 ng/L under extreme circumstances (EPA 1989). For example,
in atown in Scotland, drinking water samples showed |lead levels greater than 1,000 ng/L
due to leaching of lead from the plumbing system by acidified drinking water (Nordberg
et al. 1985). The concentration of lead in foods can range from 0.002 to 0.6 ng/g
(ATSDR 1999). The phaseout of lead-soldered cans (from 1979 to 1991) has virtually
eliminated a previously significant source of dietary lead.
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Cigarette tobacco contains lead at the level of 2 to 12 ng per cigarette, up to 6% of which
may be inhaled (WHO 1977). Smoking a pack of cigarettes (20) per day, with 12 ng of
lead per cigarette, and inhaling 6% of the smoke would result in daily exposure to 14 ng
of lead. Relatively less common but potentially serious exposures are from alcoholic
beverages held or served in leaded crystal, “moonshine” whiskey from leaded stills, food
served or cooked in lead-glazed containers, and lead-containing folk medicine remedies
and cosmetics.

The average intake of lead by inhalation is estimated at 2 ng/day for an adult living in a
U.S. urban setting (ATSDR 1999). A smoker has an additional intake of approximately
6 ny/day, based on an estimated exposure of 14 ng/day and absorption of 30% to 50% of
the inhaled lead into the bloodstream (O’ Flaherty 1993). In 1990, the estimated daily
intake of lead from consumption of food, water, and beverages was approximately

4 ng/day for children 2 years of age and younger, 6 to 9 ng/day for children aged 14 to
16, 6 to 9 ny/day for adults aged 25 to 30, and 2 to 8 ng/day for adults aged 60 to 65
(ATSDR 1999). The most common source of environmental lead exposure for young
children is direct ingestion of paint chips and leaded dusts and soils released from aging
painted surfaces (CDC 1997, Lanphear et al. 1998). This source can contribute an
additional intake of 5 ng/day for atoddler engaging in normal hand-to-mouth activity,
and significantly more for a child demonstrating pica behavior (ATSDR 1999).

2.7 Occupational exposure

The most common route of occupational exposure to lead isinhalation of lead fumes or
leaded dustsin air and absorption of lead through the respiratory system. Lead also may
be ingested and absorbed in the gastrointestinal tract. Absorption through the skin occurs
with organic lead (Bress and Bidanset 1991) and possibly also with the more soluble
species of inorganic lead (Stauber et al. 1994). The National Institute for Occupational
Safety and Health (NIOSH) has estimated that more than 3 million Americans potentially
are occupationally exposed to some form of lead (Staudinger and Roth 1998). The
National Occupational Exposure Survey, conducted by NIOSH between 1980 and 1983,
indicated that approximately 25,000 workers were exposed to tetraethyl lead, 57,000 to
lead oxides, 4,000 to lead chloride, and 577,000 to other species of lead (ATSDR 1999).

Many occupations and job activities have the potential for relatively high exposures to
lead (Fu and Boffetta 1995, ATSDR 1999). These occupations have been broadly divided
into three lead exposure categories: (1) those having ongoing high exposure, (2) those
having high exposure with moderate frequency or ongoing intermediate exposure, and
(3) those having high exposure with low frequency or ongoing moderate exposure.
Within these three categories, listed below, occupations are listed alphabetically, and
asterisks indicate those that have been included in at least one epidemiologic study of
lead exposure and cancer, as summarized in Section 3 of this document. The various
occupations and job activities are described briefly below.
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Category 1. High ongoing exposure

Battery-production workers* Battery-recycling workers*
Foundry workers Lead chemical workers*
Lead smelter and refinery workers* L eaded-glass workers*
Pigment workers* Radiator-repair workers

Category 2: High exposure, moderate frequency

Firing-range instructors House renovators
Lead miners* Newspaper printers*
Plastics workers* Rubber workers

Steel welders and cutters

Category 3: High exposure, low frequency

Automobile-repair workers Cable-production workers
Construction workers Demolition workers
Firing-range participants Flame-solder workers
Plumbers and pipefitters Pottery-glaze producers
Ship-repair workers Stained-glass producers

Occupational exposure to lead may occur during the production of lead-acid batteries, in
which grids are formed either by melting lead blocks and pouring molten lead into molds
or by feeding rolled sheets of lead through punch presses. A lead oxide paste also is
applied into grid spaces. Battery-recycling workers in secondary smelters are exposed as
they convert used batteries and other leaded materials to lead of varying purity. Foundry
workers may be exposed to lead through heating and casting operations or through the
grinding and machining of components. This type of exposure may result from work with
brass and bronze alloys, which contain some lead, mostly for ease of machining. Lead
chemical production involves awide range of end products, including the lead oxide used
by the lead-acid battery industry. Production of tetraethyl and tetramethyl lead previously
resulted in major occupational exposure, but tetraethyl lead has not been made in the
United States since 1991 (ATSDR 1999). Lead smelter and refinery workers participate
in operations such as sintering, roasting, smelting, and drossing, resulting in exposure to
lead sulfide, sulfates, and oxides.

Leaded glassware is made by combining lead oxide compounds with molten quartz. This
process results in lead fumes and dusts, and glassblowing is an additional avenue for
potential contact with lead. Production of pigments can involve lead oxide, lead
carbonate, and lead chloride. Chromate workers are also exposed to lead chromate,
acetate, and nitrate, and lead acetate and naphthenate may be involved in leaded paint
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production. Although the use of lead pigments has been reduced in recent years, workers
continue to be involved in their production for speciaty applications. Radiator repair
workers are exposed to leaded dusts during radiator cleaning and to lead fumes during
flame soldering. Exhaust ventilation control systems have been introduced into such
repair operations with successful results (Tharr and Ed 1993).

Firing-range instructors, particularly in indoor ranges, are exposed to high levels of lead
from both the lead projectile and lead styphnate used in the primer. Exposure is higher
with non-jacketed pure lead bullets than with jacketed copper-coated bullets (Tripathi et
al. 1990). The presence of leaded paints in homes built before 1978 continues to present a
hazard to home renovators. Scraping, abrasive blasting, and heat-gun removal of paintin
older homes can create leaded dusts. Lead miners and mine workers are involved in the
extraction, crushing, grinding, and concentration of lead. The most commonly mined lead
oreis galena (87% lead by weight), followed by anglesite (68%) and cerussite (78%).
Miners of copper and zinc also are exposed to lead. In the past, newspaper printing has
been associated with lead exposure, and this exposure is reflected in the epidemiologic
studies summarized in Section 3. However, with the emergence of computerized printing
techniques, lead exposure is no longer a significant concern in this profession. Workersin
the plastics and vinyl industries may be exposed to lead when it is used as a stabilizing or
coloring agent. Powdered pigments, such as lead chromate, are blended with plastic
pellets and heated to form some plastic products. Similarly, lead has frequently been used
in compounding rubber. Greater health awareness has led to reduction in applications of
lead in plastics and rubber manufacture. Welders may be exposed to lead fumes resulting
from gas-metal arc welding of structural steel (ATSDR 1999). Similar exposures occur
for steel cutters.

Automobile-repair workers may be exposed to lead through work around batteries and
other parts, engine reconditioning, solder, and, until recently in the United States and
several other countries, leaded gasoline. Lead continues to find application in the
production of cable sheathing because of its workability, durability, and resistance to
corrosion. Construction and demolition workers are exposed to some lead through their
interactions with pipes and traps, sheet lead, solder, and (in older buildings) paint. Firing-
range participants are exposed to lead in the air, although generally in smaller quantities
than firing-range instructors. Typical solders contain 60% lead, and the high temperatures
involved in flame solder work volatilize some of thislead. Plumbers and pipefitters work
with older lead pipes and copper pipes soldered with lead. Lead oxide and other lead
compounds have been used in the making of pottery glaze, and lead chromate may be
used in decorative coatings. Ship-repair workers involved with cutting and welding steel
carry arisk of lead exposure. Additionally, leaded coatings and paints have been applied
to ships to prevent corrosion and inhibit the growth of marine life. Stained-glass
producers use lead strips (no longer pure lead, but alloys) to form joints, and soldering is
a common procedure.

Air lead concentration may be monitored as a means of measuring occupational exposure
in work areas. However, occupational exposure more frequently isinferred from
measurement of blood lead concentration in individual workers. Less common methods
include analysis of urinary lead concentration, ALA level, or coproporphyrin level. Other
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biological indices that will likely become more prevaent in the future are measurement
of serum or plasmalead concentration and in vivo bone lead concentration.

Various chemical forms of lead, or lead species, are present in occupational settings. In
addition to the sheer quantity of exposure, the species of lead involved and the particle
sizes encountered will influence how much lead ultimately is absorbed. In a primary
smelter, for example, lead sulfide generally is dominant, with increasing quantities of
lead sulfates and oxides near furnace areas (Spear et al. 1998). Lead sulfates and lead
oxides are more soluble than lead sulfide and therefore more likely to be absorbed in the
body. Likewise, smaller particles of leaded compounds in airborne dusts are absorbed
more efficiently than larger particles. Particles less than 3 nm in diameter have a higher
probability of reaching the deep lung (alveoli) and being absorbed into the bloodstream
(Spear et al. 1998). Because speciation and particle size distribution usually are not
available from conventional analyses of environmental media, these factors should be
kept in mind when workplace lead exposure data are considered (Fleming 1998).

Table 2-7 summarizes levels of occupational lead exposure from avariety of industries,
expressed as air lead concentrations, as determined from monitoring by the Occupational
Safety and Health Administration (OSHA) (Froines et al. 1990). In a study of airborne
lead exposures among janitorial and custodial workers, 23 (44%) of 52 personal air
samples collected had no detectable lead. The highest exposures were during power
sanding of awooden door (36 my/m®), melting of lead in an open ladle for plumbing
repairs (26 my/m°), removal of lead and oakum (a type of caulk) from a plumbing joint
(13 my/m®), and removal and folding of the plastic sheeting used to contain dust during
carpentry work (8 ng/m®) (NIOSH 1997). More extreme examples reported in the
literature include mean occupational air lead concentrations as high as 1,200 ng/m? for
structural steel welding (Fu and Boffetta 1995), 4,470 my/m® for smelting (Fu and
Boffetta 1995), and 5,400 my/m* within a storage battery plant (WHO 1977). Table 2-7
shows representative U.S. lead industry exposure conditions in recent years. Based on the
mean air lead levels presented in Table 2-7 and assuming a human occupational default
minute volume of 10 m*/8 h (EPA 1994), estimated lead exposure levels ranged from
1,650 to 2,000 ny/day. These values are approximately 1,000 times greater than the
average environmental lead exposure levels reported for adults living in U.S. urban
settings (2 ng/day) (ATSDR 1999).
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Table 2-7. Air lead concentrationsin occupational settings, based on OSHA

ingpection data (1979-1985)

% of Inspections w/ Mean Median Maximum

Inspections | median air lead conc. conc. conc. conc.
Industry (samples) > 50 (ngy/m®) (mg/m?) (mg/m?) (mg/m?)
Storage battery 87 (969) 57 200 120 35,000
plants
Brass, bronze, 118 (822) 42 200 65 54,500
and copper
foundries
Primary lead 5(72) 40 195 80 5,650
smelters
Inorganic 25 (143) 52 175 100 4,800
pigment plants
Secondary 86 (718) 43 165 140 5,200
smelters

Source: Froines et al. 1990.

NIOSH (2001) summarized the results of its Health Hazard Evaluation and Technical
Assistance program for occupational exposure to lead for the period 1994 to 1999. In this
program, requests are received from employers, employees, or others, and site visits are
conducted to determine whether a health hazard exists from exposure to a chemical or
biological agent. Table 2-8 summarizes the lead concentrations measured in the personal

breathing zone or in the general work area of workers evaluated in a number of

industries.

Table 2-8. Air lead concentrationsfrom NIOSH Health Hazard Evaluation and
Technical Assistance Program (1994-1999)

Industry Airborne lead concentration (rrg/mg')a
Law enforcement ND to 5,910
Manufacturing and repairing ND to 495

L ead abatement and |ead-based paint ND to 27,000

Abrasive blasting ND to 1,800

Electric services ND to 2,300

Other 7.410280

Source: NIOSH (2001).
aND = not detected.
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2.8 Biological indices of exposure

Lead exposure may be assessed from a number of biological indices (see Sections 2.3.5
to 2.3.10). Asdiscussed above (see Section 2.6), the most common means of monitoring
recent exposure to lead is measurement of blood lead levels. The OSHA standard requires
medical surveillance if aworker is exposed to lead in air at concentrations above the
action level of 30 my/m? for more than 30 days a year. Medical surveillance consists of
testing of blood lead levels at least every six months after the initial blood lead test. If a
worker’s blood lead concentration exceeds 40 ng/dL, the monitoring frequency must be
increased to at least every two months and may not be reduced until two consecutive tests
indicate ablood lead level below 40 ng/dL. If aworker’s blood lead level exceeds 60
ng/dL, the worker must be removed from the work environment until the blood lead level
fallsto 40 ng/dL (OSHA 2002). Table 2-9 shows blood lead concentrations measured
during the 1990s in occupations with the potential for lead exposure (both high and low
to moderate), as well as the average for the U.S. population, as estimated from NHANES
[11. If sufficient data are available for a given individual, cumulative exposure to lead

may be estimated by integrating blood lead readings over time (Fleming et al. 1997).

Table 2-9. Blood lead concentrations from various occupations and the general
population

Average blood lead Range

Population N concentration (nmg/dL) (my/dL)? Reference
Generd lead industry 798 32 (mean) 4-86 Schwartz et al. 2000
workers, Korea (1997—
1999)
Primary smelter workers, 100 32 (median) 5.0-47.4 | Gerhardsson et al.
Sweden 1993
Battery factory workers, 91 30 (mean) NR Erkkila et al. 1992
Finland
Radiator-repair workers, 63 29 (median) 6.6-94 Dalton et al. 1997
Colorado (1992)
Primary smelter workers, 381 23 (mean) NR Fleming et al. 1998
Canada (1994)
Carpenters, New Jersey 122 8.0 (mean) NR Smith 1995
(1991)
Laborers, lowaand 80 7.6 (mean) 1.2-50 Reynolds et al. 1999
[llinois (1994-1996)
Painters, lowaand 83 5.9 (mean) 15-26.3 | Reynoldset al. 1999
[llinois (1994-1996)
General population, U.S. | 13,642 | 2.3 (mean, ages1to3 70) NR CDC 1997
(1991-1994) 2.1 (mean, ages 20 to 49)

3.1 (mean, ages 50 to 69)

®NR = not reported.
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Since 1987, CDC has sponsored the Adult Blood Lead Epidemiology and Surveillance
program, which tracks cases of elevated blood lead levelsin the U.S. population. Based
on data from 25 states reporting during 1998 to 2001, the overall annual mean state
prevalence rate for adults with blood lead levels of 25 ng/dL or higher was 13.4 per
100,000 employed adults. In comparison, the overall rate for 1994 to 1997 was 15.2 per
100,000. Yearly rates were 13.8, 12.9, 14.3, and 12.5 for 1998, 1999, 2000, and 2001,
respectively. For adults with blood lead levels of 40 ng/dL or higher, the overall
prevalence rate for 1998 to 2001 was 2.9 per 100,000 adults, compared with 3.9 for 1994
to 1997. Yearly rates were 3.3, 2.5, 2.9, and 2.8, for 1998, 1999, 2000, and 2001,

respectively (CDC 2002).

Bone lead concentration is another biological index of exposure, one that directly reflects
long-term accumulation of absorbed lead. Upwards of 90% of an individual’s lead body
burden is contained in bone (Barry 1975). Noninvasive measurement of bone lead in
occupationally exposed populations has some appeal, particularly where blood lead levels
historically have not been well documented. Table 2-10 summarizes recent bone lead
levelsin various lead-industry and referent non-occupationally exposed populations,

measured by Ka-XRF.

Table 2-10. Bone lead concentrations from various occupations and refer ent

populations

Average bone lead
Population Bone site N conc. (nmg/g) Reference
Primary smelter workers, Canada, tibia 222 58 (mean) Fleming et al. 1998
early hires (1994)
General lead industry workers, tibia 798 37 (mean) Schwartz et al. 2000
Korea (1997-1999)
Battery factory workers, Finland tibia 91 21 (mean) Erkkila et al. 1992
Primary smelter workers, Canada, tibia 159 19 (mean) Fleming et al. 1998
recent hires (1994)
Primary smelter workers, Sweden tibia 100 13 (median) Gerhardsson et al. 1993
Carpenters, New Jersey (1991) tibia 122 9.4 (mean) Smith 1995
Referents, Korea (1997-1999) tibia 135 5.8 (mean) Schwartz et al. 2000
Referents, Finland tibia 26 3.5 (mean) Erkkila et al. 1992
Referents, Sweden tibia 41 3.4 (median) Gerhardsson et al. 1993
Primary smelter workers, Canada, calcaneus 222 103 (mean) Fleming et al. 1998
early hires (1994)
Primary smelter workers, Sweden calcaneus 100 49 (median) Gerhardsson et al. 1993
Primary smelter workers, Canada, calcaneus 159 28 (mean) Fleming et al. 1998
recent hires (1994)
Referents, Sweden calcaneus 41 12 (median) Gerhardsson et al. 19