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NOTE TO THE READER

The term ‘carcinogenic risk’ in the JARC Monograph series is taken
to mean the probability that exposure to the chemical will lead to cancer
in humans.

Inclusion of a chemical in the monographs does not imply that it
is a carcinogen, only that the published data have been examined. Equally,
the fact that a chemical has not yet been evaluated in a monograph does
not mean that it is not carcinogenic.

Anyone who is aware of published data that may alter the evaluation
of the carcinogenic risk of a chemical for humans is encouraged to make
this information available to the Division of Chemical and Biological
Carcinogenesis, International Agency for Research on Cancer, Lyon,
France, in order that the chemical may be considered for re-evaluation
by a future Working Group.

Although every effort is made to prepare the monographs as
accurately as possible, mistakes may occur. Readers are requested to
communicate any errors to the Division of Chemical and Biological Car-
cinogenesis, so that corrections can be reported in future volumes.



PREAMBLE

IARC MONOGRAPH PROGRAMME ON THE EVALUATION OF THE
CARCINOGENIC RISK OF CHEMICALS TO HUMANS

PREAMBLE

BACKGROUND

in 1971, the International Agency for Research on Cancer (IARC) initiated a
programme on the evaluation of the carcinogenic risk of chemicals to humans with the
object of producing monographs on individual chemicals . The criteria established at
that time to evaluate carcinogenic risk to humans were adopted by all the working groups
whose deliberations resulted in the first 16 volumes of the JARC Monograph series. In
October 1977, a joint IARC/WHO ad hoc Working Group met to re-evaluate these guiding
criteria; this preamble reflects the results of their deliberations(1) and those of a sub-
sequent |ARC ad hoc Working Group which met in April 1978(2).

OBJECTIVE AND SCOPE

The objective of the programme is to elaborate and publish in the form of mono-
graphs critical reviews of data on carcinogenicity for groups of chemicals to which humans
are known to be exposed, to evaluate these data in terms of human risk with the help of
international working groups of experts in chemical carcinogenesis and related fields, and
to indicate where additional research efforts are needed.

The monographs summarize the evidence for the carcinogenicity of individual
chemicals and other relevant information. The critical analyses of the data are intended
to assist national and international authorities in formulating decisions concerning preven-
tive measures. No recommendations are given concerning legislation, since this depends on
risk-benefit evaluations, which seem best made by individual governments and/or other in-
ternational agencies. In this connection, WHO recommendations on food additives(3),
drugs(4), pesticides and contaminants(5) and occupational carcinogens(6) are particularly
informative.

1Since 1972, the programme has undergone considerable expansion, primarily with the scientific
collaboration and financial support of the US National Cancer Institute, Bethesda, MD

1"
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The /ARC Monographs are recognized as an authoritative source of information on the
carcinogenicity of environmental chemicals. The first users’ survey, made in 1976, indicates
that the monographs are consulted routinely by various agencies in 24 countries.

Since the programme began in 1971, 23 volumes have been published(7) in the
IARC Monograph series, and 515 separate chemical substances have been evaluated (see also
cumulative index to the monographs, p. 419 ). Each volume is printed in 4000 copies and
distributed via the WHO publications service (see inside covers for a listing of IARC public-
ations and back outside cover for distribution and sales services).

SELECTION OF CHEMICALS FOR MONOGRAPHS

The chemicals (natural and synthetic, including those which occur as mixtures and in
manufacturing processes) are selected for evaluation on the basis of two main criteria: (a)
there is evidence of human exposure, and (b) there is some experimental evidence of carcino-
genicity and/or there is some evidence or suspicion of a risk to humans. In certain instances,
chemical analogues were also considered. The scientific literature is surveyed for published
data relevant to the monograph programme. In addition, the |ARC Survey of Chemicals
Being Tested for Carcinogenicity(8) often indicates those chemicals that are to be scheduled
for future meetings.

Inclusion of a chemical in a volume does not imply that it is carcinogenic, only that
the published data have been examined. The evaluations must be consulted to ascertain the
conclusions of the Working Group. Equally, the fact that a chemical has not appeared in a
monograph does not mean that it is without carcinogenic hazard.

As new data on chemicals for which monographs have already been prepared and new
principles for evaluating carcinogenic risk receive acceptance, re-evaluations will be made at
subsequent meetings, and revised monographs will be published as necessary.

WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, a list of the
substances to be considered is prepared by IARC staff in consultation with other experts.
Subsequently, all relevant biological data are collected by IARC; in addition to the published
literature, US Public Health Service Publication No. 149(9) has been particularly valuable and
has been used in conjunction with other recognized sources of information on chemical
carcinogenesis and systems such as CANCERLINE, MEDLINE and TOXLINE. The major
collection of data and the preparation of first drafts for the sections on chemical and physical
properties, on production, use, occurrence and on analysis are carried out by SRI
International, Stanford, CA, USA under a separate contract with the US National Cancer
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Institute. Most of the data so obtained on production, use and occurrence refer to the
United States and Japan; SRI International and IARC supplement this information with
that from other sources in Europe. Bibliographical sources for data on mutagenicity and
teratogenicity are the Environmental Mutagen Information Center and the Environmental
Teratology Information Center, both located at the Oak Ridge National Laboratory, TN,
USA.

Six to nine months before the meeting, reprints of articles containing relevant bio-
logical data aresent to an expert(s), or are used by the IARC staff, for the preparation of
first draft monographs. These drafts are edited by IARC staff and are sent prior to the
meeting to all participants of the Working Group for their comments. The Working Group
then meets in Lyon for seven to eight days to discuss and finalize the texts of the mono-
graphs and to formulate the evaluations. After the meeting, the master copy of each mono-
graph is verified by consulting the original literature, then edited and prepared for reproduc-
tion. The monographs are usually published within six months after the Working Group
meeting.

DATA FOR EVALUATIONS

With regard to biological data, only reports that have been published or accepted for
publication are reviewed by the working groups, although a few exceptions have been
made. The monographs do not cite all of the literature on a particular chemical: only
those data considered by the Working Group to be relevant to the evaluation of the carcino-
genic risk of the chemical to humans are included.

Anyone who is aware of data that have been published or are in press which are rele-
vant to the evaluations of the carcinogenic risk to humans of chemicals for which mono-
graphs have appeared is urged to make them available to the Division of Chemical and
Biological Carcinogenesis, International Agency for Research on Cancer, Lyon, France.

THE WORKING GROUP

The tasks of the Working Group are five-fold: (a) to ascertain that all data have been
collected: (b) to select the data relevant for the evaluation; (c) to ensure that the sum-
maries of the data enable the reader to follow the reasoning of the committee; (d) to
judge the significance of the results of experimental and epidemiological studies; and (e)
to make an evaluation of the carcinogenic risk of the chemical.
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Working Group participants who contributed to the consideration and evaluation of
chemicals within a particular volume are listed, with their addresses, at the beginning of each
publication (see p. 5 ). Each member serves as an individual scientist and not as a rep-
resentative of any organization or government. In addition, observers are often invited from
national and international agencies, organizations and industries.

GENERAL PRINCIPLES FOR EVALUATING THE CARCINOGENIC
RISK OF CHEMICALS

The widely accepted meaning of the term ‘chemical carcinogenesis’, and that used
in these monographs, is the induction by chemicals of neoplasms that are not usually obser-
ved, the earlier induction by chemicals of neoplasms that are usually observed, and/or the in-
duction by chemicals of more neoplasms than are usually found - although fundamentally
different mechanisms may be involved in these three situations. Etymologically, the term
‘carcinogenesis’ means the induction of cancer, that is, of malignant neoplasms ; however,
the commonly accepted meaning is the induction of various types of neoplasms or of a
combination of malignant and benign tumours. In the monographs, the words “tumour’ and
‘neoplasm’ are used interchangeably (In scientific literature the terms ‘tumourigen’,
‘oncogen’, and ‘blastomogen’, have all been used synonymously with ‘carcinogen’, although
occasionally ‘tumourigen’ has been used specifically to denote a substance that induces
benign tumours).

Experimental Evidence
Qualitative aspects

Both the interpretation and evaluation of a particular study as well as the overall
assessment of the carcinogenic activity of a chemical involve several qualitatively important
considerations, including: (a) the experimental parameters under which the chemical was
tested, including route of administration and exposure, species, strain, sex, age, etc. ; (b)
the consistency with which the chemical has been shown to be carcinogenic, e.g., in how
many species and at which target organ(s); (c) the spectrum of neoplastic response, from

benign neoplasia to multiple malignant tumours; (d) the stage of tumour formation in which

a chemical may be involved: some chemicals act as complete carcinogens and have initiating
and promoting activity, while others are promoters only; and (e) the possible role of modify
ing factors.

There are problems not only of differential survival but of differential toxicity,
which may be manifested by unequal growth and weight gain in treated and control animals.
These complexities should also be considered in the interpretation of data, or, better, in the
experimental design.
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Many chemicals induce both benign and malignant tumours ; few instances
are recorded in which only benign neoplasms are induced by chemicals that have been
studied extensively. Benign tumours may represent a stage in the evolution of a malignant
neoplasm or they may be ‘end-points’ that do not readily undergo transition to malignancy.
If a substance is found to induce only benign tumours in experimental animals, the chemical
should be suspected of being a carcinogen and requires further investigation.

Hormonal carcinogenesis

Hormonal carcinogenesis presents certain distinctive features: the chemicals involved
occur both endogenously and exogenously; in many instances, long exposure is required;
tumours occur in the target tissue in association with a stimulation of non-neoplastic growth,
but in some cases, hormones promote the proliferation of tumour cells in a target organ. .
Hormones that occur in excessive amounts, hormone-mimetic agents and agents that cause
hyperactivity or imbalance in the endocrine system may require evaluative methods compar-
able with those used to identify chemical carcinogens; particular emphasis must be laid on
quantitative aspects and duration of exposure. Some chemical carcinogens have significant
side effects on the endocrine system, which may also result in hormonal carcinogenesis.
Synthetic hormones and anti-hormones can be expected to possess other pharmacological
and toxicological actions in addition to those on the endocrine system, and in this respect
they must be treated like any other chemical with regard to intrinsic carcinogenic potential.

Quantitative aspects

Dose-response studies are important in the evaluation of carcinogenesis: the confi-
dence with which a carcinogenic effect can be established is strengthened by the observation
of an increasing incidence of neoplasms with increasing exposure.

The assessment of carcinogenicity in animals is frequently complicated by recognized
differences among the test animals (species, strain, sex, age), route(s) of administration
and in dose/duration of exposure; often, target organs at which a cancer occurs and its
histological type may vary with these parameters. Nevertheless, indices of carcinogenic
potency in particular experimental systems [for instance, the dose-rate required under con-
tinuous exposure to haive the probability of the animals remaining tumourless(10)] have
been formulated in the hope that, at least among categories of fairly similar agents, such
indices may be of some predictive value in other systems, including humans.

Chemical carcinogens differ widely in the dose required to produce a given level of
tumour induction, although many of them share common biological properties, which
include metabolism to reactive [electrophilic(11-13)] intermediates capable of interactingA
with DNA. The reason for this variation in dose-response is not understood, but it may be
due either to differences within a common metabolic process or to the operation of qual-
itatively distinct mechanisms.
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Statistical analysis of animal studies

Tumours which would have arisen had an animal lived longer may not be observed
because of the death of the animal from unrelated causes, and this possibility must be
allowed for. Various analytical techniques have been deveioped which use the assumption
of independence of competing risks to allow for the effects of intercurrent mortality on the
final numbers of tumour-bearing animals in particular treatment groups.

For externally visible tumours and for neoplasms that cause death, methods such as
Kaplan-Meier (i.e., ‘life-table’, ‘product-limit’, or ‘actuarial’) estimates(10), with associated
significance tests(14,15), are recommended.

For internal neoplasms which are discovered ‘incidentally’(14) at autopsy but which
did not cause the death of the host, different estimates(16) and significance tests(14,15) may
be necessary for the unbiased study of the numbers of tumour-bearing animals.

All of these methods(10,14-16) can be used to analyse the numbers of animals bearing
particular tumour types, but they do not distinguish between animals with one or many such
tumours. In experiments which end at a particular fixed time, with the simultaneous sacrifice
of many animals, analysis of the total numbers of internal neoplasms per animal found at
autopsy at the end of the experiment is straightforward. However, there are no adequate
statistical methods for analysing the numbers of particular neoplasms that kill an animal.

Evidence of Carcinogenicity in Humans

Evidence of carcinogenicity in humans can be derived from three types of study, the
first two of which usually provide only suggestive evidence: (1) reports concerning individual
cancer patients (case reports), including a history of exposure to the supposed carcinogenic
agent; (2) descriptive epidemiological studies in which the incidence of cancer in human
populations is found to vary (spatially or temporally) with exposure to the agent; and (3)
analytical epidemiological studies (e.g., case-control or cohort studies) in which individual
exposure to the agent is found to be associated with an increased risk of cancer.

An analytical study that shows a positive association between an agent and a cancer
may be interpreted as implying causality to a greater or lesser extent, if the following criteria
are met: (a) there is no identifiable positive bias {By ‘positive bias’ is meant the operation of
factors in study design or execution which lead erroneously to a more strongly positive
association between an agent and disease than in fact exists. Examples of positive bias
include, in case-control studies, better documentation of exposure to the agent for cases than
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for controls, and, in cohort studies, the use of better means of detecting cancer in in-
dividuals exposed to the agent than in individuals not exposed); (b) the possibility of positive
confounding has been considered (By ‘positive confounding’ is meant a situation in which the
relationship between an agent and a disease is rendered more strongly positive than it truly
is as a result of an association between that agent and another agent which either causes or
prevents the disease. An example of positive confounding is the association between coffee
consumption and lung cancer, which results from their joint association with cigarette
smoking); (c) the association is unlikely to be due to chance alone; (d) the association is
strong; and (e) there is a dose-response relationship.

In some instances, a single epidemiological study may be strongly indicative of a cause-
effect relationship; however, the most convincing evidence of causality comes when several
independent studies done under different circumstances result in ‘positive’ findings.

Analytical epidemiological studies that show no association between an agent and a
cancer (‘negative’ studies) should be interpreted according to criteria analogous to those listed
above: (a) there is no identifiable negative bias; (b) the possibility of negative confounding
has been considered; and (c) the possible effects of misclassification of exposure or outcome
have been weighed.

In addition, it must be recognized that in any study there are confidence limits
around the estimate of association or relative risk. In a study regarded as ‘negative’, the
upper confidence limit may indicate a relative risk substantially greater than unity; in that
case, the study excludes only relative risks that are above this upper limit. This usually means
that a ‘negative’ study must be large to be convincing. Confidence in a ‘negative’ result is
increased when several independent studies carried out under different circumstances are in
agreement.

Finally, a ‘negative’ study may be considered to be relevant only to dose levels within
or below the range of those observed in the study and is pertinent only if sufficient time has
elapsed since first human exposure to the agent. Experience with human cancers of known
etiology suggests that the period from first exposure to a chemical carcinogen to development
of clinically observed cancer is usually measured in decades and may be in excess of 30 years.

Experimental Data Relevant to the Evaluation of Carcinogenic Risk to Humans

No adequate criteria are presently available to interpret experimental carcinogenicity
data directly in terms of carcinogenic potential for humans. Nonetheless, utilizing data
collected from appropriate tests in animals, positive extrapolations to possible human risk can
be approximated.
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Information compiled from the first 23 volumes of the /JARC Monographs(17-19)
shows that of the 37 chemicals, groups of chemicals or manufacturing processes now
generally accepted to cause or probably to cause cancer in humans, all but possibly two
(arsenic and benzene) of those which have been tested appropriately produce cancer in at
least one animal species. For several of the chemicals that are carcinogenic for humans
(aflatoxins, 4-aminobiphenyl, diethylstilboestrol, melphalan, mustard gas and vinyl chloride),
evidence of carcinogenicity in experimental animals preceded evidence obtained from epi-
demiological studies or case reports.

In general, the evidence that a chemical produces tumours in experimental animals is
of two degrees: (a) sufficient evidence of carcinogenicity is provided by the production of
malignant tumours; and (b) /imited evidence of carcinogenicity reflects qualitative and/or
quantitative limitations of the experimental results.

For many of the chemicals evaluated in the first 23 volumes of the JARC Monographs
for which there is sufficient evidence of carcinogenicity in animals, data relating to carcino-
genicity for humans are either insufficient or nonexistent. In the absence of adequate data
on humans, it is reasonable, for practical purposes, to regard such chemicals as if they pre-
sented a carcinogenic risk to humans.

Sufficient evidence of carcinogenicity is provided by experimental studies that show
an increased incidence of malignant tumours: (i) in multiple species or strains, and/or (ii)
in multiple experiments (routes and/or doses), and/or (iii) to an unusual degree (with regard
to incidence, site, type and/or precocity of onset). Additional evidence may be provided by
data concerning dose-response, mutagenicity or structure.

In the present state of knowledge, it would be difficult to define a predictable relation-
ship between the dose (mg/kg bw/day) of a particular chemical required to produce cancer in
test animals and the dose which would produce a similar incidence of cancer in humans. The
available data suggest, however, that such a relationship may exist(20,21), at least for certain
classes of carcinogenic chemicals. Data that provide sufficient evidence of carcinogenicity in
test animals may therefore be used in an approximate quantitative evaluation of the human
risk at some given exposure level, provided that the nature of the chemical concerned and the
physiological, pharmacological and toxicological differences between the test animals and
humans are taken into account. However, no acceptable methods are currently available for
quantifying the possible errors in such a procedure, whether it is used to generalize between
species or to extrapolate from high to low doses. The methodology for such quantitative
extrapolation to humans requires further development.
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Evidence for the carcinogenicity of some chemicals in experimental animals may be
limited for two reasons. Firstly, experimental data may be restricted to such a point that it
is not possible to determine a causal relationship between administration of a chemical and
the development of a particular lesion in the animals. Secondly, there are certain neoplasms,
including lung tumours and hepatomas in mice, which have been considered of lesser signifi-
cance than neoplasms occurring at other sites for the purpose of evaluating the carcino-
genicity of chemicals. Such tumours occur spontaneously in high incidence in these animals,
and their malignancy is often difficult to establish. An evaluation of the significance of these
tumours following administration of a chemical is the responsibility of particular Working
Groups preparing individual monographs, and it has not been possible to set down rigid guide-
lines; the relevance of these tumours must be determined by considerations which include
experimental design and completeness of reporting.

Some chemicals for which there is /imited evidence of carcinogenicity in animals have
also been studied in humans with, in general, inconclusive results. While such chemicals may
indeed be carcinogenic to humans, more experimental and epidemiological investigation is
required.

Hence ‘sufficient evidence’ of carcinogenicity and ‘/imited evidence’ of carcinogenicity
do not indicate categories of chemicals: the inherent definitions of those terms indicate
varying degrees of experimental evidence, which may change if and when new data on the
chemicals become available. The main drawback to any rigid classification of chemicals with
regard to their carcinogenic capacity is the as yet incomplete knowledge of the mechanism(s)
of carcinogenesis.

In recent years, several short-term tests for the detection of potential carcinogens have
been developed. When only inadequate experimental data are available, positive results in
validated short-term tests (see p. 23) are an indication that the compound is a potential
carcinogen and that it should be tested in animals for an assessment of its carcinogenicity.
Negative results from short-term tests cannot be considered sufficient evidence to rule out
carcinogenicity. Whether short-term tests will eventually be as reliable as long-term tests in
predicting carcinogenicity in humans will depend on further demonstrations of consistency
with long-term experiments and with data from humans.

EXPLANATORY NOTES ON THE MONOGRAPH CONTENTS
Chemical and Physiical Data (Section 1)
The Chemical Abstracts Service Registry Number, the latest Chemical Abstracts Pri-

mary Name (9th Collective Index)(22) and the IUPAC Systematic Name(23) are recorded
in section 1. Other synonyms and trade names are given, but no comprehensive list is pro-
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vided. Further, some of the trade names are those of mixtures in which the compound being
evaluated is only one of the ingredients.

The structural and molecular formulae, molecular weight and chemical and physical
properties are given. The properties listed refer to the pure substance, unless otherwise speci-
fied, and include, in particular, data that might be relevant to carcinogenicity (e.g., lipid solu-
bility) and those that concern identification. In this volume, ultra-violet spectrometric
data are expressed in a new symbol devised by the International Union of Spectroscopists,
A (1%, 1 cm), i.e., absorbance of a 1% solution examined as a 1-cm layer.

A separate description of the composition of technical products includes available
information on impurities and formulated products.

Production, Use, Occurrence and Analysis (Section 2)

The purpose of section 2 is to provide indications of the extent of past and present
human exposure to this chemical.

Synthesis

Since cancer is a delayed toxic effect, the dates of first synthesis and of first commer-
cial production of the chemical are provided. In addition, methods of synthesis used in past
and present commercial production are described. This information allows a reasonable
estimate to be made of the date before which no human exposure could have occurred.

Production

Since Europe, Japan and the United States are reasonably representative industrialized
areas of the world, most data on production, foreign trade and uses are obtained from those
countries. It should not, however, be inferred that those nations are the sole or even the
major sources or users of any individual chemical.

Production and foreign trade data are obtained from both governmental and trade
publications by chemical economists in the three geographical areas. In some cases, separate
production data on organic chemicals manufactured in the United States are not available
because their publication could disclose confidential information. In such cases, an indica-
tion of the minimum quantity produced can be inferred from the number of companies
reporting commercial production. Each company is required to report on individual
chemicals if the sales value or the weight of the annual production exceeds a specified mini-
mum level. These levels vary for chemicals classified for different uses, e.g., medicinals and
plastics; in fact, the minimal annual sales value is between $1000 and $50,000 and the mini-
mal annual weight of production is between 450 and 22, 700 kg. Data on production in some
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European countries are obtained by means of general questionnaires sent to companies
thought to produce the compounds being evaluated. Information from the completed
questionnaires is compiled by country, and the resulting estimates of production are included
in the individual monographs.

Use

Information on uses is meant to serve as a guide only and is not complete. It is usually
obtained from published data but is often complemented by direct contact with manu-
facturers of the chemical. In the case of drugs, mention of their therapeutic uses does not
necessarily represent current practice nor does it imply judgement as to their clinical
efficacy.

Statements concerning regulations and standards (e.g., pesticide registrations, max-
imum levels permitted in foods, occupational standards and allowable limits) in specific
countries are mentioned as examples only. They may not reflect the most recent situation,
since such legislation is in a constant state of change; nor should it be taken to imply that
other countries do not have similar regulations.

Occurrence

Information on the occurrence of a chemical in the environment is obtained from
published data including that derived from the monitoring and surveillance of levels of the
chemical in occupational environments, air, water, soil, foods and tissues of animals and
humans. When available, data on the generation, persistence and bioaccumulation of a
chemical are also included.

Analysis

The purpose of the section on analysis is to give the reader an indication, rather than a
complete review, of methods cited in the literature. No attempt is made to evaluate critically
or to recommend any of the methods.

Biological Data Relevant to the Evaluation of Carcinogenic Risk to Humans (Section 3)

In general, the data recorded in section 3 are summarized as given by the author;
however, comments made by the Working Group on certain shortcomings of reporting, of
statistical analysis or of experimental design are given in square brackets. The nature and
extent of impurities/contaminants in the chemicals being tested are given when available.
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Carcinogenicity studies in animals

The monographs are not intended to cover all reported studies. Some studies are
purposely omitted (a) because they are inadequate, as judged from previously described
criteria(24-27) (e.g., too short a duration, too few animals, poor survival); (b) because
they only confirm findings that have already been fully described; or (c) because they are
judged irrelevant for the purpose of the evaluation. In certain cases, however, such studies
are mentioned briefly, particularly when the information is considered to be a useful supple-
ment to other reports or when it is the only data available. Their inclusion does not,
however, imply acceptance of the adequacy of their experimental design and/or of the
analysis and interpretation of their results.

Mention is made of all routes of administration by which the compound has been
adequately tested and of all species in which relevant tests have been done(5, 26). In most
cases, animal strains are given [General characteristics of mouse strains have been reviewed
(28)]. Quantitative data are given to indicate the order of magnitude of the effective car-
cinogenic doses. In general, the doses and schedules are indicated as they appear in the
paper; sometimes units have been converted for easier comparison. Experiments in which
the compound was administered in conjunction with known carcinogens and experiments on
factors that modify the carcinogenic effect are also reported. Experiments on the carcino-
genicity of known metabolites, chemical precursors, analogues and derivatives are also inclu-
ded.

Other relevant biological data

Lethality data are given when available, and other data on toxicity are included when
considered relevant. The metabolic data are restricted to studies that show the metabolic
fate of the chemical in animals and humans, and comparisons of data from animals and
humans are made when possible. Information is also given on absorption, distribution,
excretion and placental transfer.

Effects on reproduction and prenatal toxicity

Data on effects on reproduction, teratogenicity, feto- and embryotoxicity from studies
in experimental animals and from observations in humans are also included. There appears to
be no causal relationship between teratogenicity (29) and carcinogenicity, but chemicals
often have both properties. Evidence of prenatal toxicity suggests transplacental transfer,
which is a prerequisite for transplacental carcinogenesis.
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Indirect tests (mutagenicity and other short-term tests)

Data from indirect tests are also included. Since most of these tests have the advantage
of taking less time and being less expensive than mammalian carcinogenicity studies, they are
generally known as ‘short-term’ tests. They comprise assay procedures which rely on the
induction of biological and biochemical effects in in vivo and/or in vitro systems. The end-
point of the majority of these tests is the production not of neoplasms in animals but of
changes at the molecular, cellular or multicellular level: these include the induction of DNA
damage and repair, mutagenesis in bacteria and other organisms, transformation of mammal-
ian cells in culture, and other systems.

The short-term tests are proposed for use (a) in predicting potential carcinogenicity
in the absence of carcinogenicity data in animals, (b) as a contribution in deciding which
chemicals should be tested in animals, (c) in identifying active fractions of complex mixtures
containing carcinogens, (d) for recognizing active metabolites of known carcinogens in human
and/or animal body fluids and (e) to help elucidate mechanisms of carcinogenesis.

Although the theory that cancer is induced as a result of somatic mutation suggests
that agents which damage DNA in vivo may be carcinogens, the precise relevance of short-
term tests to the mechanism by which cancer is induced is not known. Predictions of poten-
tial carcinogenicity are currently based on correlations between responses in short-term tests
and data from animal carcinogenicity and/or human epidemiological studies. This approach
is limited because the number of chemicals known to be carcinogenic in humans is insuff-
icient to provide a basis for validation, and most validation studies involve chemicals that
have been evaluated for carcinogenicity only in animals. The selection of chemicals is in turn
limited to those classes for which data on carcinogenicity are available. The results of valida-
tion studies could be strongly influenced by such selection of chemicals and by the propor-
tion of carcinogens in the series of chemicals tested; this should be kept in mind when
evaluating the predictivity of a particular test. The usefulness of any test is reflected by its
ability to classify carcinogens and noncarcinogens, using the animal data as a standard;
however, animal tests may not always provide a perfect standard. The attainable level of
correlation between short-term tests and animal bioassays is still under investigation.

Since many chemicals require metabolism to an active form, tests that do not take this
into account may fail to detect certain potential carcinogens. The metabolic activation
systems used in short-term tests (e.g., the cell-free systems used in bacterial tests) are meant
to approximate the metabolic capacity of the whole organism. Each test has its advantages
and limitations; thus, more confidence can be placed in the conclusions when negative or
positive results for a chemical are confirmed in several such test systems. Deficiencies in
metabolic competence may lead to misclassification of chemicals, which means that not all
tests are suitable for assessing the potential carcinogenicity of all classes of compounds.
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The present state of knowledge does not permit the selection of a specific test(s)
as the most appropriate for identifying potential carcinogenicity. Before the results of a
particular test can be considered to be fully acceptable for predicting potential carcino-
genicity, certain criteria should be met: (a) the test should have been validated with respect
to known animal carcinogens and found to have a high capacity. for discriminating between
carcinogens and noncarcinogens, and (b), when possible, a structurally related carcinogen(s)
and noncarcinogen(s) should have been tested simultaneously with the chemical in question,
The results should have been reproduced in different laboratories, and a prediction of car-
cinogenicity should have been confirmed in additional test systems. Confidence in positive
results is increased if a mechanism of action can be deduced and if appropriate dose-response
data are available. For optimum usefulness, data on purity must be given.

The short-term tests in current use that have been the most extensively validated are
the Salmonella typhimurium plate-incorporation assay(30-34), the X-linked recessive lethal
test in Drosophila melanogaster(35), unscheduled DNA synthesis(36) and in vitro transform-
ation(34,37). Each is compatible with current concepts of the possible mechanism(s) of car-
cinogenesis.

An adequate assessment of the genetic activity of a chemical depends on data from a
wide range of test systems. The monographs include, therefore, data not only from those
already mentioned, but also on the induction of point mutations in other systems(38-43),
on structural(44) and numerical chromosome aberrations, including dominant lethal effects
(45), on mitotic recombination in fungi(38) and on sister chromatid exchanges(46-48).

The existence of a correlation between quantitative aspects of mutagenic and carcino-

genic activity has been suggested (5,45-51) , but it is not sufficiently well established to
allow general use.

Further information about mutagenicity and other short-term tests is given in
references 46-54.

Case reports and epidemiological studies
Observations in humans are summarized in this section.
Summary of Data Reported and Evaluation (Section 4)

Section 4 summarizes the relevant data from animals and humans and gives the
critical views of the Working Group on those data.
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Experimental data

Data relevant to the evaluation of the carcinogenicity of the chemical in animals are
summarized in this section. The animal species mentioned are those in which the carcino-
genicity of the substance was clearly demonstrated. Tumour sites are also indicated. |f the
substance has produced tumours after prenatal exposure or in single-dose experiments, this
is indicated. Dose-response data are given when available.

Results from validated mutagenicity and other short-term tests and from tests for pre-
natal toxicity are reported if the Working Group considered the data to be relevant.

Human data

Case reports and epidemiological studies that are considered to be pertinent to an
assessment of human carcinogenicity are described. Human exposure to the chemical is
summarized on the basis of data on production, use and occurrence. Other biological data
which are considered to be relevant are also mentioned.

Evaluation

This section comprises the overall evaluation by the Working Group of the carcino-
genic risk of the chemical to humans. All of the data in the monograph, and particularly
the summarized information on experimental and human data, are considered in order to
make this evaluation.
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GENERAL REMARKS ON THE SUBSTANCES CONSIDERED

This twenty-third volume of the JARC Monographs contains evaluations of the
carcinogenicity of arsenic, beryllium, chromium and lead and their compounds. Many
new data have become available since these substances were originally reviewed (bery-
llium and lead: IARC, 1972; arsenic, chromium and organic lead compounds: IARC,
1973). The availability of some data on carcinogenicity or mutagenicity was a pre-
requisite in the selection of the metallic compounds for review in these monographs.

Exceptionally, chemical data have been included for a few widely used compounds
for which there were no biological data: lead tetroxide is the most important compound
in this respect.

Regulatory status

In the statements concerning regulation in each of the monographs, the contents
of the regulations and standards cited are more complex and detailed than is indicated by
the brief descriptions given in the text. Reference to the bibliography and to the original
texts is therefore essential for an appreciation of the meaning of these summaries.
Additionally, as indicated in the preamble (p. 21 ), such legislation changes rapidly, and
that cited in the monographs may not represent the current situation,

Problems in evaluating carcinogenic risk of metals and their compounds

At least two of the metals evaluated are essential trace elements; however, since
they occur in various oxidation states and in compounds which have various solubilities,
single metals may display a wide variety of biological activities.

Metals in the elemental form have the property of retaining their fundamental
identity; accordingly, although they may be altered by natural or technological means,
they may reappear in the biosphere at any time, in biologically important forms.

Metals, and especially those considered in this document, present special problems
with respect to their description and to the extent of human exposure, for a number of
reasons. These metals occur as ores of complex composition, frequently with significant
contamination from other metallic substances, and are often byproducts of the refining
process of related and/or unrelated materials. Production of metals therefore involves
exposure of workers to mixtures of substances, the composition of which depends on the
process used and the composition of the raw materials, both of which may change sig-
nificantly over the years as new techniques are introduced and world markets vary.

33
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Metallic materials occur most frequently industrially as binary (or more complex)
alloys, the biological activity of which may depend on surface properties, morphology,
etc. and which becomes significantly different from that of the pure metal. Since fre-
quently a number of diverse operations take place in a single factory, individual workers
are exposed to material from a wide variety of sources, not only during a single working
day but also over a working lifetime. This situation is, of course, similar in most fac-
tories. Another complicating factor in metal industries is that there is often concomitant
exposure to asbestos.

Many operations within the metal-working industry are dusty, and an extremely
wide range of concentrations is encountered. In secondary processes (such as welding),
the exact nature of the airborne material is frequently unknown, since it is an accidental
byproduct of a particular technological process. Similar remarks are appropriate for
industries producing or using metallic compounds; here the active material may either
be in the form of metallic ions, or in the form of inorganic or organometallic complexes.

Although duration of exposure is frequently short, the possibility of permanent
incorporation in the lung of material of low solubility may produce a hazard of unknown
magnitude, especially in view of the high persistence of some of these materials (e.g.,
calcium chromate). Slow release of some metals may provide a chronic exposure that
could be more carcinogenic than acute extremely high levels. Organic chemicals are often
metabolized by the human system and may become indistinguishable from other organic
compounds; thus, metals are often isolated from organs that may not have been associated
with the original site of entry. It is important to investigate further how these metals may
be incorporated into the human structure and how they may alter enzyme systems and
become part of the living organism. Changes made by the human system to the original
form of the metal may produce new materials that are potentially carcinogenic.

Since deposition, retention (i.e., effectual dose) and biological activity are related to
particle size, type of compound, etc., a correlation of specific carcinogenic effects with
specific exposures may be impossible, in spite of the experimental evidence of carcinogenic
activity. The failure of most epidemiological studies to specify the form (oxidation
state, solubility) of the metal compound under investigation can lead to serious diffi-
culties in the interpretation of data from humans. Studies on arsenic and chromium exem-
plify this problem well. Clarification of this issue is of major importance in public health.

Short-term tests

Short-term tests for the detection of potential carcinogens that are based on muta-
genicity in bacteria are conspicuously unsuccessful in detecting biological activity of
metals, with the exception of hexavalent chromium compounds but including most of the
other substances considered in this volume. Salts of arsenic, beryllium and lead, and chro-
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mium [I1l] compounds at very high doses, cause chromosomal aberrations and morpho-
logical transformation in cultured mammalian cells.

The absence of mutagenicity of arsenic, beryllium, lead and chromium [IIl1] com-
pounds may reflect either technical deficiencies in the bacterial tests or fundamental dif-
ferences in the mechanism of metal carcinogenesis.
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ARSENIC and ARSENIC COMPOUNDS
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Arsenic and inorganic arsenic compounds were first considered by an IARC Working
Group in October 1972 (IARC, 1973). Since that time new data have become available, and
these are included in the present monograph and have been taken into consideration in the

evaluation.

A number of reviews on arsenic and its compounds are available, e.g., those by Fowler
(1977), the National Academy of Sciences (1977) and Woolson (1975a). In addition, the
UNEP/WHO (1980) have completed an Environmental Health Criteria Series draft report on

arsenic.

1. Chemical and Physical Data

1.1 Synonyms, trade names and molecular formulae

Table 1. Synonyms {Chemical Abstracts Services names are given in bold), trade names and atomic or
molecular formulae of arsenic and arsenic compounds

Chemical name

Chem. Abstr.
Reg. Serial No.

Synonyms and trade names

Formula

Arsanilic acid

. a8
Arsenic

Arsenic pentoxideb

98-50-0

7440-38-2

1303-28-2

4-Aminobenzenearsonic acid; para-
aminophenylarsenic acid; amino-
phenylarsine acid; para-aminophenyi-
arsine acid; para-aminophenylarsinic
acid; 4-aminophenylarsonic acid;
para-anilinearsonic acid; para-
arsanilic acid; 4-arsanilic acid;

arsonic acid, (4-aminophenyl)-;
atoxylic acid

Arsanilic acid-100; Premix; Pro Gen;
Pro-Gen 227; Progen 90

Arsen; arsenic black; grey arsenic;
metallic arsenic

Arsenic acid; arsenic acid anhydride;
arsenic anhydride; arsenic oxide;
arsenic oxide [As, O, ] ; arsenic [V]
oxide; diarsenic pentoxide

CoH NH,.
AsO(OH),
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Table 1 (contd)
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Chemical name

Chem. Abstr.
Reg. Serial No.

Synonyms and trade names

Formula

Arsenic sulphide

. .. ..ac
Arsenic trioxide

Arsine

Calcium arsenate

Dimethylarsinic acid

Lead arsenate

1303-33-9

1327-563-3

7784-42-1

7778-44-1

75-60-5

7784-40-9

Arsenic sesquisulphide; arsenic sulfide
[As,S;]; arsenic tersulphide; arsenic tri-
sulphide; arsenic yellow; arsenious sul-
phide; arsenous sulphide; auripigment;
C.1.77086; C.1. pigment yeliow 39; di-
arsenic trisulphide; orpiment

King's Yellow (obsolete, now used for
CdS-Zn0O mixture)

Arsenic oxide [As,0;]; arsenic [I11]
oxide; arsenic sesquioxide; arsenicum
album; arsenious acid; arsenious oxide;
arsenjous trioxide; arsenite; arsenous
acid; arsenous acid anhydride; arsenous
anhydride; arsenous oxide; arsenous
oxide anhydride; crude arsenic; di-
arsenic trioxide; white arsenic

Arsenolite; Arsodent; Claudelite

Arsenic hydrid [AsH, ] ; arsenic hydride;
arsenic trihydride; arseniuretted hydro-
gen; arsenous hydride; hydrogen arsenide

Arsenic acid [H;AsO, ], calcium salt
(2:3); calcium orthoarsenate; tri-
calcium arsenate

Chip-cal; Pencal; Spra-cal

Arsine oxide, hydroxydimethyl-; arsinic
acid, dimethyl-; cacodylic acid; hy-
droxydimethylarsine oxide

Agent Blue; Ansar 138; Arsan; Dilic;
Phytar 138; Phytar 560; Rad-E-Cate 25;
Silvisar 510

Arsenic acid [H;AsO, ], lead (2+) salt
(1:1); acid lead arsenate; acid lead ortho-
arsenate; arsenate of lead; arsinette;

lead acid arsenate; plumbous arsenate;
schultenite; standard lead arsenate

Gypsine; Soprabel; Talbot

As, 5,

As, 0O,

AsH,

Ca;(AsO,),

(CH, ), AsO(OH)

PbHASO,
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Chemical name

Chem. Abstr.
Reg. Serial No.

Synonyms and trade names

Formula

Methanearsonic acid,
disodium salt

Methanearsonic acid,
monosodium salt

. d
Potassium arsenate

Potassium arsenite

144-21-8

2163-80-6

7784-410

13464-35-2

Arrhenal; arsinyl; arsonic acid, methyl-,
disodium salt; disodium methanearsenate;
disodium methanearsonate; disodium
methylarsonate

Ansar 184; Ansar 8100; Ansar DSMA
Liquid; Arsynal; Cacodyl New; Chipco

Crab Kleen; Cralo-E-Rad; Dal-E-Rad 100;

Diarsen; Disomear; Di-Tac; DMA; DMA
100; DSMA; DSMA Liquid; Methar;
Metharsan; Metharsinat; Namate; Neo-
Asycodile; Sodar; Somar; Stenosine;

Tonarsen; Tonarsin; Weed Broom; Weed-

E-Rad; Weed-E-Rad DMA Powder; Weed-
E-Rad 360; Weed-Hoe

Arsonic acid, methyl-, monosodium salt;
monosodium acid methanearsonate;
monosodium acid metharsonate; mono-
sodium methanearsonate; monosodium
methylarsonate; monosodium methyl
arsonate; MSMA; sodium acid
methanearsonate

Ansar 170 H.C.; Ansar 170 L; Ansar
529 H.C.; Arsonate Liquid; Bueno 6;
Daconate 6; Dal-E-Rad; Herb-All;
Merge 823; Mesamate; Mesamate H.C.;
Mesamate Concentrate; Mesamate 400;
Mesamate 600; Phyban H.C.; Silvisar
550; Target MSMA; Trans-Vert; Weed
108; Weed-E-Rad; Weed-Hoe

Arsenic acid [H;AsO,], monopotassium
salt; arsenic acid, monopotassium salt;
monopotassium arsenate; monopotas-
sium dihydrogen arsenate; potassium
acid arsenate; potassium arsenate, mono-
basic; potassium dihydrogen arsenate;
potassium hydrogen arsenate

Macquer’s Salt

Arsenenous acid, potassium salt; ar-
senious acid, potassium salt; arsenious
acid [H;AsO, ], potassium salt; ar-
sonic acid, potassium salt; potassium
metaarsenite

Fowler‘s Solution

CH; AsO(ONa),

CH; AsO(OH)ONa

KH, AsO,

KH(AsO, ),
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Tabie 1 {(contd)

Chem. Abstr.
Chemical name Reg. Serial No. Synonyms and trade names Formula
Sodium arsenate’ 7631-89-2 Arsenic acid, sodium salt; arsenic acid, Na; AsO,
[H;AsO, ], sodium salt; sodium ortho-
arsenate
Sodium arsenite 7784-46-5 Arsenenous acid, sodium salt; arsenious NaAsO,
acid, sodium salt; sodium meta-arsenite;
sodium metaarsenite
Atlas ‘A’; Chem Pels C; Chem-Sen 56;
Kill-All; Penite; Prodalumnol
Sodium cacodylate 124-65-2 Arsine oxide, hydroxydimethyl-, sodium (CH, ), AsO(ONa)j

salt; arsinic acid, dimethyl-, sodium salt;
cacodylic acid, sodium salt; [{dimethyl-
arsino)oxy] sodium-As-oxide; hydroxydi-
methylarsine oxide, sodium salt; sodium
dimethyilarsinate; sodium dimethylarsonate

Alkarsodyl; Arsecodile; Arsicodile; Arsy-
codile; Boll‘s Eye; Phytar 560; Rad-E-
Cate 25; Silvisar

@As, 0, is sometimes erroneously called “arsenic’.

The name ‘arsenic acid’ is commonly used for As, O as well as for the various hydrated products
(H3AsO,, H;AsO,, H, As,0,).

CA52 O, is sometimes called ‘arsenic oxide’, but this name is more properly used for As, O;.
dThe other salts, K; AsO, and K, HAsO,, do not appear to be produced commercially.

€The name ‘sodium arsenate’ is applied to both the disodium and the trisodium salts; it is therefore
not always possible to determine which substance is under discussion.

1.2 Chemical and physical properties of the pure substances

Physical properties of the arsenic compounds considered in this monograph are given,

when available, in Table 2 (from Weast (1977) unless otherwise specified). Information on
solubility is given below.

Arsanilic acid - soluble in hot water, hot ethanol, amyl alcohol and aqueous alkaline carbon-
ates; slightly soluble in acetic acid; insoluble in acetone, benzene, chloroform, diethyl ether
and moderately dilute mineral acids (Windholz, 1976)
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Arsenic - insoluble in water; soluble in nitric acid
Arsenic pentoxide - soluble in water (1500 g/! at 16°C), acids, alkali and ethanol

Arsenic sulphide - soluble in ethanol and alkali; slightly soluble in hot water; insoluble in
cold water (5 x 107 g/l at 18°C); slowly soluble in hot hydrochloric acid (Windholz, 1976)

Arsenic trioxide - soluble in water (37 g/l at 20°C; 101.4 g/l at 100°C), alkali and hydro-
chloric acid

Arsine - soluble in chloroform, benzene and water (200 mi/l); slightly soluble in ethanol and
alkali (Hawley, 1977)

Calcium arsenate - practically insoluble in water (0.13 g/l at 25°C)

Dimethylarsinic acid - soluble in water (829 g/l at 22°C) and ethanol; insoluble in diethyl
ether

Lead arsenate - very slightly soluble in water; soluble in nitric acid

Methanearsonic acid, disodium salt - soluble in water (300 g/l at 25°C) and methanol;

practically insoluble in organic solvents (Spencer, 1973)

Methanearsonic acid, monosodium salt - soluble in water (570 g/l at 25°C) and methanol;
insoluble in organic solvents (Spencer, 1973)

Potassium arsenate - soluble in water (190 g/l at 6°C), glycerine (525 g/l), acids and ammonia;
insoluble in ethanol

Potassium arsenite - soluble in water; slightly soluble in ethanol

Sodium arsenate - the dodecahydrate is soluble in water (389 g/l at 15.5°C), ethanol (16.7
g/1) and glycerine (500 g/l at 15°C)

Sodium arsenite - very soluble in water; slightly soluble in ethanol

Sodium cacodylate - very soluble in water (200 g/l at 15-20°C); soluble in ethanol (400 g/! at
25°C) and 90% ethanol (1000 g/! at 15-20°C)



Table 2. Physical properties of arsenic and arsenic compounds'

a

Atomic/molecular Melting-point Boili%g-point Density

Chemical name weight (°c) (°c (g/cm3) Crystal system

Arsanilic acid 217.07 232 - 1.95712° monoclinic needles from
water or ethanol

Arsenic 74.92 817 (28 atm.) 613 (sublimes) 5.727'% hexagonal, rhombic

(triple-point)

Arsenic pentoxide 229.84 315 (dec.) — 4.32 amorphous

Arsenic sulphide 246.04 300 707 3.43 yellow or red monoclinic needles
(change from yellow to red at
~170°C)

Arsenic trioxideb 197.84 312.3 4GSC 3.738 amorphous or vitreous

Arsine 77.95 1135 55 (dec. 230)f 2.695 (gas)? colourless gas

1.689%4% (liq.)

Calcium arsenate 398.08 - — 3.62 amorphic powder

Dimethylarsinic acid 138.00 200 - — prism

Lead arsenate 347.12 720 (dec.) - 5.79 monoclinic leaves

N d d . d
Methanearsonic acid, 183.9 132-139 — - crystalline
disodium salt
Methanearsonic acid, 161 .Qd 115-1 19d — - crystallined

monosodium salt

144
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Table 2 (contd)

Atomic/molecular Melting-point Boiling-point Density
Chemical name weight (°c) (°c) (g/cm3) Crystal system
Potassium arsenate 180.04 288 - 2.867 tetrahedral
Potassium arsenite 254.8 - - - powder
Sodium arsenate 423.93 86.6 - 1.762-1.804 trigonal or hexagonal prism
dodecahydrate
Sodium arsenite 129.91 - - 1.87 powder
Sodium cacodylate 159.98°¢ 200f — crystallineh

4FErom Weast (1977), unless otherwise specified
bVapour pressure 0.653 (200°C) (National Academy of Sciences, 1977)

€van Thoor (1968)

dSpencer (1973)

®Midwest Research Institute (1975)
fHawley (1977)

gSpecific gravity (air = 1)

h Berg (1979)

SANNO4NOD JIN3SHY Pue JINISHY
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1.3 Technical products and impurities

Arsanilic acid is available in the US from one supplier, with a specification of 98% min.
purity (Tridom/Fluka Company, 1979).

Commercial arsenic is available in the US as a technical grade, with a typical purity of
99%, and as a high purity grade for semiconductor use, with a purity of 99.999+%
(Carapella, 1978). It is available in Japan in a grade of 98% purity.

Arsenic pentoxide has been available in the US as a technical grade. Aqueous solutions
of various concentrations are sold for use as cotton defoliants and wood preservatives.

Arsenic sulphide is available in the US from one supplier in three grades: optical grade,
99.999% active; optical grade, glass, unspecified purity; and powder, 99% active (Atomergic
Chemetals Company, undated).

Arsenic trioxide is available in the US as a 95% pure crude grade and as a 99% pure
refined grade (Carapella, 1978). It is available as a 1% solution in about 5% hydrochloric
acid and in 2 mg tablets (Modell, 1977). It was also available commercially as a paste (Wade,
1977).

Arsine is available in the US either alone or in a mixture with an inert carrier gas. Ty-
pical products are an electronic grade (liquid phase), 99.995% pure (hydrogen-free basis):
a preparation in hydrogen, of light-emitting diode purity, containing <1 ppm each of nitro-
gen, oxygen, water and methane; and arsine in ultra-high purity background gases (Dopant
Mixtures), containing concentrations of 5-1000 ppm, 1001-7500 ppm, 0.76-1.5% and 1.6-
4.5% arsine, with argon, helium, hydrogen and nitrogen as background gases. The usual im-
purities in these products are hydrogen and, sometimes, air (Matheson Co., Inc., 1979).
Arsine is also available in the US from another supplier in Grade 2.5 (chemically pure, 99.5%);
Grade 4.5 (electronic}), 99.995% min., containing <2 ppm phosphine; and Grade 2.5 or
Grade 4.5 in mixtures with argon, helium, hydrogen and nitrogen, containing concentrations
of 5-1000 ppm, 1001-5000 ppm, 1%, 5%, 10% and 15% arsine (Airco Industrial Gases, 1973).

Commercial calcium arsenate contains 61% calcium arsenate and 9% calcium arsenite
(National Academy of Sciences, 1977) and an excess of lime and calcium carbonate (Metcalf,
1966).

Dimethylarsinic acid is available as a technical grade, containing 65% active ingredient
and the following possible impurities: sodium chloride (Midwest Research Institute, 1975),
sodium sulphate, methylarsonic acid and arsenic acid. Commercial formulations as concentr-
ated water solutions may contain sodium cacodylate, the monosodium salt of methylarsonic
acid and surfactants (Berg, 1979).
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Lead arsenate is available as acid lead arsenate, which contains 33% arsenic pentoxide
(van Thoor, 1968). It has been available in the US as a wettable powder (94-98% of the
chemical), as a dust and as a paste. Lead arsenate available in Japan contains more than 32%
arsenic pentoxide.

Methylarsonic acid, disodium salt is available for farm applications as a solution con-
taining added surfactant (Berg, 1979).

Methylarsonic acid, monosodium salt is available for farm applications as a technical
grade in combination with a surfactant, or in combination with sodium cacodylate, dimethyl-
arsinic acid and a surfactant (Berg, 1979; Weed Science Society of America, 1979).

Potassium arsenate has been available in the US as a purified grade and a reagent grade.

Potassium arsenite is available from chemical reagent suppliers in a purified grade. [t
is also available in a 1% aqueous solution known as Fowler’s solution (Modell, 1977).

Sodium arsenate has been available in the US as technical and chemically pure grades.

Sodium arsenite is available commercially in the US as a pure grade of 95-98% purity,
and as a technical grade of 90-95% purity (Windholz, 1976). It was previously available in
the US as an analytical grade powder, as powders containing 90 and 94% of the chemical and
as solutions containing various levels (A 0.25% solution was available for use as a livestock
dip, but most solutions contained 40-44% active ingredient).

Sodium cacodylate is available for farm applications as concentrated solutions, as a 25%

solution with surfactant, in combination with dimethylarsinic acid or in combination with
methanearsonic acid, monosodium salt and surfactant (Berg, 1979).

2. Production, Use, Occurrence and Analysis

2.1 Production and use
ARSANILIC ACID
fa) Production
Arsanilic acid was known as Bechamp’s ‘arsenic anilide’ until 1907, when it was fully

characterized (Ehrlich & Bertheim, 1907). It is produced commercially by the same process
used prior to 1907, i.e., by heating aniline with arsenic pentoxide.
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Currently, three companies in the US produce arsanilic acid; however, separate data
on US production, imports and exports are not reported. It is also believed to be produced
by one company in France and by one in the UK, although it may be produced elsewhere as
well.

(b} Use

Arsanilic acid is used as an intermediate in the production of a variety of medicinal com-
pounds, including N-carbamoylarsanilic acid (an antiprotozoan) and arsphenamine (used in
the treatment of syphilis). It is used as an antiinfectant to treat: (1) haemorrhagic dysentery
and vibrionic dysentery in swine, at levels of 230-360 g/ton of feed (Ladwig, 1978); and (2)
protozoan coccidiosis in poultry, at a level of 0.04% in feed (Pomeroy, 1978). Arsanilic acid
is also used as a growth promoter, at a level of approximately 90 g/ton of feed, for swine and
poultry (Woolson, 1975b).

ARSENIC
(a) Production

The preparation of elemental arsenic by reduction of arsenic compounds was first des-
cribed by Paracelsus in about 1520 A.D. (Windholz, 1976). Arsenic is prepared commercially
either by reduction of arsenic trioxide with charcoal or by direct smelting of the minerals
arsenopyrite (FeAsS) and loellingite (FeAs,) (Carapella, 1978). In Japan, it is prepared
commercially by sublimation and reduction of purified arsenic trioxide, although small
amounts are made by chlorination of arsenic trioxide and reduction with hydrogen.

Arsenic was produced commercially in the US during the World Wars on a temporary
basis and has been produced on a regular basis only since 1974 (Carapella, 1978); there is
currently only one US producer and production data are not reported (see preamble, p. 20).
Almost all of the 485 thousand kg of arsenic metal used in the US in 1971 was imported
from Sweden. US imports of metallic arsenic in 1978 were 335 thousand kg; about 97%
came from Sweden, and the remaining 3% from Canada, the Federal Republic of Germany,
Japan and the UK. US imports of unspecified arsenic compounds in 1978 were 429 thousand
kg: 61% came from France, 31% from the UK, 8% from the Federal Republic of Germany,
and very small quantities from other countries (US Bureau of the Census, 1979a).

Japanese prod_uction of arsenic began prior to 1945. Approximately 7000 kg of a
99.999% pure grade were produced in 1978 and between 200-300 thousand kg of a 98% pure
grade. Combined exports of arsenic and arsenic trioxide in 1978 were approximately 6000
kg.
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Production of arsenic in Sweden in 1979 was 850 thousand kg. Available information
indicated that arsenic is also produced by one company in France, two in the Federal Re-
public of Germany and two in the UK, although it may be produced elsewhere as well.

(b) - Use

An approximate use pattern for arsenic in the US in 1971 has been reported as follows:
alloying additive, 90%; electronic devices, 7%; and veterinary medicines, 3%. Metallic
arsenic is currently used in alloys in combination with lead and copper, in semiconductor
devices and in low-melting glasses (Carapella, 1978).

In Japan, arsenic is used as an alloying additive in the automotive industry and in semi-
conductors.

ARSENIC PENTOXIDE
{a) Production

Arsenic pentoxide was discovered in 1775 as a product of the reaction of arsenic tri-
oxide with nitric acid (Mellor, 1947). It is manufactured commercially by the oxidation of
arsenic trioxide with nitric acid followed by the dehydration of the intermediate crystailine
orthoarsenic acid hydrate (Doak et a/., 1978).

There are believed to be 4 producers of arsenic pentoxide in the US. Separate data
on US production, imports and exports are not reported, although total annual US produc-
tion (exclusive of material used as a nonisolated intermediate) has probably not exceeded
681 thousand kg and imports are negligible.

Arsenic pentoxide, reported as arsenic acid (H;AsO,), was produced in Japan since
before 1945. Production in 1973 was about one million kg but declined to between 400 and
500 thousand kg in 1978; 4000 kg of arsenic acid were imported in 1978, all from the
Federal Republic of Germany, and 6000 kg of arsenic acid and arsenic trioxide were exported
to Korea and Taiwan.

Production of arsenic pentoxide in Sweden in 1979 was 710 thousand kg. Available
information indicated that arsenic pentoxide is also produced by one company in the Federal

Republic of Germany and by three companies in the UK, although it may be produced
elsewhere as well.
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(b) Use

Virtually all of the arsenic pentoxide or arsenic acid that is not used as an intermediate
in the production of metal arsenates is reported to be used as a preharvest defoliant on cotton
and as an ingredient in formulated wood preservatives. It can be used as an oxidizing agent
(Doak et al., 1978).

About 50% of the total arsenic pentoxide used in Japan before 1976 was as an inter-
mediate in the production of lead arsenate. Of the 400-500 thousand kg of arsenic pentoxide
(reported as arsenic acid) used in Japan in 1978, 90% was used for wood treatment and 10%
as an intermediate in the production of sodium arsenate.

ARSENIC SULPHIDE
{a) Production

Naturally-occurring arsenic sulphide, orpiment, was mentioned by Aristotle (van Thoor,
1968). It is not known when commercial production of arsenic sulphide began; current
methods include either heating a mixture of arsenic trioxide and elemental sulphur or passing
hydrogen sulphide through a solution of a trivalent arsenic compound in dilute hydrochloric
acid (Doak et a/., 1978).

There is currently one producer of an undisclosed amount of high-purity arsenic sul-
phide in the US (see preamble, p. 20). Arsenic sulphide is also believed to be produced by
one company in the Federal Republic of Germany, although it may be produced elsewhere as
well.

(b) Use

Arsenic sulphide is used: (1) for dehairing skins in tanning, (2) as a pigment, (3) in
the manufacture of pyrotechnics and semiconductors, and (4) in the manufacture of infra-
red lenses and glass. Pigment applications are now almost negligible, since suitable synthetics
of lower inherent toxicity have been developed. Recently, arsenic sulphide crystals have been
evaluated for applications such as infra-red-transmitting glass, semiconductors and optical
waveguides.

ARSENIC TRIOXIDE
{a) Production
Arsenic trioxide was prepared in the first century A.D. by roasting arsenic sulphides

(van Thoor, 1968). It is prepared commercially by recovery from copper or lead smelter flue
dusts, which may contain as much as 30%. Condensation of the flue dust produces crude
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arsenic (90-95% arsenic trioxide), and resubliming produces white arsenic (99% arsenic tri-
oxide). All arsenic trioxide in Japan, as well as minor quantities in the US is obtained from
the roasting of arsenopyrite (FeAsS) (Carapella, 1978).

US production of arsenic trioxide in 1968 was estimated to be 3.5 million kg from
domestic ores and 3.86 million kg from imported ores. Only one company currently
produces arsenic trioxide, and separate production data are not reported (see preamble, p.
20). US imports of arsenic trioxide were 22.9 million kg in 1968, but dropped to 14.9
million kg in 1971 and to 9.35 million kg in 1978, when 49% came from France, 25% from
Mexico, 22% from Sweden, and the remaining 4% from Belgium, Canada, the UK, the Federal
Republic of Germany and Japan (US Bureau of the Census, 1979a). Separate US export data
have not been available since 1947. In 1978, 4.1 million kg were produced in Mexico (US
Bureau of Mines, 1979).

Japanese production of arsenic trioxide, which began before 1945, amounted to 50
thousand kg in 1978, down from 200 thousand kg in 1973. In 1978, imports (primarily from
France, the People’s Republic of China and Sweden) were 750 thousand kg, and combined
exports of arsenic trioxide and arsenic were approximately 6000 kg.

Arsenic trioxide is produced by three companies in France, and one in each of the
Federal Republic of Germany, Portugal, Spain, Sweden and the UK. In 1978, 6.9 million kg
were produced in France and 6.8 million kg in Sweden; it was also produced in south-west
Africa (7.3 million kg) and in other areas of the world (9.4 million kg), to give an estimated
world production, excluding the US, of arsenic trioxide in 1978 of 34.5 million kg (US
Bureau of Mines, 1979). In 1979, 8 million kg were produced in Sweden.

(b) Use

The use pattern for arsenic trioxide in the US in 1968 was estimated as follows: pesti-
cides, 77%; glass, 18%; industrial inorganic chemicals, 4%; medicine, 1%. The use pattern
in 1974 was: pesticides, 70%; glass and glassware, 20%; miscellaneous (including industrial
chemicals, copper and lead alloys, and pharmaceuticals), 10% (Jiler, 1975). That in recent
years (1975-1978) was: manufacture of agricultural chemicals (pesticides), 82%; glass and
glassware, 8%; industrial chemicals, copper and lead alloys, and pharmaceuticals, 10% (US
Bureau of Mines, 1979). Total annual US consumption of arsenic trioxide is an average of
27 million kg (US Occupational Safety & Health Administration, 1978).
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The major use of arsenic trioxide in the US is as an intermediate in the synthesis of
arsenical pesticides such as calcium, lead and sodium arsenates, sodium arsenite, and arsenic
pentoxide. Arsenic trioxide compositions have been used as insecticides for dormant appli-
cation on grapes, in insecticidal dips for goats and sheep, and, in combination with mercuric
chloride, in fungicides for treating fenceposts. It was formerly used in baits for the control of
grasshoppers and rodents (Berg, 1979).

The refined compound is used in the production of bottleglass and other types of
glassware. It is used to prepare arsenic metal for use in copper and lead alloys (Carapella,
1978). Arsenic trioxide is also used in the purification of synthesis gas and in the manu-
facture of pigments.

In pharmaceutical applications (including veterinary use) it is used primarily for the
manufacture of organic arsenical compounds, which are effective against sleeping sickness,
and of arsanilic acid, which is used as a feed additive to promote the growth and health of
chickens. Arsenic trioxide has been used in dental practice, as a paste with cocaine or mor-
phine, for treatment of tooth cavities prior to filling (Wade, 1977). Solutions (e.g., Fowler’s
solution) and tablets containing arsenic trioxide are occasionally used in the treatment of
leukaemia as a haematinic and in the treatment of some skin diseases (Modell,1977) (see also
potassium arsenite). So-called ‘asiatic pills’ containing 0.08 g arsenic trioxide, were also used
in the treatment of skin diseases (Neubauer, 1947).

In Japan, more than 794 thousand kg arsenic trioxide were used in 1978, primarily for
intermediate uses.

ARSINE
{a) Production

Arsine was discovered in 1775 by Scheele. Early preparation schemes included the re-
duction of arsenous or arsenic acid, the electrolysis of solutions of arsenous compounds and
the action of water or dilute acids on metallic arsenides. It is now produced commercially
either by the reaction of aluminium arsenide with water or hydrochloric acid or by the
electrochemical reduction of arsenic compounds in acid solutions.

At present, two companies in the US produce an undisclosed amount of arsine (see
preamble, p. 20). It is believed that there are also two producers of arsine in Belgium and one
each in the Federal Republic of Germany and Italy, although it may be produced elsewhere
as well.
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(b) Use

Most arsine is used, either as a pure gas or in mixtures with an inert background gas,
in the electronics industry in the manufacture of certain semiconductor components (e.g.,
gallium arsenide). It has also reportedly been used by the military as a poison gas (Hawley,
1977).

CALCIUM ARSENATE
(a) Production

Calcium arsenate was prepared in 1881 by heating a mixture of arsenic trioxide and
lime (Mellor, 1947). It is prepared commercially by adding a solution of arsenic acid to milk
of lime (van Thoor, 1968).

US production of calcium arsenate [70% Ca,; (AsO,),] in 1942 was 38.1 million kg and
in 1971, 409 thousand kg (US Bureau of the Census, 1976). No production data have
been reported since 1971, although at least one US company produced calcium arsenate in
1978 (see preamble, p. 20). US imports in 1978 were 31.8 thousand kg, all of which came
from Canada (US Bureau of the Census, 1979a). Separate US export data are not reported.
Available information indicated that calcium arsenate is also produced by one company in
each of France, Spain and the UK, although it may be produced elsewhere as well.

(b) Use

Calcium arsenate was first used as an insecticide in 1907 (Metcalf, 1966). Until 1960
it was used in the US on cotton for control of the boll weevil {[where it is more effective than
lead arsenate (National Academy of Sciences, 1977)] and of cotton-leaf worm (Carapelia,
1978). It can be used for treatment of turf and lawns to control crabgrass, annual bluegrass,
chickweed and certain soil insects, including Japanese beetle grubs (Berg, 1979). It has also

been used as a pesticide on fruits, vegetables and potatoes (National Academy of Sciences,
1977).

Bordeaux mixture, a preparation containing 1-2% copper sulphate and calcium hydr-
oxide and used since 1880 against fungal infections of vines, has been fortified with calcium
arsenate (4 mg/ml) since 1917 (lvankovic et a/., 1979) (see also lead arsenate).
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DIMETHYLARSINIC ACID

(a) Production

Dimethylarsinic acid was prepared in 1843 by the oxidation of cacodyl oxide using
air or aqueous mercuric oxide (Prager et al., 1922). It is prepared commercially by the
alkylation of methanearsonic acid, disodium salt with methyl chloride, followed by addition
of hydrochloric acid (Midwest Research Institute, 1975).

US production of dimethylarsinic acid was first reported in 1960 (US Tariff
Commission, 1961), and one company currently produces an undisclosed amount (see
preamble, p. 20). Separate data on imports and exports are not reported.

Available information indicated that dimethylarsenic acid is also produced by two
companies in France, although it may be produced elsewhere as well.

(b) Use

Dimethylarsinic acid was introduced as a herbicide in 1958 (Midwest Research Institute,
1975), and total US consumption in 1978 is estimated to have been 1.27 million kg. The use
pattern in 1973 was as follows: nonselective weed control (including directed application in
nonbearing citrus orchards), 52%; cotton defoliation, 42%:; miscellaneous uses (including
lawn renovation and unregistered uses), 5%; and forest management, 1% (Midwest Research
Institute, 1975). Now dimethylarsinic acid is used as a silvicide, a nonselective herbicide and
in cotton defoliation (Berg, 1979) and dessication. It was used as a crop destruction agent in
Vietnam under the name Agent Blue (National Academy of Sciences, 1977).

LEAD ARSENATE

{a) Production

Lead arsenate is prepared by reacting a suspension of lead oxide (litharge) with arsenic
acid or reacting a solution of a lead salt (e.g., lead nitrate) with disodium arsenate (van Thoor,
1968).
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Combined US production of acid and basic lead arsenate in 1944 was 41.2 million kg;
by 1970 it had declined to 1.89 million kg; production of lead arsenate was 2.8 million kg
in 1971 and 1.79 million kg in 1973 (US Bureau of the Census, 1978a). Two US companies
currently produce an undisclosed amount (see preamble, p.20). In 1977, 100 thousand kg
were imported, all from the Republic of Korea (US Bureau of the Census, 1978b); exports in
1978 were 19.7 thousand kg (US Bureau of the Census, 1979b).

Available information indicated that lead arsenate is also produced by two companies in
each of France and the UK and by one in each of the Federal Republic of Germany, italy and
Spain, although it may be produced elsewhere as well.

(b) Use

Lead arsenate was first used in the US in 1892 for the control of the gypsy moth,
Porthetria dispar (Metcalf, 1966). It was also used against the codling moth (e.g., in apple
orchards) and other chewing insects (e.g., cotton boll weevil) and apparently found wide-
spread use for insect control on tobacco. It was used extensively in the control of fruit
insects, but it has been replaced in much of this use by synthetic organic chemicals (Berg,
1979). Current US consumption as an insecticide is negligible.

Lead arsenate is used in veterinary drugs for sheep and goats (National Academy of
Sciences, 1977).

Outside the US, lead arsenate is used as an insecticide on fruit trees, vegetables, rubber,
coffee, cocoa, grapefruit and as a herbicide in the treatment of turf (Berg, 1979). Bordeaux
mixture originated in France as a spray to control the downy mildew disease, Peronospora
viticola, of grapes, in about 1882, and was first used in the US in 1887. It is produced by
mixing 9.5-12 g/l hydrated lime (calcium hydroxide) and 486.5 g/l copper sulphate in cold
water to produce a colloid which remains in suspension for several hours and which when
sprayed on foliage covers the leaves with a thin, tenacious film which gradually produces solu-
ble copper. By the addition of lead arsenate or DDT, a mixture is made that is widely used to
prevent and cure fungal and insect plant diseases on many crops (Metcalf, 1966).

In Japan, 530 kg of lead arsenate were used in 1971 and 300 thousand kg in 1976, all
of which was imported.

METHANEARSONIC ACID, DISODIUM SALT
(a) Production

Methanearsonic acid, disodium salt is prepared commercially by the reaction of sodium
arsenite with methyl chioride.
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US production was first reported in 1955 (US Tariff Commission, 1956). Although
there are presently three US producers, separate production data are no longer reported (see
preamble, p. 20). In 1978, US exports of methanearsonic acid and its salts (primarily to
Venezuela and Argentina) amounted to 618 thousand kg; exports of herbicide preparations
containing methanearsonic acid or its salts (primarily to Brazil) were 1.33 million kg (US
Bureau of the Census, 1979b).

No information was available on whether methanearsonic acid and its salts are produced
elsewhere.

{b) Use

Methanearsonic acid, disodium salt is used as a selective postemergence herbicide; 679
thousand kg were used in the US in 1978. It was first used for cotton weed control in 1961.

It can also be used for weed control on drainage ditch banks and in storage yards (Berg,
1979).

METHANEARSONIC ACID, MONOSODIUM SALT
{a) Production

Methanearsonic acid, monosodium salt was prepared in 1883 by reacting sodium
arsenite and methyl iodide in an aqueous alcohol solution (Prager et a/., 1922). It is prepared
commercially from methanearsonic acid, disodium salt.

US production of methanearsonic acid, monosodium salt was first reported in 1967 (US
Tariff Commission, 1969); there are currently two US producers, but production data are
not reported (see preamble, p. 20). In 1978, US exports of methanearsonic acid and its salts
(primarily to Venezuela and Argentina) amounted to 618 thousand kg; exports of herbicide
preparations containing methanearsonic acid or its salts (primarily to Brazil) were 1.33
million kg (US Bureau of the Census, 1979b).

No information was available on whether methanearsonic acid and its salts are produced
elsewhere.
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(b) Use

In 1978, 4.85 million kg of methanearsonic acid, monosodium salt were used in the US.
It is used as a herbicide for controlling weeds (Carapella, 1978) and can also be used for weed
control on ditch banks, rights-of-way, storage yards and other non-crop areas as well as to
control crabgrass and broadleaf in turf (Berg, 1979). Use of methanearsonic acid, mono-
sodium salt in the US in 1975 is estimated to have been as follows: industrial and commer-
cial herbicide uses, 64%; weed control in cotton fields, 26%; and lawns and turf, 10%.

POTASSIUM ARSENATE
(a) Production

Impure potassium arsenates were first prepared in 1589 by heating a mixture of arsenic
trioxide and potassium nitrate (Mellor, 1947). Potassium arsenate has been prepared comm-
ercially by the reaction of arsenic acid with potassium hydroxide (van Thoor, 1968).

One US company reported production of an undisclosed amount (see preamble, p.20)
in 1979. Separate data on imports and exports are not reported. Available information
indicated that potassium arsenate is also produced by one company in each of Italy and the
UK, although it may be produced elsewhere as well.

(b) Use

Potassium arsenate is not believed to be used commercially in the US at present, al-
though it has been reported to be useful in fly baits, for preserving hides, in textile printing
and as a laboratory reagent.

POTASSIUM ARSENITE
(a) Production

Potassium arsenite was prepared in 1848 by boiling potassium hexaarsenite in a solu-
tion of potassium carbonate (Mellor, 1947). It is reportedly prepared for medicinal uses by
the reaction of arsenic trioxide with potassium bicarbonate.

Production in the US is believed to be limited to a very small quantity produced by a
few companies specializing in laboratory chemicals and analytical reagents (Pfaltz & Bauer,
Inc., 1976). Separate data on production, imports and exports are not reported.
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Available information indicated that potassium arsenite is produced by two companies
in the UK and one in Italy, although it may be produced elsewhere as well.

(b) Use

Potassium arsenite (also known as Fowler’s solution)! is a haematinic that has been used
as a temporary medication for treatment of chronic myelogenous leukaemia. It is also used
to treat certain skin lesions (Modell, 1977) and it was formerly used for the treatment of
dermatitis herpetiformis and eczema (Wade, 1977). In veterinary medicine, it has reportedly
been used in the treatment of pulmonary emphysema, chronic cough, anaemia, general
debility and chronic skin disease in horses, cattle and dogs.

Although Fowler’s solution is not generally deemed acceptable for widespread use, it
should be noted that it is still listed in the /nternational Pharmacopoeia (WHO, 1977).

SODIUM ARSENATE

fa) Production

Sodium arsenate was prepared in 1821 by crystallization of sodium hydroarsenate from
a solution of arsenic acid and sodium carbonate and subsequent treatment with an excess of
sodium carbonate (Mellor, 1947). It is probably prepared commercially by treating arsenic
pentoxide or arsenic acid with sodium hydroxide.

US annual production of sodium arsenate in 1968 was estimated to have been slightly
greater than the amount imported, which had averaged 138 thousand kg during the previous
five years. Separate production data are not reported, however. In 1978, 300 kg were im-
ported from the Federal Republic of Germany (US Bureau of the Census, 1979a).

1 Fowler’s solution may have various compositions. One typical preparation contains 1% arsenic tri-

oxide, 1% potassium hydroxide solution, 2.8% dilute hydrochloric acid and chloroform in water (concen-
tration unspecified) (Wade, 1977).
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Japanese production of sodium arsenate in 1978 was approximately 60 thousand kg.
Available information indicated that sodium arsenate is also produced by two companies in
France, one in each of the Federal Republic of Germany and ltaly and three in the UK, al-
though it may be produced elsewhere as well.

. (b} Use

The major uses of sodium arsenate are believed to be in the formulation of wood preser-
vatives known as Wolman salts and Boliden salts and as an insecticide in ant killers and animal
dips.

SODIUM ARSENITE
(a) Production

Sodium arsenite is produced commercially by the reaction of arsenic trioxide with
sodium hydroxide. Four US companies currently produce it, but separate data on pro-
duction, imports and exports are not reported. Available information indicated that it is also
produced by one company in each of Belgium, Italy, Spain and the UK and by two in France,
although it may be produced elsewhere as well.

(b) Use

In 1954, about 2 million kg of sodium arsenite were used in the US; in 1975, 45.4
thousand kg were used in herbicides. It has been used as a herbicide since 1890 (National
Academy of Sciences, 1977); however, in mid-1971 such use of sodium arsenite was
drastically restricted in the US by government regulations. Preparations containing very low
percentages of sodium arsenite are still permitted for ant control. The major application of
sodium arsenite is still thought to be for herbicidal and pesticidal purposes, even though it
has been gradually replaced in most of these areas by more efficient organic pesticides with

lower mammalian toxicity. It is used mainly for weed control in industrial areas (Berg,
1979).

Sodium arsenite has been used in cattle and sheep dips, for debarking trees and for
aquatic weed control (Carapella, 1978). It has also been used to destroy trees and stumps, in
baits for grasshoppers, for armyworm and cutworm control and in soil treatment against
termites (Berg, 1979).
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Sodium arsenite has reportedly been used as an inhibitor of the corrosion caused in oil-
well piping when oil wells are acidized with hydrochloric acid. In 1970, it was reported that
454 thousand kg were used for this purpose in the US, although organic inhibitors were said
to be gradually replacing sodium arsenite.

It has reportedly been used as an intermediate in the production of arsenic-containing
medicinals, arsenical soaps for taxidermists, copper acetoarsenite (Paris Green, a mosquito
larvicide) and copper arsenite. Other applications are in wood preservation, pigments, hide
preservation and textile dyeing. No information was available on the quantities used in
these applications.

SODIUM CACODYLATE
fa) Production

Sodium cacodylate was obtained in 1842 by treatment of methylarsine oxide with
methyl iodide and sodium hydroxide in methyl alcohol (Prager et al., 1922). It is prepared
commercially by the alkylation of methanearsonic acid, disodium salt with methy! chloride
(Midwest Research Institute, 1975).

One US company reported production of an undisclosed amount (see preamble, p. 20)
in 1979. Separate data on imports and exports are not reported. Available information indi-
cated that sodium cacodylate is also produced by two companies in France, although it may
be produced elsewhere as well.

(b) Use

Sodium cacodylate can be used as a herbicide in general weed control, for sod and turf

renovation, for edging along pathways and on ornamental shrubs and nonbearing citrus trees
(Berg, 1979).

2.2 Regulatory status (see also preamble, p. 21)

The WHO international standard (WHO, 1971), the WHO European standard (WHO,
1970), the European Community standard (EEC, 1975a), the US standard (US Environmental
Protection Agency, 1976), as well as the Japanese standard (Ministry of Health & Welfare,
1978) for inorganic arsenic in drinking-water is 0.05 mg/l. In the European Community, a
limit of 0.01, 0.05 or 0.1 mg/| is set for the characteristics of surface water intended for the
abstraction of drinking-water, depending on the quality (physical, chemical or microbio-
logical characteristics) of the surface water (EEC, 1975b). Effluent limitation guidelines for
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arsenic established in the US require that any process waste water discharged from copper
smelting facilities and from primary copper refining facilities may not contain a concen-
tration of arsenic exceeding the maximum daily limit of 20 mg/l or an average daily limit of
10 mg/l for 30 consecutive days. Process waste water from copper refining facilities dis-
charged from a point source located in an area where the precipitation rate exceeds the
evaporation rate during a one-year period may not contain a concentration of arsenic ex-
ceeding the maximum daily limit of 0.04 kg/kg of product or an average daily limit of 0.02
kg/kg of product for 30 consecutive days (US Environmental Protection Agency, 1975).

US effluent guidelines and standards for organometallic pesticide chemicals require that
there should be no discharge of process waste water containing arsenic to navigable waters
(US Environmental Protection Agency, 1978).

in the US, a permissible exposure limit at work of 10 ug/m?3 As, averaged over an 8-hour
period, has been established for inorganic arsenic (all inorganic compounds containing arsenic
except arsine, lead arsenate and calcium arsenate); the equivalent limit for calcium arsenate is
1 mg/m3, that for arsine, 0.2 mg/m3, and that for organic arsenic, measured as As, 0.5
mg/m?® (US Occupational Safety & Health Administration, 1979). The TRK (Technical
Guideline) limit for inorganic arsenic in the Federal Republic of Germany is 0.2 mg/m3 As.

The maximum allowable workplace air concentrations for arsenic and its compounds (as
As) are 0.3 mg/m?® in the USSR, the German Democratic Republic and Czechoslovakia;
and 0.05 mg/m? in Sweden (Winell, 1975). In Japan, the maximum allowable workplace air
concentration for arsenic trioxide is 0.5 mg/m? and that for arsine 0.2 mg/m? (Japanese
Society of Industrial Hygiene, 1978).

The US Food and Drug Administration regulates use of arsenic in veterinary medicine
for nonfood animals and as a food additive in swine and poultry. Tolerances based on
toxicity have been established for arseni¢ (measured as arsenic trioxide) in cotton hulls (0.9
mg/kg), in kidney and liver of horses and cattle (2.7 mg/kg), and in meat, fat and meat
products of cattle and horses (0.7 mg/kg) (interagency Regulatory Liaison Group, 1978).
Maximum permitted levels of arsenic in feed stuffs are also set at the European Community
level, 2 mg/kg, except for meal made from grass, dried lucerne, dried clover, dried sugar beet
pulp and dried molasses sugar beet pulp (EEC, 1974, 1976).

The US Food and Drug Administration has also set tolerances for residues of arsenic-con-
taining pesticides (Jelinek & Corneliussen, 1977); these are summarized in Table 3.

Lead arsenate has been prohibited from use as an insecticide in Japan since 1977.
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Table 3. Tolerances for residues of arsenic-containing pesticides

Code Fed. Regul., Title 40

Pesticide

Tolerance

Part 180.192

180.194

180.196
180.289

180.311

180.335

Calcium arsenate

Lead arsenate

Sodium arsenate

Methanearsonic acid,
monosodium salt

Methanearsonic acid,
disodium salt

Dimethylarsinic acid

Sodium arsenite

3.5 mg/kg as As, O, ; numerous fruits
and vegetables

7 mg/kg as lead; numerous fruits and
vegetables

1 mg/kg as lead; citrus fruits
3.5 mg/kg as As, O, ; grapes

0.7 mg/kg as As, O, ; cottonseed

0.35 mg/kg as As, O, ; citrus fruit

2.8 mg/kg as As, O, ; cottonseed

1.4 mg/kg as As, O, ; beef kidney and
liver

0.7 mg/kg as As, O;; cattle meat, fat
and by-products, other

2.7 mg/kg as As, O, ; beef and horse
kidney and liver

0.7 mg/kg as As, O, ; beef and horse
meat, fat and by-products, other

9From Jelinek & Corneliussen (1977)

2.3 Occurrence

The occurence of arsenic and arsenic compounds in environmental samples was re-
viewed by the National Academy of Sciences (1977). The flow of arsenic in Sweden (Lindau,
1977) is presented schematically in Figure 1.
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(a) Natural environment

Arsenic is widely distributed in the earth’s crust, where it occurs in over 150 minerals.
Its terrestrial abundance is approximately 5 mg/kg, although higher concentrations are
associated with sulphide deposits: soils overlying sulphide ore deposits commonly contain
several hundred mg/kg arsenic, and levels up to 8000 mg/kg have been reported. Sedimentary
iron and manganese ores as well as phosphate rock deposits occasionally contain up to 2900
mg/kg arsenic (Carapella, 1978; National Academy of Sciences, 1977).

Arsenic constitutes 7-11% of the gold ores of Sweden and 2-3% of lead and copper ores
(Carapella, 1978). It is also found in the ores used in tin smelting, zinc refining and cobalt
smelting. The usual arsenic content of coal is about 25 mg/kg (Walsh & Keeney, 1975), an
average of 14 mg/kg has been reported in US coal (Drever et a/., 1977)

Of the arsenic compounds included in this monograph, only three are known to occur in
nature in mineral form: these are arsenic trioxide as arsenolite, lead arsenate as shultenite,
and arsenic sulphide as orpiment. Although arsine does not occur naturally, it is formed
when any inorganic arsenic-bearing material is brought into contact with zinc and sulphuric
acid. It may, therefore, be formed accidentally by the reaction of arsenic impurities in com-
mercial acids stored in metal tanks (Doak et a/., 1978).

(b) Air

Measurements mac‘ie in 1950, 1953, 1961 and 1964 at 133 US stations showed average
arsenic contents ranging from below the limit of detection to 750 ng/m3; the average for
all stations was about 30 ng/m3. A level of 20 ng/m? was reported to be the average for US
urban areas and the maximum in nonurban areas in 1968-1969, with most values <10 ng/m3
(National Academy of Sciences, 1977). In 1974, annual average levels of <0.5-12 ppt (1.5-
37 ng/m3) were reported in air from 7 sites in the UK (Cawse, 1975). Air samples from an
industrial area of Osaka, Japan in 1970 contained 25-90 ng/m3 (National Academy of
Sciences, 1977).

Arsenic trioxide and elemental arsenic are released into the atmosphere as by-products
of the primary smelting of nonferrous ores, which contain up to 3% arsenic. In 1907, during
an accident, the rate of emission of arsenic trioxide at a smelter in Anaconda, Montana, was
26,884 kg/day (National. Academy of Sciences, 1977). During 1961 and 1962, the ambient
air concentration of arsenic in Anaconda was 0-2500 ng/m3 (Suta, 1978). In 1962, air
samples from a US gold smelter were found to contain 0.06-13.0 mg/m?3 arsenic (Vallee,
1973). In Sweden, the air emission of arsenic from copper and lead smelters in 1979 was 40
thousand kg; due to the fact that previous production was higher, emissions in 1973 were 65
thousand kg.
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During 1973 and 1974, atmospheric arsenic concentrations near 12 nonferrous smelters
ranged from below detection to 0.854 ug/m3. Those at secondary nonferrous smelters are
insignificant (less than 0.003 ug/m3). Large cities generally have a higher atmospheric arsenic
concentration than do small cities because of emissions from coal-fired power plants; how-
ever, US power-plant emissions do not add appreciably to nominal urban background con-
centrations (Suta, 1978).

Arsenic emissions from pesticide manufacturing processes are 137-363 thousand kg/yr
(depending upon the degree of control used by the industry); average ambient air concen-
trations at pesticide plants are between 0.003-0.8 ug/m3 (Suta, 1978).

Because arsenic compounds are used for weed control and as dessicants for cotton, dust
and gases emitted from cotton gins contain arsenic. At one US cotton gin in 1964, concen-
trations of airborne arsenic were 0.6-141 ug/m3 46-91 metres from the gin (National
Academy of Sciences, 1977). In 1974, atmospheric concentrations of arsenic measured at
sites 300 metres from several cotton gins producing 5 bales of cotton per day were estimated
to be 0.256 ug/m3 for gins with uncontrolled emissions and 0.037 ug/m3 for gins with well-
controlled emissions; at gins producing 20 bales per day, concentrations were 1 ug/m?3
for uncontrolled gins and 0.148 ug/m3 for controlled gins. Atmospheric concentrations at
sites 50 metres from cotton gins range from 1.804 ug/m3 for well-controlled emissions
(production of 5 bales per day) to 28.995 ug/m3 for uncontrolled emissions (production.
of 20 bales per day) (Suta, 1978). The burning of cotton trash from cotton gins is another
source of arsenic emissions, although the amounts released are not known (National
Academy of Sciences, 1977).

Emissions of arsenic can result from the manufacture of glass, primarily from the glass-
melting furnace: the arsenic volatilizes during glass melting and condenses on particulates.
Uncontrolled arsenic emissions as high as 15 g/kg have been reported during the manufacture
of lead glasses and 25 g/kg during the manufacture of borosilicate glasses (Suta, 1978).

{c) Cigarette smoke

Human exposure to arsenic occurs from tobacco smoke when the tobacco has been
sprayed with arsenical pesticides. From 1932 to 1951, the arsenic content of US cigarettes
had risen from 12.6 to 42 ug/cigarette. By 1969, levels in US cigarettes had declined to an
average of 7.7 ug/g tobacco; however, as recently as 1966, Peruvian tobacco contained levels
of arsenic as high as 22 ug/cigarette (Fishbein, 1976).
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(d} Occupational exposure

The greatest worker exposure to arsenic occurs in the smelting of nonferrous metal
in which arseniferous ores are commonly used (Utidjian, 1974). It has been estimated
that 1.5 million workers are potentially exposed to inorganic arsenic compounds produced
in this way (Fishbein, 1976; National Institute for Occupational Safety & Health, 1975).
Gafafer (1964) listed 78 occupations in which there is potential exposure to arsenic; and 37
occupations in which there is potential exposure to arsine have been listed (US Department
of Health, Education, & Welfare, 1964).

Birmingham et al/. (1965), reporting an outbreak of arsenical dermatosis, estimated that
40 thousand kg of arsenic and 100 thousand kg of sulphur dioxide were burned off daily
from a gold-smelting plant in which the dust collecting system failed to operate at the ex-
pected 90% efficiency. Average hourly exposure levels for 12 work areas within a copper
smelter were reported to range from O in the engineering building and warehouse areas to
22.0 ug/m? in the reverberatory furnace areas. The overall average was 7.38 ug/m? (National
Institute for Occupational Safety & Health, 1975).

A study of a large smelter population reported by Lee & Fraumeni (1969) classified
work areas in terms of relative arsenic exposures. Exposure in the arsenic roaster areas was
classified as ‘heavy’: levels ranged from 0.10-12.66 mg/m3® As. Exposures in the rever-
beratory area, treater building and loading area were classified as ‘medium’, with levels
ranging from 0.03-8.2 mg/m3 As. Exposures in other areas of the plant that were classified
as ‘light” were to levels ranging from 0.001-1.2 mg/m3 As.

In 1945, Watrous & McCaughey reported on conditions in a pharmaceutical factory
manufacturing arsphenamine and related compounds from the basic intermediate arsanilic
acid. In the manufacturing department, exposures varied from 0.002-0.60 mg/m3 As,O,
(approximately 0.0015-0.456 mg/m® As), with an overall average of 0.17 mg/m3 As,0O,
(0.129 mg/m3 As). In the packaging division, air concentrations ranged from 0.007-0.28
mg/m? As,0; (0.005-0.213 mg/m? As), with a mean of 0.065 mg/m*® As, O, (0.049 mg/m3
As).

Perry et al. (1948) conducted clinical and environmental investigations at a sheep-dip
factory during 1945 and 1946. On 5 occasions over a 12-month period, general room
samples were collected in the packing room, in the drying room, in the sieving room and near
the kibbler operator; median concentrations were 0.071, 0.254, 0.373 and 0.696 mg/m?3 As,
respectively. Combining all air samples (30 samples), the workers’ exposure ranged from
0.058-4.038 mg/m?> As, with a mean of 0.562 and a median of 0.379 mg/m? As. The level of
4.038 mg/m3® was almost 4 times higher than the next highest level (1.051 mg/m3? As).
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Urinary arsenic levels were reported for exposed and nonexposed workers employed in
a smelter (Pinto & McGill, 1953). In 147 samples from 124 nonexposed workers, the mean
urinary arsenic level was 0.13 mg/l As, with 4 samples reported as containing 0.4 mg/! As or
more; in 835 samples from 348 men exposed to arsenic trioxide dust, the average urinary
level was 0.82 mg/l As, and 7 samples contained 4.0 mg/l As or more. The urinary level for
the ‘nonexposed’ workers is consistent with that reported by Watrous & McCaughey (1945)
for 13 persons with no known arsenic exposure, although other studies have shown con-
siderably lower normal urinary arsenic levels [see section 2.3(/)].

Arsenic levels in the urine of smelter workers exposed to airborne arsenic trioxide
(0.001-12.66 mg/m3) ranged from 60-480 ug/! (National Institute for Occupational Safety &
Health, 1975). Smith et al. (1977) reported urinary concentrations of total arsenic ranging
from 24.7-66.1 ug/l in copper smelter workers exposed to airborne arsenic at levels of 8.3-
52.7 ug/m3. The urine contained four types of arsenic: arsenite, arsenate, methylarsonic
acid and dimethylarsinic acid. The levels of these compounds were directly related to levels
of arsenic exposure; dimethylarsinic acid in urine (17-64.1 ug/l) showed the closest cor-
relation with airborne arsenic levels.

Butzengeiger (1940) examined 180 vinedressers and cellarmen with symptoms of
chronic arsenic intoxication. Arsenical insecticides were used in the vineyards, and workers
reportedly were exposed not only when spraying but also by inhaling arsenic-containing dusts
and plant debris when working in the vineyards. The homemade wine consumed by most of
the workers was also believed to be contaminated with arsenic. Urinary arsenic levels, given
in terms of arsenic trioxide per litre of urine, ranged from 0.1-0.8 mg/!; levels in hair ranged
from 0.012-0.1 mg/g.

The effects of lead arsenate on orchard workers were studied from 1937 to 1940.
Arsenic concentrations in the air were found to be highest when the workers were burning
the pesticide containers (16.7 mg/m3); next highest were during mixing of the pesticide
(1.85 mg/m3), then picking the fruit (0.88 mg/m3), then spraying (0.14 mg/m3) and then
thinning the fruit (0.08 mg/m3) .(National Academy of Sciences, 1977). Tarrant & Allard
(1972) found urinary arsenic levels of up to 0.93 mg/! in forestry workers using the mono-
sodium salt of methanearsonic acid, compared with a level of up to 0.14 mg/l in the urine of
nonexposed controls.

fe) Water and sediments

Arsenic occurs widely in natural waters. The arsenic contents of a variety of water
bodies and several examples of unusually high arsenic levels are given in Table 4.
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Table 4. Total arsenic content of water samples from various sources’
Water sample Location ug/l As
Rainwater UsA 0.82-17
Japan 0.01-13.9
Lakes Searles Lake, CA, USA 198,000-243,000
California, USA 0-2000
USA 0.1-117
Japan 0.16-1.9
Greece 1.1-54.5
Rivers Fox, USA (polluted) 100-6000
Sugar Creek, USA (polluted) {10-1100
USA 0.25-180
Japan (40 rivers) 0.25-7.7
Federal Republic of Germany 3.1-25
Waikato, New Zealand 5-100
Waiotapu Valley, New Zealand trace-276,000
Sweden 0.204
Canals Florida, USA {10-20
Wells Minnesota, USA (contaminated) 11,800-21,000
USA 0-2000
Canada 0.5-7.5
Taiwan 800
10-1820°
Springs Sebrenica, Yugoslavia 4607
California, USA
Kamchatka, USSR 130-1000
New Zealand
Algeria
Iceland
Wyoming, USA
Thermal springs Alaska, California,
Nevada & Wyoming, USA 20-3800
Iceland
Drinking-water Cordoba, Argentina traces-1490
Groundwater Modena Province, Italy 3.0-5.0
Subsurface Modena Province, Italy (0.4-2.1
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Table 4 (contd)

Water sample Location ugll As
Glacial ice Sweden 2.0-3.8
Antarctica 0.60-0.75
Unspecified Chile 800
Aomori Prefecture, Japan 30-3950

2From National Academy of Sciences (1977)
bErom Tseng (1977); Tsenget al. (1968)

In spite of its ubiquitousness in nature, most arsenic in water is added through industrial
discharges; the highest concentrations other than those occurring naturally in spring waters
are usually in areas of high industrial activity. For example, in 1970, the arsenic content of
79% of 727 samples of US surface water was less than 10 ug/l. Only 2% of the samples
contained more than 50 ug/l, and the highest concentration (1100 ug/!) was found down-
stream from a plant making arsenic compounds (Durum et a/., 1971). Similarily, in 1974,
levels of 1.5-2.0 ug/l arsenic were reported in the waters of Puget Sound, Washington, except
for levels as high as 1000 ug/l within a few miles of a large copper smelter releasing about 272
thousand kg of arsenic into the atmosphere in stack dust and about the same amount in
liquid effluent directly into Puget Sound (Safe Drinking Water Committee, 1977). Arsenic
emissions to the Gulf of Bothnia off Sweden were 150 thousand kg in 1979; however, in
1973, when production levels were about twice the present ones, emissions to the Gulf
amounted to 1.5 million kg.

Natural sources of arsenic in fresh waters include the erosion of surface rocks and
volcanism. Although groundwater normally contains low levels of arsenic, averaging around
1 ug/l, waters of hot springs have been found to contain up to 13,700 ug/l and fumarolic
gases up to 700 ppb (21.5 ug/m3) (Safe Drinking Water Committee, 1977). For example,
arsenic was discharged into a creek from certain California hot springs at levels up to 1000
ug/l (Eccles, 1976). The concentration was diluted, however, as the water flowed into the
Los Angeles water supply, where concentrations were only about 30 ug/I.

Whanger et al. (1977) found that levels of up to 2000 ug/! in Oregon well-water were
associated with volcanic rock deposits. Elevated levels of arsenic in groundwater have been
attributed to its occurrence in bedrock, its dissolution in sulphide minerals upon oxidation
and to the natural occurrence of arsenopyrite with gold, waste rock and tailings from gold
mines {(Grantham & Jones, 1977).
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Arsenic can also be added to freshwater systems through waste waters containing deter-
gent products, which may contain levels as high as 70 mg/l (Angino et al., 1970). Sandhu
et al. (1978) suggested that leachings from septic tanks were responsible for arsenic contam-
ination of well water.

Johnson & Pilson (1972) found average arsenic concentrations of 0.028 ug/l in the sur-
face water and 0.044 ug/! in the deep water of the western North Atlantic Ocean. Studies of
the vertical distribution of arsenate, which is 2-4 times more abundant that arsenite in sea-
water, in the Atlantic and Pacific Oceans show increased amounts with depth. It has been
suggested that marine organisms, which take up arsenate, may be responsible for the down-
ward transport of arsenic in the sea. Braman (1975) has reported arsenate levels of 1.45 ug/I
in saline bay water and 1.29 ug/l in tida! flat water; arsenite levels were 0.12 ug/| in the bay
water and 0.62 ug/! in the tidal fiat.

Arsenate in both fresh and salt water is metabolized by bacteria and fungi to methylated
compounds, predominantly dimethylarsinic acid (Woolson, 1977); and Braman & Foreback
(1973) have reported arsenates, arsenites, methylarsonic acid and dimethylarsinic acid in
natural waters to a total level as arsenic of 0.25-3.58 ug/I.

Arsenic levels in sediments from various locations ranged from 0.1-306 mg/kg As in the
USA, 0-93.4 in Japan, 0-310 in the Rhine delta in The Netherlands and <2-5000 in the UK.
Sediments from contaminated bodies of water contained up to 66,700 mg/kg As (National
Academy of Sciences, 1977).

Kobayashi & Lee (1978) reported accumulations of up to 549 mg/kg arsenic in the sedi-
ment of lakes that had been treated with sodium arsenite as an aquatic herbicide.

(f) Soil and plants

Arsenic is found in detectable amounts in nearly all soils. In surveys of US soils, arsenic
levels ranged from 0.2-40 mg/kg in uncontaminated soils (rarely more than 10 mg/kg) and up
to 550 mg/kg in arsenic-treated soils (Walsh & Keeney, 1975).

Arsenic was reported to have accumulated to 2500 mg/kg in a fine soil containing high
concentrations of hydrous iron and aluminium oxides or their cations. Little arsenic accumu-
lates in sandy soils low in iron and aluminium compounds. |t may be leached downward in
sandy soils, although leaching is unlikely in heavier soils (National Academy of Sciences,
1977).
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Soils are contaminated with arsenic by the use of pesticides, from smelting operations,
from the burning of cotton wastes and from fallout from the burning of fuel. Concentrations
of 194-389 mg/kg have been found in the top 15 cm of orchard soils that had been treated
with lead arsenate pesticide from the early 1900s (National Academy of Sciences, 1977).
Concentrations as high as 2553 mg/kg occur in the soil of orchards. The amount of arsenic
that reaches the soil from inorganic arsenicals used as pesticides is decreasing, however,
because the use of sodium arsenite as a defoliant has decreased in recent years, and lead
arsenate has been replaced by carbamates and organophosphates (Walsh et al., 1977).

Organoarsenicals, such as dimethylarsinic acid, methanearsonic acid, monosodium and
disodium salts, and sodium cacodylate are adsorbed by clay soils. After rapid initial ad-
sorption, changes occur which result in the redistribution of dimethylarsinic acid into a less
soluble form associated with aluminium in the soil. Downward leaching of the methane-
arsonic acid salts has also been reported (Hiltbold, 1975). The methanearsonic acid salts and
dimethylarsinic acid are fixed by iron and aluminium in the soil, although not as strongly as
inorganic arsenate (National Academy of Sciences, 1977).

Arsenic accumulates in soil around smelters: soil samples within 1.6 km of a smelter
stack contained 150 mg/kg arsenic, and the content decreased with distance from the stack.
Levels as high as 380 mg/kg near smelters have also been reported (National Academy of
Sciences, 1977).

The arsenic content of plants seldom exceeds a few mg/kg unless the plant or soil in
which it grows has been treated with an arsenic compound. Highest levels in untreated and
treated plants found in one survey were as follows (in mg/kg dry weight): cereals, 5 and 252;
vegetables, 22.7 and 334; fruits, 2.4 and 1200; trees, 8000 and 1000: forage crops, 7.15
and 860; moss, 4 and 99; seaweed, 109 and 71.4; and aquatic plants (New Zealand), 13 and
1450. In grass treated with sodium arsenite, levels of 938-1462 mg/kg were found; and in
grass treated with lead arsenate and arsenic trioxide, 15,000-60,000 mg/kg were observed
(National Academy of Sciences, 1977).

There is wide variability in the relationship between the arsenic content of soil and that
of plants. Alfalfa and grasses grown on a soil containing 2.5 mg/kg arsenic had 20-30 mg/kg
on a dry weight basis. However, peas and beans grown in soil containing 126-157 mg/kg
contained only 2.1 mg/kg in the vines and 0.88 mg/kg in the pods (National Academy of
Sciences, 1977). In general, soil arsenic is well correlated with the arsenic concentration in
the whole plant; but because plants tend to exclude arsenic from seeds and fruits, soil
samples are not reliable predictors of concentrations likely to be found in edible plant tissue
(Waish et al., 1977).
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Tobacco leaves showed a decrease in arsenic content when arsenicals were removed from
the list of recommended insecticides for use on tobacco. When no arsenic was applied to soil,
tobacco generally contained less than 2 mg/kg. Vegetables grown in soils containing high
concentrations of applied arsenic trioxide did not have a significant arsenic content; how-
ever, vegetables grown in lead arsenate-treated soils generally showed increased arsenic levels
with increasing amounts of applied arsenic. No significant arsenic residues are found in
cottonseed when the sodium and disodium salts of methanearsonic acid are applied after
the cotton has reached a height of 7.6 cm and before early bloom (National Academy of
Sciences, 1977).

Vegetation growing in soils near smelters which contained elevated levels of arsenic
(due to air emissions) have elevated arsenic contents: e.g., 3.3 mg/kg in fresh sunflower
leaves and 14.3 mg/kg in fresh barley straw (National Academy of Sciences, 1977).

When sodium arsenite was used as an aquatic herbicide in a Wisconsin lake, elevated
arsenic concentrations were found in aquatic vegetation. A single sample of Cladophora con-
tained 1258 mg/kg arsenic (dry weight), and fresh shoots of mature Myriophyl/lum stems con-
tained between 228 and 261 mg/kg (dry weight).

fg) Food

The World Health Organization calculated that the average total arsenic intake from diet
in 1973 for Canada, the UK, the US and France varied from 25-33 ug/kg bw if all the dietary
components contained acceptable amounts (WHO, 1973).

Other reports have suggested that arsenic is present in the US diet at levels of 0.05-
0.16 mg/kg (wet weight). The daily dietary intakes of arsenic as arsenic trioxide in the US
in 1967 and 1969 was calculated to have been 0.137 and 0.330 mg/person (Fishbein, 1976);
by 1974, the average US daily intake of arsenic (as arsenic trioxide) had been reduced to 20
ug/day because of the decreased use of arsenical pesticides on food crops. The US Food and
Drug Administration Total Diet Surveys from 1967 to 1974 reported that the highest levels
of arsenic in the US food supply were in seafood, with a mean level of 1.4 mg/kg (as arsenic
trioxide) in finfish (Jelinek & Corneliussen, 1977). Tinned seafood products have been found
to have the following arsenic contents {in mg/kg): clams, 15.9; oysters, 16.0; smoked
oysters, 45.8; lobsters, 22.1; and shrimp, 19.9 (National Academy of Sciences, 1977).

A survey in the UK indicated the following levels of arsenic in food (in mg/kg): cereals,
0.18; fats, 0.05; fruits and preserves, 0.07; root vegetables, 0.08; milk, 0.05; meat, 0.10;
and fish, 2.0. In 1971, Canadian food products were reported to contain lower levels of
arsenic, with only root vegetables and garden fruits having average arsenic levels greater than
0.0i mg/kg (National Academy of Sciences, 1977).
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(h) Animals

Although arsenic is present in all animals, domestic animals generally contain less than
0.3 mg/kg (wet weight basis), while wild animals have been reported to contain levels of up
to 1 mg/kg. Animals that have been fed arsenic show higher concentrations in tissues: 0.29-
0.92 mg/kg in pigs, 0.01-2.43 mg/kg in chickens and trace levels up to 3.0 mg/kg in rabbits.
The hair of horses living close to a smelter exhaust stack and eating locally grown hay has
been reported to contain up to 5.9 mg/kg (National Academy of Sciences, 1977).

(i) Marine organisms

Marine organisms are exposed only to the low levels of arsenic found in the sea and
bodies of freshwater; however, they contain the highest arsenic concentrations (0.01-198
mg/kg) of all animals. Crustaceae generally have the highest arsenic concentrations; the
following levels have been reported (in mg/kg): shrimp, 0.95-41.6; clams, 0.36-18.0;
prawns, 10.5-130.5; oysters, 0.3-62.5; lobsters, 0.02-54.5; scallops, 27.0-63.8; mussels,
0.01-89.2; and crawfish, 0.8-54.6. Fish oil contains more arsenic than most tissues, e.g.,
the arsenic content of the liver oil of black bass ranged from 7.37-77.31 mg/kg. Ocean fish
generally have higher arsenic contents than freshwater fish, ranging up to 24.3 mg/kg for cod
(National Academy of Sciences, 1977).

Lunde (1974) has reported arsenic levels in various fish species to range from 0.2-72.5
mg/kg. He also reported that marine organisms synthesize water- and lipid-soluble arseno-
organic compounds from inorganic arsenic and that levels greater than 100 mg/kg of organic
arsenic may be present, whereas inorganic arsenic levels rarely exceed 1 mg/kg.

(j) Human tissues and secretions

Total human body arsenic content is between 3 and 4 mg and tends to increase with age.
With the exception of hair, nails and teeth, most body tissues contain less than 0.3 mg/kg;
the concentrations of arsenic found in normal human body tissues and in the tissues of

persons exposed to a variety of arsenic sources are summarized in Table 5 (National Academy
of Sciences, 1977).

The normal arsenic content of urine reportedly can vary from 0.1 to 1.0 mg/l (National
Academy of Sciences, 1977). Schrenk & Schreibeis (1958) reported an average of 0.08 mg/!
As based on 756 specimens from 29 persons with no known exposure; Perry et a/. (1948) re-
ported a mean of 0.085 mg/l for 54 controls; and Webster (1941) reported an average of
0.014 mg/l As based on samples from 43 adults and children. Whanger et al. (1977) reported
levels of arsenic in the blood of Oregon residents ranging from 10-360 ug/l. The highest con-
centrations occurred in blood from people living in areas where there is arsenic-rich water.
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High urinary arsenic levels have been found in people living downwind from a US
smelter producing arsenic trioxide (Fishbein, 1976). Yoakum (1976) found that mean
arsenic concentrations in the urine of children living near copper smelters ranged from 11.9-
115.3 mg/l. Milham & Strong (1974) measured the urinary arsenic levels of children down-
wind from a smelter and found that arsenic levels decreased with distance from the smelter:
levels were 0.3 mg/l at a distance of 0-0.4 miles, and 0.02 mg/! at a distance of 2.0-2.4 miles.

2.4 Analysis (see also preamble, p. 21)

Methods of analysis for arsenic and its compounds in environmental samples have been
reviewed (Brown & Button, 1979; Henry et al., 1979; Lauwerys et al., 1979; Lewis, 1977;
National Academy of Sciences, 1977; Talmi & Feldman, 1975).

Typical methods of analysis for determining levels of arsenic in environmental samples
are summarized in Table 6. Abbreviations are: AAS, atomic absorption spectrometry;
AES, atomic emission spectrometry; FAAS, flameless atomic absorption spectrometry;
GC, gas chromatrography; ICP-AES, inductively coupled plasma-atomic emission spectros-
copy; NAA, neutron activation analysis; SSMS, spark source mass spectrometry; UV,
ultra-violet spectrometry; X-RF, X-ray fluorescence.
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Table 5. Concentrations of arsenic in mg/kg

exposed to arsenic

75

Arsenic concentration
(mg/kg)
Tissue Normal Exposed Exposu re?
Hair 0.3-1.75 .
Distal 0.79
Proximal 0.032.1.92 . .
(3.0 0.4-816 1
0.997 3.58 2
Brain 0.0012.0.14
. 1.0-1.4 3
- 1.9 4

Teeth 0.003-0.635 . -

Oesophagus - 168 4

Thyroid 0.06-0.13 . -
0.001-0.314? . .
0.003-0.332¢ . -

- 0.002-0.093 2

Lung 0.08-0.17 -

- 2.32.6 3

. 20.0 4
0.006-0.5147 . .
0.006-0.038 -

Heart - 64.0 4
0.002-0.078° . .
0.001-0.016 -

Liver 0.09-0.30 - -

- 4.4-6.9 3
- 12.8-143 4
0.005-0.246°

Kidney 0.07-0.14 -

- 0.4-1.3 3
] 15.8-92 4
. 81 4
0.002-0.363° : .
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Arsenic concentration

Tissue Normal Exposed Exposure?
Pancreas 0.07 -
94 4
0.005-0.41° : :
Bladder 0.06
Gallbladder 41 4
Stomach 0.04 -
- 0.1-0.3 3
Walls 5-246 4
Contents 5-8836 4
0.003-0.104° :
Intestine 0.07 - -
Small - 132 4
Large 259 4
Spleen 0.08-0.13 - -
0.56-2.2 3
- 12.8 4
0.001-0.132° . .
Bone 0.16-0.50 -
Calvarium 59-61 (in ash) -
Rib 20-27 (in ash) - -
Nail 1.70 -
0.04-0.11 7.1-17.8 5
0.02-2.90b -
- 20-130
Blood 0.82-3.0
0.01-0.59 - -
- 5.0 4
0.001-0.920b - -
0.01-0.13 0.03-0.27 7
Women, venous 0.06-1.44 .
Menstrual 0.18 - .
Serum 0.000-0.0028 .
Skin 0.009-0.59b
Spinal cord - 20.6 4
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Table b (contd)
Arsenic concentration
(mg/kg)
Tissue Normal Exposed Exposurea

Urine 0.01-0.22 0.04-0.9 1
0.000-0.11 -

) 27.2 4
Uterus 0.010-0.188b -

Membrane 45,6 - -
Aorta 0.003-0.570° . .
Adrenal 0.002-0.2937 - .
Breast 0.030-0.2217 i
Muscle, pectoral 0.012:0.431° .

Ovary 0.013-0.260° :
Prostate 0.010-0.090? .

41, industrial; 2, pollution; 3, arsine; 4, poisoning; 5, arsenic polyneuritis ; 6, aerosol treatment;

7, feeding

b Dry weight



Table 6. Analytical methods for arsenic and arsenic compounds

Sample matrix

Sample preparation

Assay procedure

Sensitivity or limit
of detection

Reference

Inorganic or total arsenic

Air

Arsenic trioxide

Water
As(l11)

Collect on filter; wet ash with nitric
and perchloric acids; solubilize in
nitric acid; pipette into graphite tube

Collect on filter; wet ash with nitric
and sulphuric acids; convert to tri-
valent arsenic with potassium iodide and
stannous chloride; reduce to arsine with
zinc in an arsine generator

Sample at 3 {/min for 3 min; dissolve
filter paper in sodium hydroxide

Dilute; purge with nitrogen; treat
with hydrochloric acid; add zinc;
reduce to arsine

Digest with nitric acid and hydrogen
peroxide; stabilize with nickel nitrate

Use the enzyme glyceraldehyde-3-
phosphate dehydrogenase

Adjust pH to 3; add sodium hydrogen
sulphate; boil; neutralize and boil

FAAS

Visible spectro-
photometry

uv

Visible spectro-
photometry

FAAS

Fluorescence

Differential pulse
polarography

Working range:
0.1-1.3 mg/m3 air

0.0004 mg/m?3

>0.0006 mg/m3

0.001 mg/i

0.078 mg/!

0.02 mg/!

0.007-0.02 g/l

SRI International (1976)

Kneip et al. (1976)

Snyder & 1sola (1979)

Clement & Faust (1973)

Fisher (1977)

Goode & Matthews (1978)

Henry et al. (1979)

8L
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Table 6 (contd)

Sample matrix

Sample preparation

Assay procedure

Sensitivity or limit
of detection

Reference

Soils and plants

Food and beverages

Wines, fruit juices,
raisins, rice, shellfish,
beef liver

Biological samples

Beef extract

Homogenize; irradiate; dissolve in per-
chloric and nitric acids; add hydrogen
fluoride; add perchloric acid; pass
through stannous dioxide.column

Wet ash with nitric and perchloric acids;
add hydrochloric acid, potassium iodide

and stannous chloride; add pyridine solu-

tion of silver diethyldithiocarbamate;
generate arsine

Irradiate; wash with sulphuric, nitric,
hydrochioric and hydrobromic acids;
distill; precipitate arsenic sulphides with
acetamide

Dry ash with magnesium nitrate; rinse
with hydrochloric acid; reduce to arsine
with sodium borohydride in an arsine
generator

Irradiate; oxidize with nitric and sulphuric

acids; through a series of reactions preci-
pitate a MgNH, AsO, complex

NAA

Spectrophoto-
metry (535 nm)

NAA

AAS

NAA

0.01 mg/kg

0.02 mg/|
{beverages)

0.02 mg/kg
(foods)

0.06 ug/kg

Gills (1977)

Burke & Diamondstone
(1977)

Steinnes (1977)

Siemer et al. {(1977)

Korob et a/. {1978)

SANNOdNOI JIN3ISHY pue JINISHV
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Table 6 (contd)

Sensitivity or limit

Sample matrix Sample preparation Assay procedure of detection Reference
Beef offal and fish Digest with nitric, perchloric and sul- AAS 6 ng Flanjak (1978)
phuric acids; dilute; generate arsine by
reaction with sodium borohydride
Fish (edible muscle) Clean; irradiate; dissolve in nitric acid; NAA 1ng Anand (1978)
separate arsenic on anion exchange
column; wash with hydrochioric acid
Blood Freeze-dry; irradiate; dissolve in sodium NAA 0.005 mg/kg Weers et al. (1978)
hydroxide; mineralize with 96% sulphuric
acid and 50% hydrogen peroxide; heat;
cool; add 48% hydrobromic acid
Whole blood, serum, Digest with nitric acid and hydrogen pero- ICP-AES Amounts detected Nixon {1976)
urine xide; acjd pgrchloric and hydrobromic 0.016 mg/|
acids; distili off volatile bromides (whole blood)
0.032 mg/
(serum)
0.036 mg/!
(urine)
Urine, hair, blood, dust Wash with nitric, perchloric and suiphuric AAS <0.05 mg/kg Yoakum (1976)
acids; heat with ammonium oxalate; (hair) .
generate arsine
Liver Dry; irradiate with 3MeV proton-induced X-RF 0.2-2 mg/kg Kemp et al. (1974)

X-rays

08
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Table 6 (contd)

Sample matrix

Sample preparation

Assay procedure

Sensitivity or limit
of detection Reference

Liver, leaves, coal

Lung tissue

Lung tissue and hilar
node tissue

Muscle

Hair

irradiate; wash with nitric acid and
water; cool in liquid nitrogen; dissolve
in nitric acid, perchloric acid and hydro-
gen fluoride; separate arsenic with hy-
drated manganese dioxide

Homogenize; freeze-dry; irradiate;

add sodium peroxide and potassium per-
chlorate; through a series of reactions
precipitate a MgNH, AsO, complex

Homogenize; freeze-dry; ash; mix with
ultra-pure graphite

Freeze-dry; grind to powder; irradiate;
wet-ash with perchloric and nitric acids;
distill arsenic; separate by ion exchange

Wash; wet ash with sulphuric and nitric
acids; add 30% hydrogen perioxide; add
saturated ammonium oxalate; generate
arsine by reaction with sodium boro-
hydride

NAA

NAA

SSMS

NAA

AAS

Gallorini et. a/. (1978)

0.01 mg/kg Filby (1975)

0.002 mg/kg Brown & Taylor (1975)

D’Hondtet a/. (1977)

0.02 ug Curatola et a/. (1978)

SANNOJINOD DIN3ISHY Pue JIN3SHY
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Table 6 (contd)

Sensitivity or limit

Sample matrix Sample preparation Assay procedure of detection Reference
Other
Coal Grind to powder; add nitric, perchloric FAAS 0.1 mg/kg Aruscavage (1977)
and sulphuric acids; extract with toluene;
pipette into graphite tube
Glacial ice Irradiate; add concentrated sulphuric NAA 0.4 ng Weiss & Bertine (1973)
acid; evaporate; precipitate sulphides
of arsenic by passing hydrogen sulphide
through solution; treat with nitric and
sulphuric acids; wash with hydrochloric
acid
Sewage sludge Freeze- or oven-dry; irradiate NAA 40 mg/kg Egan & Spyrou (1977)
Organic arsenic
Natural water (di- Strip out arsine with helium; form various GC, AAS 0.05 ng Andreae (1977)
methylarsinic acid; arsine compounds as a function of pH
monomethylarsine)
Natural water, eggshells, Reduce to arsines with sodium boro- AES 1ng Braman & Foreback (1973)

seashells, urine (me-
thylarsinic acid)

hydride as a function of pH

c8

€C INNTOA SHAVYHOONOWN J4VI



ARSENIC and ARSENIC COMPOUNDS 83

3. Biological Data Relevant to the Evaluation
of Carcinogenic Risk to Humans

A review is available (Leonard & Lauwerys, 1980).
3.1 Carcinogenicity studies in animals
(a) Oral administration

Mouse: Two groups of 50 C57Bl 6 mice received arsenic trioxide either in tap-water
or in 12% aqueous ethanol in the drinking-water. The starting level of 4 mg/l was increased
monthly up to 34 mg/l and then held constant up to 24 months. The same numbers of con-
trols received water or 12% aqueous ethanol. No mice that received arsenic trioxide in
aqueous ethanol lived longer than 9 months, and none of the corresponding controls survived
more than 12 months; 6 mice given arsenic trioxide in water and 2 of the corresponding
controls survived 18 months. There was no excess of tumours in the treated groups (Hueper
& Payne, 1962).

Of 77 Swiss mice that received 0.01% arsenic trioxide in their drinking-water, 21 lived
up to 60 weeks; the tumour incidence was similar to that in controls (Baroni et a/., 1963;
Shubik et al.,, 1962).

Treatment of Swiss mice with sodium arsenite in their drinking-water for lifespan at a
concentration equivalent to 5 ug/ml As, which represented an intake more than 10 times
greater than that of controls, was associated with a decreased incidence of spontaneous
tumours and with no evidence of the induction of other tumours; fewer treated males than
controls were alive at 18 months of age (Kanisawa & Schroeder, 1967) [The Working Group
noted the very low dose used in this experiment].

Groups of 30 NMRI mice of both sexes received one drop of a drug containing arsenic
trioxide (Psor-Intern) or of Fowler’s solution orally once a week for 5 months (calculated
total dose, 7 mg arsenic trioxide per animal). Higher incidences of ardenocarcinomas of the
skin, lung, peritoneum and lymph nodes were seen up to the end of the 14-month obser-
vation period (including time of treatment). No tumours were seen in 15 control mice of
both sexes or their offspring observed up to 2 years. Some treated animals produced off-
spring in which ‘metastasizing tumours’ were observed with no further treatment (Knoth,
1966/67) [The Working Group noted the very brief and incomplete description of the
study].
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Groups of 18 male and 18 female (C57BL/6 x C3H/Anf)F, (B6C3F,) mice and 18 male
and 18 female (C57BL/6 x AKR)F, (B6AKF,) mice were given daily doses (adjusted each
day for body-weight change) of 46.4 mg/kg bw dimethylarsinic acid in the diet from 7 days
of age until 28 days of age. Subsequently, the mice received a diet containing 121 mg/kg of
diet of the compound for 18 months, at which time 11 male and 18 female B6C3F, mice and
17 male and 16 female BBAKF, mice were still alive. No increased incidence of tumours was
observed compared with that in untreated and pooled controls (Innes et al., 1969; National
Technical Information Service, 1968).

In 30 female C3H/St mice given 10 mg/l sodium arsenite continuously in the drinking-
water, the incidence of spontaneous mammary carcinomas was reduced, but the growth rate

of tumours in those mice which developed them was increased markedly (Schrauzer &
Ishmael, 1974).

Of 4 groups of 50 mice (strain unspecified), one was given 20 mg/l arsenic trioxide in
drinking-water for life and was painted once 6 months after the beginning of the experiment
with 7,12-dimethylbenz[a] anthracene (DMBA); the second was given arsenic trioxide
and painted with croton oil 6 months after the experiment began; the third group was given
arsenic trioxide alone; and the control group was given water only. One control mouse, 3
treated with arsenic alone, 8 treated with arsenic and croton oil and 6 treated with arsenic
and DMBA developed skin papillomas. The author stated that the number of tumours
produced was too small for statistical analysis (Sanderson, 1961) [The Working Group noted
that no controls painted with DMBA or croton oil alone were used] .

Arsenic trioxide was administered to Swiss mice as a 0.01% solution as drinking-water
for 40-60 weeks in conjunction with twice weekly treatments with croton oil, single treat-
ment with DMBA or two doses of urethane. Negative results were obtained in all 18/77, 37/
50 and 28/50 mice that survived the three treatments, respectively (Baroni et al., 1963).

Two groups of 30 female STS mice were fed 500 then 250 mg/kg of diet arsanilic acid
or 338 then 169 mg/kg of diet potassium arsenite for 48 weeks 1 week after a single skin
application of 5 ug DMBA; 2 weeks later, they were also given skin applications of 25 u! of a
0.5% solution of croton oil in benzene weekly throughout the experiment. The incidence of
papillomas in the 2 groups treated with arsenic did not differ from that in a control group of
20 mice given DMBA and croton oil in benzene (Boutwell, 1963).

In a controlled study on 16 DBA, 20 BALB/c and 28 CxC3H mice, administration of
0.01% arsenic trioxide in the drinking-water for 4-13 weeks did not significantly enhance skin
carcinogenesis by 3-methylcholanthrene (Milner, 1969).
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Rat: Rats (sex and strain unspecified) were fed 10 mg/animal daily of /ead arsenate
(49 rats) or its arsenic equivalent of calcium arsenate (99 rats) for up to two years; there
were 24 untreated controls. The numbers of survivors at one year were 27, 51 and 20,
respectively; no evidence of carcinogenicity was obtained (Fairhall & Miller, 1941).

Groups of 50 male and female Bethesda black rats received arsenic trioxide either in tap-
water or in 12% aqueous ethanol in the drinking-water. The starting level of 4 mg/l was in-
creased monthly up to 34 mg/l and then held constant up to 24 months. The same numbers
of controls received water or 12% aqueous ethanol. Fifteen to 33 rats lived for 21 months
or more. No excess incidences of tumours were noted (Hueper & Payne, 1962).

In two-year feeding studies, either sodium arsenite (dietary concentrations corres-
ponding to 0, 15.6, 31.2, 62.5, 125 or 250 mg/kg of diet arsenic) or sodium arsenate (0,
31.2, 62.5, 125, 250 or 400 mg/kg of diet arsenic) was given to groups of 25 male and 25
female Osborne-Mendel rats. The 4-15 survivors in each treated group developed no more
tumours than did the 8-12 survivors in the untreated control groups. At the highest doses the
survival rate was reduced (Byron et a/., 1967).

A group of 91 Long Evans rats of both sexes received 5 mg/l sodium arsenite in their
drinking-water over their life-span. Tumour incidence was similar to that in untreated con-
trols (Kanisawa & Schroeder, 1969) [The Working Group noted the very low dose used in
this experiment] .

Groups of 48-80 male and female Wistar rats were fed either /ead arsenate at levels of
463 and 1850 mg/kg of diet or sodium arsenate at a level of 416 mg/kg of diet for 29 months.
Two groups of 40 male and 40 female rats received either 463 mg/kg of diet lead arsenate or
416 mg/kg of diet sodium arsenate in combination with N-nitrosodiethylamine (NDEA) at a
dose of 5 ug/animal by stomach tube on 5 days a week for up to 29 months. Two control
groups of 110 male and female rats, either untreated or treated with NDEA, were used. The
group fed 1850 mg/kg of diet lead arsenate showed a marked increase in mortality after 26
weeks of the experiment; and in the same group a cortical kidney adenoma and a bile-duct
carcinoma were found. There were no differences among the other groups in the latency or
incidence of tumours (Kroes et a/., 1974).

Dog: Eight groups, each of 3 male and 3 female beagle dogs, 6 months of age, received
either sodium arsenite or sodium arsenate in the diet at concentrations corresponding to 5,
25, 50 or 125 mg/kg of diet arsenic for two years, at which time the survivors were killed.
No tumours were seen. In the group treated with the highest level of sodium arsenite, weight
loss and early mortality were recorded; 6 dogs given the highest level died by 19 months, and
one female given 5 mg/kg died at 3 months (Byron et a/., 1967) [The Working Group noted
the short duration of the experiment] .
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(b) Skin application

Mouse: A group of 100 mice were painted thrice weekly with a solution of potassium
arsenite in ethanol containing 1.8% arsenic trioxide, later reduced to 0.12% due to a high
death rate. Of 33 mice that lived for three months, one developed a metastasizing squamous-
cell carcinoma of the skin after 5.5 months (Leitch & Kennaway, 1922). Neubauer (1947)
mentions various unsuccessful attempts to confirm the above finding.

In another experiment, 14 S mice were painted once weekly for 10 weeks with a 1%
solution of potassium arsenite in methanol (total dose, 30 mg), and, starting 25 days later,
with once-weekly applications of 0.17% or 0.085% croton oil in acetone. Three mice deve-
loped skin papillomas, but 4/19 controls that received treatment with croton oil alone
also developed skin tumours (Salaman & Roe, 1956).

Two groups of 20 female Rockland all-purpose mice were used. Animals in the first
group were painted 8 times with a 0.4% solution of potassium arsenite in 80% ethanol (total
dose, 1.24 mg/animal) over 5 days, followed 2 days later by twice-weekly skin applications of
25 ul of 2% croton oil in benzene to test for tumour initiation. The second group was used
to test for tumour promotion and received a single application of 75 ug DMBA in 25 ul
acetone, followed one week later by twice-daily skin paintings of a 0.4% solution of potas-
sium arsenite in 80% ethanol (total dose, 2.2 mg/animal per week) for 29 weeks. No cocar-
cinogenic effects were observed (Boutwell, 1963). "

A group of 14 female and 54 male Swiss mice were painted with a 1.58% solution of
sodium arsenate in water containing a 2.5% solution of Tween 60 twice weekly for up to 60
weeks (concentration of arsenic, 0.38%); a control group of 50 females and 19 males
received 2.5% Tween 60 only. Two males developed a total of 3 papillomas, 2 of which re-
gressed. Treatment with sodium arsenate in association with croton oil, DMBA or urethane
did not result in higher tumour incidences (Baroni et al., 1963).

{c) [Inhalation and/or intratracheal administration

Mouse: in an inhalation study reported as an abstract, aerosols of a 1% (w/w) aqueous
solution of sodium arsenite were administered to 60 ‘tumour-susceptible’ female mice.
Exposure was for 20-40 min/day on 5 days/week for 65 weeks. Thirty cage mates and 30
controls were also used. No neoplasias were noted (Berteau et al., 1978).
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Rat: Groups of 14-23 male Wistar King rats received a total of 15 intratracheal instilla-
tions (1 per week for 4 months) of 0.26 mg arsenic trioxide, 2.5 mg copper ore (containing
3.95% arsenic) or 2 mg flue dust (containing 10.6% arsenic), alone or in combination with 0.4
mg benzo[a] pyrene (BP). Average survival ranged from 372-670 days. No malignant lung
tumours were observed in the rats treated with arsenic trioxide or copper ore alone, and no
statistically significant increase in the incidence of malignant lung tumours was found when
these compounds were given in combination with BP or when the incidence was compared
with that in rats treated with BP alone. One adenocarcinoma of the lung occurred among 7
surviving rats given instillations of flue dust alone (Ishinishi et a/., 1977).

Nine male Wistar King rats, 10 weeks old, received 0.2 ml of an aqueous solution con-
taining 1 mg/ml arsenic trioxide intratracheally once a week for 4 months (15 doses); 7 con-
trol rats were treated with saline. The animals were observed for lifespan: 192-643 days
after start of treatment (average, 413 days). One of the treated animals developed a lung
adenoma and 4 had metaplasia and/or osteometaplasia of the alveolar cells or of the airway
epithelial cells (Ishinishi et a/., 1976).

A group of 25 male BD IX rats, 12 weeks old at the start of the experiment, were given
a single intratracheal instillation of 0.1 ml of an arsenic-containing mixture (calcium arsenate,
copper sulphate and calcium hydroxide), which is also known as ‘Bordeaux mixture’ (dose of
arsenic, 0.07 mg). Ten rats died within the first week after treatment; the remaining 15 were
observed for lifetime (455-500 days), and 9 developed lung tumours (7 bronchogenic adeno-
carcinomas and 2 bronchiolar-alveolar-cell carcinomas). No lung tumours occurred in 25
controls given intratracheal instillations of saline (lvankovic et a/., 1979) [The Working
Group noted that the name ‘Bordeaux mixture’ is used for a variety of formulations and that
no copper-containing compound was tested alone] .

(d) Subcutaneous and/or intramuscular administration

Mouse: Twenty-four female Swiss mice were given a daily s.c. injection of 0.5 mg/kg bw
arsenic as a 0.005% aqueous solution of sodium arsenate throughout pregnancy (a total of
20 injections). Eleven of them developed lymphocytic leukaemia or lymphomas within 24
months after the start of the experiment. In contrast, none of 20 untreated females which
died during the same period developed such tumours. Some of the progeny of the arsenate-
treated mothers were left untreated, and others were given 20 once-weekly s.c. injections of
0.5 mg/kg bw arsenic as an aqueous sodium salt. All of the animals had been observed for up
to 24 months at the time the experiment was reported; 12/71 untreated progeny and 7/97
arsenic-treated progeny were still alive at that time. During this period, 13/71 untreated
progeny and 41/97 treated progeny developed lymphomas or lymphocytic leukaemia.
Progeny of both sexes responded similarly, except that none of the arsenic-treated females
lived for 24 months. Of 35 male and 20 female untreated, 4-week-old controls, 20 and 16,
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respectively, were dead at the time the report was published; and 3 males developed lym-
phocytic leukaemia or lymphomas. The age at death in mice with such tumours was in
some instances, but not always, shorter in the treated animals than in untreated control males
(Osswald & Goerttler, 1971) [This experiment is difficult to interpret since 19/55 control
animals and some of the experimental animals were still alive at the time of reporting].

Groups of 18 male and 18 female (C57BL/6 x C3H/Anf)F, mice and 18 male and 18 fe-
male (C57BL/6 x AKR)F, mice were given a single s.c. injection of 464 mg/kg bw dimethy!-
arsinic acid in water at 28 days of age. At 18 months, 10 males and 18 females of the first
strain and 14 males and 15 females of the second strain were still alive. No increased inci-
dence of tumours was observed compared with that in untreated and pooled controls
(Nafional Technical Information Service, 1968).

Rat: Paraffin pellets (250 mg) containing 30% calcium arsenate were implanted sub-
cutaneously into 60 random-bred male albino rats. In an additional experiment, 100 mg
calcium arsenate dissolved in 0.5 ml of sunflower oil were injected subcutaneously into 50
rats. No tumours were reported after 2.5 years (Arkhipov, 1968).

(e) Intravenous administration

Mouse: Of 19 female Swiss mice, 11 developed lymphomas or lymphocytic leukaemia
following 20 weekly i.v. injections of 0.5 mg/kg bw arsenic given as a 0.005% aqueous solu-
tion of sodium arsenate (Osswald & Goerttler, 1971).

(f) Other experimental systems

Intramedullary injection: Of 25 male Osborne-Mendel rats given about 0.43 mg metallic
arsenic as a suspension in lanolin by injection into the right femur, followed by a similar
injection into the left femur 10 months later, 13 survived over one year, and one developed
a spindle-cell sarcoma at the site of the injection after 21 months. In 19 controls alive after
one year injected with lanolin alone, one developed a local fibrosarcoma (Hueper, 1954).

None of 6 rabbits given a single intramedullary injection of 0.64 mg metallic arsenic in
lanolin developed a tumour. No local tumours occurred in 2 controls treated with lanolin
alone, one of which lived up to 44 months (Hueper, 1954).
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3.2 Other relevant biological data
(a) Experimental systems
Toxic effects

The toxicity and LD, values observed for arsenic compounds vary greatly depending
on the chemical form and oxidation state of the chemical involved: the toxicity of the tri-
valent compounds is much greater than that of the pentavalent ones. The oral LD, for
arsenate (As[V]) in rats and mice has been found to be about 100 mg/kg, and that for
arsenate (As[I11]) about 10 mg/kg (Schroeder & Balassa, 1966). The 48-hr LD, for arse-
nate following i.p. administration in rats was 14-18 mg/kg bw (Franke & Moxon, 1936). The
LD, for sodium arsenite (As[Ill]) in mice by i.p. injection was about 5 mg/kg bw (Levvy,
1947). In rats, acute oral LD, values of 23.6 mg/kg bw and 15.1 mg/kg bw were deter-
mined for ‘crude’ and purified arsenic trioxide, respectively; the corresponding values in mice
were 42.9 and 39.4 mg/kg bw (Harrisson et a/., 1958).

Rats given 10 mg/kg bw per day arsenic trioxide by stomach tube for 40 days showed
hair loss, then eczema, hyperplasia and hyperkeratosis of the skin. Clinical symptoms of
bleeding, ulceration and crust formation occurred in some cases (Ishinishi et a/., 1976). Oral
administration of 0.125-62.5 mg/! arsenic trioxide to rats produced a dose-dependent pro-
liferation in the bile duct, with chronic angiitis (Ishinishi et a/., 1980).

The LC,, for arsine in mice by inhalation exposure has been estimated to be 0.67 mg/
kg or 0.5 mg/l after 2.4 min (Levvy, 1947); a 30-minute exposure to 250 ppm (75 mg/m3)
may be lethal (Luckey & Venugopal, 1977). The LD, following i.p. injection in mice is
about 2.5 mg/kg bw (Levvy, 1946).

The acute LD, for technical methanearsonic acid, disodium salt in rats by oral adminis-
tration is about 2800 mg/kg bw, and that of methanearsonic acid, monosodium salt is about
700 mg/kg bw (Berg, 1979). The i.p. LD, for methanearsonic acid, disodium salt is 600
and 681 mg/kg bw in male and female mice, respectively, and 600 and 561 mg/kg bw in male
and female rats, respectively. The i.p. LD, for dimethylarsinic acid is 520 and 600 mg/kg
bw in male and female mice and 720 and 520 mg/kg bw in male and female rats, respectively.
The LC,, by inhalation exposure for dimethylarsinic acid in female rats is 3900 mg/m3
(Stevens et al., 1979).
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A dose of 10 mg/kg bw methanearsonic acid, monosodium salt given orally for 10 days
killed 4 of 6 cows (Dickinson, 1972). Long-term feeding of 50 mg/kg of diet methanearsonic
acid, monosodium salt (1.5 mg/kg bw per day as As) to rabbits produced toxic hepatitis
(Exonet al., 1974). The oral LD, of arsanilic acid in rats was 216 mg/kg bw for 1-3-day-old
rats and more than 1000 mg/kg bw for adult rats (Goldenthal, 1971).

Effects on reproduction and prenatal toxicity

A single i.p. injection of 45 mg/kg bw sodium arsenate to Swiss-Webster mice on one of
days 6-11 of pregnancy resulted in an increased rate of foetal resorptions, growth retardation
and a variety of malformations - predominantly fusion or forking of ribs, exencephaly, shor-
tened jaw, open eyes, anophthaimia, etc. (Hood & Bishop, 1972).

When a single i.p. injection of 10 or 12 mg/kg bw sodium arsenite was given to Swiss-
Webster mice on days 9-12 of pregnancy, there was a high rate of resorptions, and the sur-
viving foetuses showed various malformations of the eyes, ribs, tail and brain (Hood, 1972).

Treatment with 50 mg/kg bw 2,3-dimercaptopropanol subcutaneously on day 9 of
pregnancy either (i) 4 hrs before, (ii) concurrently with or (iii) 4 hrs after an i.p. injection of
40 mg/kg bw sodium arsenate reduced the frequency and severity of malformations in
random-bred Swiss-Webster (SAF/ICR) mice when compared with arsenate treatment alone.
With regard to skeletal malformations, the second regime was more effective than (i) or (iii).
This difference in treatment schemes was less pronounced when total malformations were
evaluated (Hood & Pike, 1972).

Random-bred CD-1 albino mice were treated with sodium arsenate on one of days 7-15
of gestation either intraperitoneally or by gastric intubation. A significantly increased rate of
malformations was seen when 40 mg/kg bw were given intraperitoneally on days 9 or 10 of
gestation; the abnormalities observed were predominantly short jaws, open eyes, kinked tails
and exencephaly. Considerably fewer malformations were observed when 120 mg/kg bw
arsenate were given by gastric intubation on the same day of pregnancy; but the number of

resorptions was increased - especially when the arsenate was given on day 11 of pregnancy
(Hood et al., 1978).

Oral doses of 10-40 mg/kg bw sodium arsenate given once on day 9, 10 or 11 of
pregnancy increased the number of resorptions but did not significantly increase the number
of malformations induced in ICR mice (Matsumoto et a/., 1973).
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When Wistar rats were treated with 20-40 mg/kg bw sodium arsenate intraperitoneally
once on days 8-12 of pregnancy, a high percentage of malformed foetuses was observed. The
main malformations were eye defects, exencephaly, gonadal or renal agenesis and rib or ver-
tebral abnormalities. At higher doses, the rate of resorptions was increased dramatically
(Beaudoin, 1974). Arsenate-induced renal agenesis was studied in detail in Wistar rat foetuses
after a single i.p. injection of 45 mg/kg bw sodium arsenate on day 10 of pregnancy. Follow-
ing treatment, the mesonephric duct failed to give rise to an uretric bud, with subsequent fail-
ure of induction of the metanephric blastema (Burk & Beaudoin, 1977).

Teratological data obtained with sodium arsenate in golden hamsters have been reviewed
by Ferm (1977) . A high percentage of exencephaly was induced in golden hamsters injected
intravenously with 20 mg/kg bw sodium arsenate on day 8 of gestation. A considerable in-
crease in the resorption rate was also observed. A dose of 5 mg/kg bw had no teratogenic
effect (Ferm & Carpenter, 1968). As could be expected, the type of malformations varied
when 15-25 mg/kg bw sodium arsenate were administered intravenously to golden hamsters
at different periods of pregnancy (day 8 at 9 a.m., 3 p.m. or 9 p.m.). Anencephaly, uro-
genital abnormalities and rib malformations were observed, and the rate of resorptions was
substantial: the rates of resorption and of malformation increased with the dose (Ferm et a/.,
1971). The teratogenic effects produced in golden hamsters by i.v. administration of 20
mg/kg bw sodium arsenate on day 8 of pregnancy could be reduced significantly when 2
mg/kg bw sodium selenite were administered simultaneously or shortly before or after the
arsenate treatment (Holmberg & Ferm, 1969).

Absorption, distribution, excretion and metabolism

Oral administration of 1 mg/kg bw As as arsenic trioxide to monkeys resulted in approx-
imately 80% absorption from the gut; 75% of the administered dose was excreted within 14
days, primarily in urine (Charbonneau et a/., 1978).

About 60% of arsine gas is absorbed by mice exposed to 0.025-2.5 mg/| by inhalation.
in rabbits, highest concentrations were found in liver, lungs and kidneys. In mice, large
amounts of arsenic were observed in the urine, associated with the initial haemoglobinuria,
and smaller amounts were eliminated over longer periods {Levvy, 1947).

Administration of 14C- and/or 74As-dimethylarsinic acid to rats by oral, i.v. or intra-
tracheal routes at doses of 120 ug/kg bw to 200 mg/kg bw showed that lung absorption
was 92%, in comparison with 66% in the gastrointestinal tract. Highest concentrations were
observed in blood, muscle, kidney, liver and lung. Total urinary excretion of either labelled
form at 24 hours was found to be 71%, 60% and 25% when given by i.v., intratracheal and
oral routes, respectively (Stevens et a/., 1977).
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Following dietary administration of 215 mg/kg of diet As as calcium arsenate or arsenic
trioxide for up to 54 or 42 days in rats, highest arsenic levels (146-537 ug/g of dry tissue)
were found in the kidneys and liver and relatively lower levels in hair, brain, bone, muscle and
skin. Liver and kidney levels of arsenic were greater after administration of calcium arsenate
than of arsenic trioxide (Morris & Wallace, 1938).

Arsenic is accumulated mainly in the liver and kidneys of mice (i.v. injection) (Deak et
al., 1976), rats (i.p. injection) (Lawton et a/., 1945) and rabbits (i.v. injection) (Du Pont et
al., 1942) following initial exposure to arsenite or arsenate. Livers and kidneys of mice
(Bencko & Symon, 1969), rabbits (Bencko et al., 1968) and dogs (Katsura, 1953) exposed
chronically to arsenite or arsenic trioxide show early increases in arsenic content followed by
a subsequent decrease. This decrease may occur in part as a result of an increase in the
known biliary excretion of arsenic (Cikrt & Bencko, 1974; Klaassen, 1974) or enhanced bio-
transformation of trivalent to pentavalent arsenic (Bencko et a/., 1976).

Following daily s.c. doses of 7% As- and 7! As-labelled potassium arsenite, Hunter et al.
(1942) observed low blood levels of As and relatively higher tissue levels of As in rabbits,
guinea-pigs and higher apes (two chimpanzees and one baboon). In contrast, rats showed
higher arsenic levels in the blood than in major organs such as liver, kidneys, lungs and spleen.
Some arsenic appeared to pass from the blood into the spinal fluid in apes.

Groups of 9 male and 9 female rats, 21 days of age, were given a diet containing 26.8 or
215 mg/kg of diet As as arsenic trioxide ad /ibitum. They were first mated when they were
90-110 days old, and the litters of the following 3 pregnancies were evaluated, as well as the
first litter of the second generation. The amount of arsenic found in the newborns was lower
in the 1st litter of the 1st generation (2.7 mg/kg dry weight) than in later litters (14.3 mg/
kg and 20.0 mg/kg in the 3rd and 4th litters of the 1st generation) when 26.8 mg of arsenic
were given per kg diet. Similar results were obtained with the high dose: an average of 70.4
mg/kg dry weight arsenic were present in the newborns of the 1st litter of the 1st generation,
109 mg/kg in the 4th litter of the 1st generation and 121 mg/kg in the 1st litter of the 2nd
generation. The total content of arsenic per animal was the same at the age of 15 days as it
was at birth; however, the arsenic content per kg dry weight was many times higher at birth
than at 15 days of age (Morris et a/., 1938).

Following i.v. administration of 7°As as sodium arsenite to five rats and four rabbits,
the urinary excretion of 76 As in the first 48 hours was <10% of the dose in rats and 30% in
rabbits. Following i.p injection in mice, 75% of the dose was excreted within the first 24
hours. In all species tested, <10% of the total 76 As was excreted in the faeces. Unlike
rabbits, rats retain most of the injected dose in the blood for a prolonged period. Tissue dis-
tribution studies revealed highest levels of 76 As in the blood and spleen of rats, in the li/er,
kidneys and lungs of rabbits and in the liver, kidneys and spleen of mice (Ducoff et/al.,
1948).
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In rabbits fed methanearsonic acid, monosodium salt for 12 weeks, 54% was eliminated
in urine and 46% in faeces (Exon et al/., 1974). Studies in which cows and dogs (Lakso &
Peoples, 1975; Tam et al., 1978) were exposed to either arsenite or arsenate in the diet
demonstrated that dimethylarsinic acid (90%) and methylarsonic acid are the primary
chemical forms in which arsenic is excreted in urine.

Arsenate is metabolized in both fresh and salt water by bacteria and fungi to methylated |
compounds, predominantly to dimethylarsinic acid (Woolson, 1977).

Effects on intermediary metabolism

Exposure of mice to 50 mg/l arsenite in drinking-water inhibits hepatic respiration
(Bencko, 1972; Bencko & N&méckova, 1971). Similar findings have been reported in hepatic
mitochondria of rats (Brown et a/., 1976; Fowler et a/., 1977, 1979) and mice (Fowler &
Woods, 1979) exposed to 40 mg/l arsenate in drinking-water, and in renal mitochondria
of rats exposed to 85 mg/l (Brown et al., 1976). Exposure to arsenate in these studies also
decreased hepatic mitochondrial haem biosynthesis in both rats and mice but did not alter
total microsomal cytochrome P-450 levels or oxidative demethylation directly (Woods &
Fowler, 1978). These findings do not preclude the possibility of changes in other microsomal
enzyme reactions, involving specific cytochrome P-450 or P-448 subpopulations, following
exposure to arsenate.

Although there is a large body of additional information available on various metabolic
reactions to arsenic in mammalian cells, only those studies concerned with nucleic acid met-
abolism are considered below.

Arsenic (as disodium arsenate) binds to thiol groups of the enzyme DNA polymerase,
thus inhibiting DNA synthesis; the authors concluded that it interfered with DNA repair of
damage induced by ultra-violet irradiation in human epidermal grafts (Jung & Trachsel, 1970;
Jung et al., 1969). Sibatani (1959) found that arsenate inhibited incorporation of 32P into
DNA of rabbit lymphocytes to a greater degree than into RNA, suggesting inhibition of DNA
repair or synthesis.

Disodium arsenate alters the metabolism of nucleosides and their derivatives in human
lymphocytes cultured in vitro (Baron et al., 1975), and reduces the incorporation of labelled
nucleosides into both RNA and DNA in cultured human peripheral lymphocytes (Petres et
al., 1977).

Other studies, by Rossman et al. (1975), in bacteria have shown that sodium arsenite
inhibits DNA repair in these organisms following ultra-violet irradiation (see section on
mutagenicity below).
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The mechanisms of arsine hemolysis appear to involve oxidation of arsine to arsenite
in vivo with subsequent inhibition of sulphhydryl-containing enzymes (Gramar, 1955; Pernis
& Magistretti, 1960). Studies concerning direct effects of arsine on kidney and liver slices
have shown decreased tissue respiration (Hughes & Levvy, 1947).

Mutagenicity and other short-term tests

Arsenic has been tested in various bacterial tests, but usually only in single doses; thus,
no dose-response data were available.

Sodium arsenite induced point mutations in two strains of Escherichia coli WP2 at doses
of 0.16-0.8 mmol, allowing 40% survival of colony formation; negative results were obtained
in a recA” strain. Arsenic trichloride and sodium arsenite gave positive results in a rec assay
in Bacillus subtilis using 2.5 umol/plate (Nishioka, 1975); the same test gave positive results
with 0.05 M arsenic trioxide (Kada et a/., 1980). Arsenite (As[il1]) (doses and compounds
unspecified) was negative in the Sa/monella/microsome test (L8froth & Ames, 1978).

Sodium arsenite (0.1 mM) decreased mutation in and survival of ultra-violet-irradiated
strains of E. coli WP2 proficient in recombination-repair, but had no effect on the survival of
a deficient strain. It was therefore suggested that arsenicals inhibit certain kinds of repair to
DNA damage induced by ultra-violet irradiation (Rossman et a/., 1975, 1977).

Potassium arsenite (0.5-1 uM) caused mitotic arrest and chromosomal aberrations
(chromatid gaps, breaks, translocations, dicentrics and rings) in cultured human peripheral
lymphocytes (Oppenheim & Fishbein, 1965).

Sodium arsenite, at concentrations ranging from 3 X 10°M to 6 x 10°°M, caused
chromosomal aberrations (chromatid breaks, chromatid exchanges) in cultured human peri-
pheral lymphocytes and in human diploid fibroblast WI1.38 and MRC5 cell lines (Paton &
Allison, 1972).

Groups of 5 mice were given 10 or 100 mg/! sodium arsenite in their drinking-water for
8 weeks; some groups then received a single i.p. injection of 2 mg/kg bw tris(1-aziridinyl)
phosphine oxide (TEPA). Arsenic treatment alone caused a slight increase in chromosomal
aberrations in bone-marrow cells; the higher dose of arsenic potentiated the chromosome-
‘damaging effects of TEPA. Administration of 100 mg/| sodium arsenite in drinking-water for
8 weeks also enhanced the occurrence of dominant lethals induced in male mice treated with
1 mg/kg bw TEPA; arsenic alone did not significantly increase the frequency (Sram, 1976).
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Administration of daily oral doses of 0.25, 0.5 and 1 mg/kg bw arsenite did not increase
the incidence of pre-implantation, post-implantation or total dominant lethality in mice
(Gen&ik et al., 1977).

Arsenate (As[V]) (compounds and doses unspecified) was negative in the Sa/monella/
microsome test (L8froth & Ames, 1978). Positive results were obtained in a rec assay
in B. subtilis with 0.05 M arsenic pentoxide (Kada et a/., 1980); sodium methanearsonates
were negative in this test (Shirasu et a/., 1976).

Sodium arsenate, at concentrations ranging from 6 x 10°°M to 6 x 10°®M, caused a

small number of chromosomal aberrations (chromatid breaks, chromatid exchanges) in cul-
tured human peripheral lymphocytes (Paton & Allison, 1972).

10"*M sodium arsenite enhanced the morphological transformation of Syrian hamster
secondary embryo cells by simian adenovirus SA7 (Casto et a/., 1979) [Transformed cells
were not injected into suitable hosts to verify the occurrence of malignant transformation] .

In an abstract, it was reported that methanearsonic acid, monosodium and disodium
salts gave negative results in the Sa/monella/microsome test, in DNA repair tests in £. coli and
B. subtilis and in an assay for mitotic recombination in Saccharomyces cerevisiae (Simmon et
al., 1976). Methanearsonic acid, monosodium salt was one of a number of arsenic derivatives
that were not mutagenic in the Sa/monella spot test (without metabolic activation) (Andersen
etal., 1972).

(b) Humans
Acute toxic effects

Effects of arsenic compounds on humans have been reviewed by the National Academy
of Sciences (1977), Nordberg et a/. (1979), Pershagen & Vahter (1979) and the US Depart-
ment of Health, Education, & Welfare (1975). Only a few aspects are described below.

The fatal dose of ingested arsenic trioxide in humans is reported to be in the range of
70-180 mg. Symptoms and signs observed in humans after large oral doses of inorganic arse-
nicals include severe gastrointestinal damage with vomiting and diarrhoea (often blood-
tinged). Muscular cramps, facial oedema and cardiac abnormalities are also frequently
present. Shock may develop rapidly, probably as a result of dehydration. Depending on the
vehicle, the solubility and the particle size of the powder, symptoms may occur within
minutes or be delayed for hours (Vallee et a/., 1960).
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Exposure to arsenic trichloride, which has a vapour pressure at 25°C sufficient to
produce an air concentration of 140,000 mg/m?, can cause irritation or ulceration on contact
or may be absorbed through the skin, with fatal results (Delepine, 1923; US Department of
Heath, Education, & Welfare, 1975).

Oral exposures to inorganic arsenic sufficient to cause acute and delayed symptoms
without systemic collapse have been reported; effects include gastrointestinal, cardiovascular,
nervous and haematopoietic symptoms.

Effects on the peripheral nervous system have been reported by a number of authors
(Garb & Hine, 1977; Heyman et a/., 1956; Jenkins, 1966; O‘Shaughnessy & Kraft, 1976).
Histologically, Wallerian degeneration was found (Ohta, 1970).

Anaemia and leucopenia have been reported in patients poisoned by arsenic compounds
(Feussner et a/., 1979; Hamamoto, 1955; Heyman et al., 1956; Kyle & Pease, 1965). It
was a general experience among physicians using Fowler’s solution {(containing arsenic tri-
oxide) in the treatment of dermatological disorders that when an effective dose was reached
the patient usually had a certain depression of the leucocyte count (Nordberg et a/., 1979).

Changes in the electrocardiogram, including abnormalities in the Q-T interval and
T-wave, have been reported in persons poisoned by arsenic (Barry & Herndon, 1962,
Chhuttani et a/., 1967; Hamamoto, 1955; Weinberg, 1960).

About twelve thousand Japanese infants were exposed to arsenic in 1955 (Morinaga
incident) as a result of contamination of dry milk with inorganic arsenic compounds. Inges-
tion was approximately 3.5 mg arsenic daily for 33 days. Fever, insomnia, anorexia, liver
swelling and melanosis were the most common symptoms and signs; 130 deaths were re-
ported (Hamamoto, 1955; Nordberget a/., 1979; Yamashitaetal., 1972).

In 1956, more than 400 people were poisoned by soya sauce accidentally contaminated
with an inorganic arsenic compound (probably calcium arsenate). Approximately 3 mg
arsenic were ingested daily for 2-3 weeks. Facial oedema, anorexia, upper respiratory
symptoms, skin lesions and peripheral neuropathy as well as enlarged livers were reporfed in
these cases (Mizuta et a/., 1956). Marked hepatic and renal damage have also been observed
following ingestion of arsenic trioxide or sodium arsenate (Fréjaville et a/., 1972; Gerhardt
et al., 1978). Reynolds (1901) reported an incident in which 6000 persons in Manchester,
UK were poisoned by beer containing 2-4 mg/| arsenic; 70 deaths occurred.
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Exposure to airborne inorganic arsenic compounds (mainly arsenic trioxide) and other
substances in a smelter caused irritation of the nasal mucosa (with perforation of the nasal
septum), larynx and bronchi as well as conjunctivitis and dermatitis (Holmqvist, 1951;
Pinto & McGill, 1953).

Acute exposure to arsine produces rapid haemolytic anaemia and clinical signs charac-
terized by nausea, headache, anaemia, decreased haemoglobin levels, coppery skin pigmenta-
tion, icterus, haemoglobinuria and shock within 2-24 hours after exposure. Oliguria or anuria
occur commonly after about 24 hours, due to blockage of the renal tubules by haemoglobin
casts (Fowler & Weissberg, 1974; Levinsky et al., 1970; Levy et al., 1979; Parish et al.,
1979; Pernis & Magistretti, 1960). One case of acute fatal intoxication due to arsine was re-
ported in a foundry worker (Gramer, 1955),

Forestry workers exposed to dimethylarsinic acid herbicides (Tarrant & Allard, 1972;
Wagner & Weswig, 1974) have elevated urinary levels of arsenic. No clinical signs of toxicity
have been reported to date.

Chronic toxic effects

Effects on the respiratory system after long-term inhalation exposure to inorganic
arsenic compounds have been reported, particularly in the smelting industry (Hine et a/.,
1977; Ishinishi, 1973; Lundgren, 1954; Pinto & McGill, 1953), where exposure levels
in the 1950s were frequently about 0.5 mg/m3 or even higher. Various symptoms and signs
from the upper respiratory passages, including rhino-pharyngo-laryngitis and perforation of
the nasal septum occurred in some groups of workers. Symptoms of tracheobronchitis and
signs of pulmonary insufficiency due to emphysema were observed in other groups, parti-
cularly in those exposed to sulphur dioxide and other metals in addition to arsenic com-
pounds (Lundgren, 1954).

Effects on the respiratory system as a result of exposure to arsenic in drinking-water
were reported by Borgonoetal. (1977) in their studies in Antofagasta (Chile) [The Working
Group considered that the role of arsenic compounds as immune-response suppressants
(Gainer & Pry, 1972) should be considered when discussing the overfrequency of pulmonary
fibrosis in the Antofagasta population] .

Liver cirrhosis has been reported in humans who took Fowlers solution (Franklin et a/.,
1950) and in vine-dressers using arsenical herbicides (Llichtrath, 1972; Roth, 1957a). In
the latter case, consumption of alcohol cannot be excluded as a complicating factor.
Butzengeiger (1940) also reported liver damage in vine-dressers and cellarmen exposed to
arsenical insecticides. The homemade wine consumed by most of the workers was believed to
- be contaminated with arsenic, but most drank up to 2 litres daily.
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Numerous reports indicate hyperpigmentation and keratoses in humans following
chronic exposure to arsenicals (Alvarado et al/., 1964; Borgono et al., 1977; Tseng et al.,
1968), and these lesions are used as clinical indicators of chronic arsenicism.

Peripheral neuropathy is an important manifestation of chronic arsenicism: chronic
exposure to arsenicals produces peripheral neuropathy, with pseudoathetosis in advanced
cases (Heyman et al., 1956: Robinson, 1975); chronic industrial exposure to arsenic in a
copper smelter also induced peripheral neuropathy (Feldman et a/., 1979). Hindmarsh et a/.
(1977) reported an increased incidence of electromyographic abnormalities in humans
exposed to arsenic in well-water for prolonged periods.

Seven cases of arsenicism were reported among individuals who had lived near a mining
factory and had been exposed to arsenic-containing effluents. One had malignant keratosis
(Nakamuraet al., 1976).

Cardiovascular disorders have also been reported in persons chronically exposed to
arsenic compounds. Symptoms and signs of peripheral vascular disorders were found in vine-
dressers with chronic arsenic poisoning (Butzengeiger, 1940), even many years after termina-
tion of exposure (Grobe, 1976). Lee & Fraumeni (1969) and Axelson et a/. (1978) reported
an increased mortality from cardiovascular disease in smelter workers exposed to high levels
of airborne arsenic.

A high prevalence of a peripheral vascular disorder, the blackfoot disease, has been
found in an area of Taiwan where high levels of arsenic occur in drinking-water (Tseng, 1977;
Tseng et al., 1968) [increased morbidity was related to calculated total amounts of arsenic
ingested (in the range 10-50 g) by various subgroups of the population]. Peripheral vascular
effects have also been reported in a population in Antofagasta (Chile) exposed to arsenic via
drinking-water (Borgofno et a/., 1977).

Chronic exposure of workers to arsine has been reported to produce haemoglobin values
as low as 32 g/l and basophilic stippling, in the absence of other clinical signs (Bulmer et a/.,
1940).

Effects on reproduction and prenatal toxicity

A series of papers deals with a possibly embryotoxic hazard produced by a smelter
which emits into the environment a number of ‘potentially genotoxic’ substances, such as
lead, arsenic and sulphur dioxide. A significant reduction in birth weight was found in the
offspring of employees (3391 + 526 g, n = 323) and of the inhabitants of two small areas near
the smelter (3394 + 528 g, n = 1157 and 3411 + 536 g, n = 689) in offspring of employees
versus 3460 + 554 g, n = 2700 in controls living in Umea; P<0.05). Later pregnancies were
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particularly affected. Moreover, a higher frequency of spontaneous abortion was noted in
women living close to the smelter {10.1% of first pregnancies and 11% of all pregnancies)
when compared with those living in an area further away from the smelter (5.1% of first
pregnancies and 7.6% of all pregnancies). No correlation is possible with the type of toxic
hazard involved. The frequency of multiple malformations also seemed to be higher in the
253 children born during the time of employment of their mothers (4 cases + 1 Down’s
syndrome: 20%) when compared with 4.6% in the 24,018 children of nonemployed women
living in the area and with none in the 727 children born to current employees before or after
their employment period at the smelter (Nordstr8m et a/., 1978a,b,c,d).

Absorption, distribution, excretion and metabolism
For data on the occurrence of arsenic in human tissues, see section 2.2(y).

Inorganic arsenic compounds are slightly absorbed through the skin when administered
in a lipid vehicle, but parenterally-administered arsenic compounds are completely absorbed
within 24 hours from i.m.- and s.c.-injected sites; 95-99% of the absorbed arsenic is found
first in the red cells and then in the liver, kidney, lung, walls of the gastrointestinal tract and
spleen. After two weeks, arsenic is stored in the hair, skin and bones (Oehme, 1972). Tri-
valent arsenic is more toxic than is pentavalent arsenic; the former is converted to the latter,
which is rapidly excreted by the kidneys (Schroeder & Balassa, 1966).

At 20 hours after an i.v. injection of 4 mg of 7% As as sodium arsenite to one patient
with terminal cancer, highest levels of arsenic were found in the liver and kidneys and rela-
tively smaller levels in various other tissues. Excretion of 7¢ As in the first 24 hours after an
i.v. injection of labelled sodium arsenite to 2 patients with terminal cancer was 16.7% of the
injected dose; excretion was mainly via the urine (Ducoff et a/., 1948).

Hunter et al. (1942) found that 33-50% of 7% As- and 7! As-labelled potassium arsenite
given as 4 daily s.c. doses each of 1.4-1.5 mg to 2 healthy persons and to 1 terminal cancer

patient was excreted in the urine within 2-3 days of the last dose; <1% of the total dose was
excreted in the faeces.

Holland et a/. (1959) reported that 5-9% of 7%As was taken up by 8 terminal cancer
patients following inhalation of cigarette smoke containing labelled sodium arsenite.
Approximately 45% of the inhaled arsenic was excreted in the urine and 2.5% in the faeces
after 10 days. After oral exposure to arsenite, over 80% of the ingested dose was excreted
within 60 hours (Bettley & O‘Shea, 1975; Crecelius, 1977).

l.v. injection of radioactive arsenite to humans resulted in rapid clearance of arsenic
from the plasma, with highest tissue accumulation in the liver and kidneys (Mealey et a/.,
1959).
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A woman ingested approximately 30 ml of a rat poison containing 1.32% elemental
arsenic as arsenic trioxide in the 30th week of pregnancy. She was given 150 mg dimercaprol
intramuscularly 24 hours later; on the fourth day after the poisoning she was delivered of a
live infant weighing 1100 g with a one-minute Apgar score of 4, who died 11 hours later.
The following arsenic contents (calculated as arsenic trioxide) were found at autopsy: 7.4
mg/kg wet weight in liver, 1.5 mg/kg in kidneys and 0.2 mg/kg in brain. These data prove
that the arsenic had reached the fetus at an extremely high concentration. The concen-
trations found in the newborn are considered by the authors to be almost 150 times re-
ported normal values in adult tissues (Lugo et a/., 1969).

Chemical speciation studies have shown that dimethylarsinic acid and methanearsonic
acid are the primary forms of arsenic present in urine of humans exposed to arsenite by in-
gestion (Crecelius, 1977) or to arsenic trioxide by inhalation (Smith et a/., 1977).

Mutagenicity and other short-term tests

A significantly increased incidence of chromosomal aberrations (secondary con-
strictions, chromatid gaps and breaks, acentrics and dicentrics) was found in cultured peri-
pheral lymphocytes from 31 patients with extensive exposure to arsenic compounds (14
psoriatic patients, 17 vine-dressers) compared with 31 controls (14 psoriatics, 17 healthy
volunteers). All those in the exposed group displayed typical arsenic hyperkeratosis, and
several had had arsenic-induced skin carcinomas excised. In some cases, several decades
had elapsed since the end of exposure to arsenic compounds (Petres et a/., 1977).

Preliminary results showed that the frequency of chromosome aberrations in short-
term cultured lymphocytes from 9 workers exposed to arsenic at a smelter was 87 in 819
mitoses, significantly increased as compared with that of ‘apparently healthy individuals’ who
had 13 aberrations in 1012 mitoses. The authors pointed out that the workers were exposed
simultaneously to other agents (Beckman et al., 1977).

Nordenson et al. (1978) reported an increase in chromosomal aberrations (gaps, and
chromatid and chromosome aberrations) in cultured peripheral lymphocytes from 39 workers
exposed to arsenic compounds at the same smelter. The urinary levels of arsenic ranged from
170-390 ug, but the correlation between frequency of aberrations and arsenic exposure was
rather poor. The results suggested that both exposure to arsenic compounds and smoking
contributed to the increases in chromosome aberrations.

Nordenson et al. (1979) examined the chromosomes of cultured peripheral lymphocytes
(72-hr) from 16 psoriatics, 7 of whom had received total doses of 300-1200 mg and one an
unknown dose of arsenic, 9-16 years before the start of the study. The average duration of
psoriasis in treated patients was 29 years, and that in untreated psoriatics was 16 years.
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Untreated psoriatics had significantly more chromatid gaps than healthy controls; and the
frequency of gaps was significantly higher in arsenic-treated than in untreated patients. There
was no significant difference bewteen the two groups in the frequency of chromatid or
chromosome breaks; when data for chromatid and chromosome breaks were pooled, how-
ever, there was a significant increase in aberration frequency in the arsenic-treated group.
The frequency of aberrations showed no apparent relationship to age, arsenic dose, time of
treatment or frequency of psoriatic symptoms. There was no difference in the rate of sister
chromatid exchange between the two groups of psoriatics.

An elevated rate of sister chromatid exchange was found in the cultured peripheral
lymphocytes of 6 patients who had been exposed to 1% potassium arsenite (Fowler’s solu-
tion) for asthma, psoriasis or anxiety for periods ranging from 4 months to 27 years; expo-
sure had ceased 1-56 years from the time of the study. All 6 patients subsequently developed
skin carcinomas and arsenic keratoses; 3 had a history of high X-ray exposure. The exposed
group had, on average, 14 sister chromatid exchanges per mitosis, compared with 5.8 in 44
‘normal’ individuals. There was no difference in the incidence of chromosomal aberrations
between the two groups (Burgdorf et al., 1977).

3.3 Case reports and epidemiological studies
{a) Arsenic drugs
A review is available (Schméhl et a/., 1977).

Inorganic trivalent arsenic compounds, and particularly Fowler’s solution, have been
used widely for a variety of ailments (including skin diseases) and are still used in some count-
ries. Large doses taken internally lead to chronic changes in the skin (arsenicism), such as hy-
perpigmentation and keratosis. The concurrence of chronic skin arsenicism with in situ and
invasive carcinomas of the skin has been reviewed in 143 cases by Neubauer (1947) and by
others (Bartak & Kejda, 1972; Ehlers, 1968; Jackson & Grainge, 1975;: Minkowitz, 1964;
Sanderson, 1963; Sommers & McManus, 1953). Characteristically, the skin cancers were
multifocal, involved areas of the body unexposed to sunlight and occurred at atypical loca-
tions such as the palms and soles, while skin cancers not related to arsenicism are most often
single lesions which occur on areas exposed to sunlight or at the site of application of, e.g.,
tar, X-rays or radium. The period from the beginning of treatment to the manifestation of
tumours ranged from 5-60 years (average, 18 years), and most cancers occurred only after the
drug had been taken for a relatively long time: 90% of cases had taken the drug for more than
one year and 60% for more than five years. The average dose was 28 g (range, 0.2-121 g).
The patients were relatively young when the cancers were noted: one-third were less than 40
years old, and almost three-quarters were less than 50. Aldick & Fabry (1973) reported a
case of multifocal basal-cell carcinoma of the skin in a man whose mother had taken Fowler’s
solution during her pregnancy. Calnan (1954) reported one case of basal-cell epithelioma of
the skin with bronchial carcinoma in aman treated for several years for psoriasis with Fowler's
solution,
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Fierz (1965) reviewed findings from 262 patients who had received Fowler’s solution for
the treatment of chronic skin disorders: 40% had hyperkeratosis on the palms and soles, and
8% had skin cancers. A dose-response relationship with total arsenic dose was observed for
both conditions; the doses taken by patients with cancer ranged from 0.1-26 g arsenic, and
tumours were observed at 6-26 years after treatment (average, 14 years).

Tay & Seah (1975) reported on the prevalence of cancer among 74 individuals with
arsenic poisoning caused by ingestion of herbal preparations containing arsenic sulphide,
taken mostly for the treatment of asthma. Six subjects were diagnosed for skin cancer; of
4 who had internal malignancies (2 with lung cancer, 1 with cancer of the gall bladder and 1
with haemangiosarcoma of the liver), 2 also had skin cancer. Three additional cases of
angiosarcoma of the liver (Dalderup et a/., 1976; Lander et al., 1975; Regelson et a/., 1968;
Roth, 1955) and one case of carcinoma of the liver with squamous-cell carcinoma of the lung
(Goldman, 1973) have been reported in association with ingestion of Fowler’s solution.

Isolated cases of cancers other than skin have been reported in patients who received
Fowler’s solution or other arsenic medication: Nurse (1978) reported one case of cancer of
the neck and kidney, Prystowsky et a/. (1978) one case of cancer of the nasopharynx, and
Calnan (1954) and Robson & Jelliffe (1963) seven cases of lung cancer. Neubauer (1947)
reported cases of skin cancers associated with cancers of the stomach, tongue and oral
mucosa, uterus, ureter and bladder, oesophagus and breast, and one case each of breast cancer
and pancreatic cancer without skin cancer [The Working Group considered that these reports
do not provide evidence of an association between medicinal exposure to arsenic and tumours
at these sites] .

In a case-contol study, 419 patients (204 males and 215 females) with various histo-
logical types of skin cancer were compared with 200 control patients (100 of each sex) with
no skin malignancies; the two groups were comparable for age, occupation and urban-rural
residence. The proportion of those exposed to arsenic compounds was significantly greater
in the group of patients with Bowen's disease (epithelioma) or superficial basal-cell carcinoma
of the trunk (36%) than in the control group (14%); squamous-cell carcinomas were also seen.

More than 85% of cases in all groups had been exposed to medicinal arsenic (Fritsch et a/.,
1971).

Reymann et al. (1978) studied a possible relationship between intake of arsenic
compounds and incidence of internal malignant neoplasms (not further specified) by follow-
ing up a group of patients with multiple basal-cell carcinomas, Bowen’s disease, psoriasis,
verruca plana or lichen planus who had been treated with arsenic drugs. The observed inci-
dence was compared with the expected incidence of internal malignant neoplasms on the
basis of national rates available from the Danish Cancer Registry. Except for one subgroup
{(women with multiple basal-cell carcinomas: 5 observed versus 1.2 expected), no statistically
significant excess of internal malignant neoplasms was seen.
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(b} Arsenic in drinking-water

Basal-cell carcinomas and lesions of Bowen'’s disease developed in a man who was acutely
intoxicated with arsenic after drinking well-water contaminated with arsenic (Degreef &
Roelandts, 1974). Multiple basal-cell carcinomas (Wagner et a/., 1979) developed in a woman
-who had ingested well-water containing 1.2 mg/| arsenic for 4 months. Two males from the
city of Antofagasta, Chile, who drank water containing an average of 0.6 mg/| (range, 0.05-
0.96 mg/l) total arsenic for approximately 30 years (total dose, about 13 g arsenic), develo-
ped multiple, scattered squamous-cell carcinomas located in areas of the skin not exposed to
sunlight (Zaldivar, 1974). One case of liver haemangioendothelioma has also been reported
from the same area of Chile (Rennke et a/., 1971).

In certain other parts of the world (e.g., Reichenstein, Silesia and Cordoba, Argentina),
the high levels of total arsenic found in drinking-water have been associated with a high rate
of reporting of arsenicism and skin cancer cases (reviewed by Neubauer, 1947).

Tseng et a/. (1968) and Tseng (1977) carried out a house-by-house survey of more than
40,000 people in an area of Taiwan who had drunk artesian well-water containing high levels
of arsenic (average levels, about 0.5 mg/l; range, 0.01-1.8 mg/l) for more than 60 years.
They tound prevalence rates of skin cancer (10.6/1000), hyperpigmentation (184/1000),
keratosis (71/1000) and a peripheral vascular disorder called ‘blackfoot disease’ (9/1000).
No cases of any of these conditions were found among 7500 people in a neighbouring area
with low arsenic levels in the drinking-water (0.001-0.02 mg/1). Skin cancer rates in areas of
low (0.0-0.29 mg/l), medium (0.3-0.59 mg/l) and high (=>0.6 mg/l) arsenic levels were 2.6/
1000, 10.1/1000 and 21.4/1000, respectively. Similar dose-response relationships were seen
for the other lesions. The skin cancers seen were atypical in that three-quarters of them were
on areas of the body not exposed to sunlight; furthermore, virtually all the patients (99.5%)
had more than one lesion.

Morton et al. (1976) found no excess of skin cancers in the population of a county in
the US where there was a high - arsenic content in the drinking-water: furthermore, the
incidence of skin cancers within the county did not correlate with arsenic levels in the water.
Mean arsenic levels (average, 16.5 ug/l; range, 0.0-2150 ug/l) were lower than those seen in
the studies by Tseng (1977) and Tseng et al. (1968), however, and varied considerably
throughout the county. Additionally, local dermatologists reported few cases of arsenical

hyperkeratosis or hyperpigmentation, despite previous knowledge of the elevated arsenic
levels.

[The Working Group noted that average arsenic levels were about 30 times greater in
the study in Taiwan than in that in the US. The two reports are thus not necessarily contra-
dictory.]
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{c) Air pollutants containing arsenic

Blot & Fraumeni (1975) found that average mortality rates from lung cancer for white
males and females in the US in 1950-1969 were significantly increased in counties in which
there were copper, lead or zinc smelting and refining industries (which are associated with
substantial amounts of inorganic arsenic) but not in counties where aluminium or other non-
ferrous ores (not associated with arsenic) were processed. When the data from 36 counties
with copper, lead or zinc industries were pooled, the standardized mortality ratios (SMRs) for
lung cancer were 112 for males and 110 for females. These could not be accounted for by
differences in geographical region, population density, urbanization or socioeconomic status.
Part of the excess can be attributed to the presence of smelter workers (who are at increased
risk of lung cancer) in the death data for the counties. In over half of the counties, less than
1% of the total population was employed in smelters, and in almost 90% less than 3% were
so employed. The authors calculated that the relative risk of lung cancer in smelter workers
would have to be about 13 in order to account for the overall 12% increase seen in all the
counties. They suggested that community air pollution from industrial emissions containing
inorganic arsenic was the most likely cause of the increased lung cancer mortality.

In order to examine a possible association of the distance from a copper smelter
with lung cancer incidence, a case-control study was undertaken using information from a
population-based cancer registry. The cases consisted of all new cases of lung cancer
registered during a certain period of time, while the control group consisted of all cases of
lymphoma registered during the same period. No association was demonstrated between lung
cancer and the distance between the smelter and place of residence for either men or women
(Lyon et al., 1977) [The Working Group noted that this study was conducted in a county in
which the lung cancer mortality rate was one of the lowest of the 36 counties studied by Blot
& Fraumeni (Stellman & Kabat, 1978). However, if lung cancer cases were associated with
exposure to arsenic from the smelter, more cases than controls should have lived closer to the
industry. This association was not observed. The use of lymphomas as a control group may
have obscured an association, since lymphomas have been associated with arsenic exposure in
at least one study (Ott et a/., 1974). ‘

Mortality rates in an area around a large smelter in Sweden, which had emitted large
amounts of arsenic during the processing of copper, lead, zinc and other nonferrous ores,
were studied for a 14-year period and compared with those in a reference area whose popu-
lation was similar with regard to urbanization, occupational profile and age distribution. No
differences in mortality were found among either males or females for any causes of death
other than lung cancer in men: the SMR for primary respiratory cancer in men in the ex-
posed area was 2560 (P=0.002) when compared with the reference area and 130 (not signi-
ficant) when compared with national rates. This excess mortality was no longer significant
(SMR=173) when those men occupationally exposed at the smelter were excluded. Smoking
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habits were not specifically studied; however, it was considered that they were unlikely to be
substantially different in the two populations, which were similar with regard to several
socioeconomic variables (Pershagen et a/., 1977).

Matanoski et a/. (1980) studied cancer mortality in residents of an area in the US in
which a pesticide plant was located, in comparison with that in other populations matched
for race, sex, age and socioeconomic status. Arsenical products were produced at the plant
from the early 1900s until 1973, and chlorinated and organophosphate pesticides were
formulated from 1947. The population in the area where the plant was located demonstrated
a significant excess of lung cancers (relative risk, 4} in males but not in females when com-
pared with the matching populations; these comparisons were based on 25 deaths from lung
cancer. The risk for lung cancer increased more rapidly in the exposed population than in the
comparison group over the 17 years covered by the study. When the plant records of emp-
loyees were reviewed, 2 lung cancer deaths were removed from the data, but the excess re-
mained. A spot map indicated that the lung cancer cases were distributed in an area 8 city
blocks wide and 9-12 blocks long, lying to the north and east of the plant. This area had
the highest arsenic levels in soil, with a mean level of 63 mg/kg and a highest level of 695
mg/kg. The distribution of cases along a railroad line suggested that transportation routes
might be the means of spreading arsenicals [The Working Group noted that interpretation of
this study is made difficult by lack of information about other occupational exposures and
about cigarette smoking. Furthermore, the lack of an effect in women suggests that factors
other than environmental arsenic exposure are important] .

(d) Occupational arsenic exposure
(i} Factories

Hamada et a/. (1977) reported 3 cases of Bowen's disease among 28 workers who had
been employed in the manufacture of lead arsenate from arsenic acid and lead oxide. In 2 of
these 3, the duration of exposure to arsenic was relatively short, 2 or 3 years, while the time
interval between' the termination of exposure and the diagnosis of the disease was fairly long,
both 24 years.

Two out of 26 patients reported to the New York State Tumor Registry with angio-
sarcoma of the liver had used arsenical pesticides for many years (Brady et al., 1977) [The
Working Group noted that it was not possible to determine from the paper whether one of
the matched controls had also been exposed to arsenic] .

Hill & Faning (1948) examined the proportionate mortality of workers involved in the
manufacture of sheep-dip containing inorganic arsenicals, who, according to Perry et al.
(1948), had median arsenic exposures ranging from 71-696 ug/m3. Twenty-two of the 75
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deaths in sheep-dip workers (29%) were due to cancer; comparable figures in other workers
were 157 of 1216 deaths (13%). The excess of cancer in sheep-dip workers was limited to
workers heavily exposed to arsenic (19/561, 37%), and no excess was seen in nonexposed
workers (3/24, 12.5%). The excess cancer deaths were limited to respiratory (32% in ex-
posed versus 16% in nonexposed) and skin cancers (14% in exposedversus 1% in nonexposed).

In a proportionate mortality study of deaths occurring in England and Wales between
1959 and 1963, Moss & Lee (1974) demonstrated a significant excess (11 versus 2.56 expec-
ted; P<0.0001) of oral and pharyngeal cancer in male textile workers engaged in fibre pre-
paration. A further analysis of deaths from oral and pharyngeal cancer during the periods
1959-1963 and 1970-1971 by type of fibres used by fibre preparers indicated that 18/22
deaths occurred among those who had worked with wool, whereas only 56% of all fibre
preparers had worked with this material. Thus, the risk for wool fibre preparers is even more
significant than that calculated above. The following materials were reported to be present in
raw wool: natural secretions and excretions, animal parasites, vegetable burrs and grass, soil,
tar and paint, branding fluids, sheep-dips (which may have been contaminated with arsenic)
and salves.

The proportional mortality of 173 workers who had been engaged in the production and
packaging of arsenical insecticides was compared with that of 1809 dead workers who had
worked in the same factory but had not been exposed to arsenic compounds (Ott et a/.,
1974). Employees who had left the smelter prior to retirement were excluded from the ana-
lysis. Twenty-eight of the 173 deaths (16.2%) among the exposed group were due to respira-
tory cancers, while 104 of the 1809 deaths (5.7%) among the nonexposed workers were due
to this cause. The only other excess was seen for cancers of the lymphatic and haemato-
poietic systems, other than leukaemia: 6/176 (3.5%) versus 25/1809 (1.4%). Less then 25%
of workers were exposed to arsenic for more than one year; the remainder either left
employment or were promoted to other jobs. Of the 173 deaths, 138 (80%) were in workers
exposed for less than one year; and 16 of the 28 deaths due to lung cancer (567%) occurred in
these workers. The ratio of observed to expected lung cancer deaths increased with total
arsenic dose [The Working Group noted that only those workers who were employed until
death or who retired from the company were considered. The loss of data on other workers,
especially on those exposed to low levels of arsenic, may affect the results. This is supported
by the fact that the relative risk remains around 2 with increasing exposure to arsenic over
total arsenic doses of 0.12-1.6 mg, while risk increases regularly at doses above these levels] .
A retrospective cohort analysis of a subset of the same population showed 20 observed deaths
from respiratory cancer among the exposed workers, whereas 5.8 were expected on the basis
of US white male mortality rates, giving a relative risk of 3.5. The ratio of observed to
expected deaths due to malignant neoplasms of the lymphatic and haematopoietic tissues,
except for leukaemia, was also considerably higher than expected: 5 observed, 1.3 expected,
relative risk 3.9. The authors suggested that the smoking habits of the exposed workers were
no different from those of the controls.
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Mabuchi et al. (1979) studied mortality rates by cause in 1393 workers employed from
1946 to 1974 in a factory where pesticides were manufactured and formulated. Workers
were exposed to many arsenic compounds as well as to copper sulphate, chlorinated hydro-
carbons, organophosphates and carbamate and other organic herbicides. As of August 1977,
197 males and 43 females had died. The overall SMRs were close to one, and the only statis-
tically significant excesses of mortality were seen for lung cancer in males (23 observed, 13.7
expected; SMR, 168) and anaemias in males (2 observed, 0.2 expected; SMR, 1000). A
dose-response was demonstrated for lung cancer risk, which increased with duration of em-
ployment. Although based on small numbers of deaths, there was also a regular increase in
lung cancer risk with increasing duration of exposure to arsenicals but not to nonarsenical
products. There was also a slight excess of lymphomas in males (4 observed, 2.1 expected;
P<0.05) [The Working Group noted that no data on smoking habits were available] .

(ii) Mines and smelters

Osburn (1957) reported an excessive proportionate mortality from cancer of the lung in
an autopsy series of Rhodesian miners of gold-bearing ores containing large amounts of
arsenic as arsenopyrite. The autopsy incidence of lung cancer was 5.8% (22 cases), which
was reported by the authors to be more than double the rate for whites and 14 times the
rate for non-whites in Johannesburg. Subsequently, Osburn (1969) re-examined hospital
admissions for lung cancer in the gold-mining area and found an additional 37 lung cancers,
one of which occurred in a nonminer. He calculated that the incidence of lung cancer among
miners was 205.6/100,000, as compared with a rate of 33.8/ 100,000 in the general male
population. He also found that 13/37 patients (35%) had palmar hyperkeratosis, indicative
of chronic arsenicism. Seventy-six percent of the cases were cigarette smokers (all of the
nonsmokers were underground miners), suggesting that the high rate of lung cancer in the
area might be due to a combined effect of smoking and exposure to arsenical dust.

A proportionate mortality study showed no excess of cancer among current and retired
workers who had been exposed to arsenic in a copper smelter during the period 1946-1960
(Pinto & Bennett, 1963). However, a more recent cohort mortality study of 5627 male
pensioners (aged 65 or more) from the same facility demonstrated a 12.2% excess of deaths
from all causes (P<X0.05; SMR=112.2), limited to deaths from respiratory cancers (SMR=
305). A clear linear dose-response effect was demonstrated (see Table 7) [x2 for trend, 7.86;
P=0.005, calculated by the Working Group]. The excess risk of lung cancer could not be
accounted for by smoking: the SMR for smokers was 287, and that for nonsmokers was 506
(Pinto et al., 1978).
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Table 7

Observed and expected numbers of deaths from respiratory cancer and standardized
mortality ratios in relation to arsenic exposure index?

Arsenic exposure

Deaths from respiratory cancer

(arbitria':'t\i(e:nits) No. of men Observed Expected SMR
0-1.9 36 1 0.9 11141
2.0-29 109 4 2.1 190.5
3.06.9 205 11 3.9 282.0*
6.0-8.9 109 7 2.3 304.3*

9.0-11.9 38 4 0.7 571.4*
>12 29 5 0.6 833.3"

x? trend=7.86; P= 0.005b
x? linearity = 1.78 (not significant)

2 Erom Pinto et al. (1978)

bCalcuIated by the Working Group
*p<0.05
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Milham & Strong (1974), using death certificates and company records, found 40 res-
piratory cancer deaths that had occurred between 1950 and 1971 in one copper smelting
plant. ‘Application of US mortality rates to the published population at risk in the smelter
(Pinto & Bennett, 1963)’ gave an expected number of 18 deaths from respiratory cancer
(SMR=222; P<0.001) [The Working Group considered that the method of calculating
expected deaths is inadequately described and that this study is thus difficult to interpret] .

Lee & Fraumeni (1969) examined the mortality experience of 8047 men engaged in
metal smelting during the period 1938-1963. Occupational exposure levels were categorized
into ‘heavy’, ‘medium’ and ‘light’ for both arsenic trioxide and sulphur dioxide. As compared
with the male population of the same states, smelter workers had an excess mortality from
cancer of the respiratory system (147 observed versus 44.7 expected; SMR=329; P<0.01).
This excess was as high as 8-fold for employees who had worked for more than 15 years and
who were heavily exposed to arsenic. The risk also increased in proportion to the degree of
exposure to arsenic and sulphur dioxide: SMRs were 239, 478 and 667 in those with light,
medium and heavy arsenic exposure, respectively. The results were consistent with the
view that inhaled arsenic is a respiratory carcinogen in humans; however, an influence of
sulphur dioxide or unidentified agents, whose presence varied concomitantly with arsenic
exposure, could not be discounted. When the data were examined by the method of pro-
portionate mortality used in some of the previous studies, the percentage of deaths from res-
piratory cancer (7.8%) was not significantly different from figures reported in studies of
other, nonmining occupations with exposure to arsenic, including those which had previously
been considered to be negative (Pinto & Bennett, 1963; Snegireff & Lombard, 1951).

In a historical prospective study, Tokudome & Kuratsune (1976) observed a signifi-
cantly increased mortality for lung cancer (ICD 7th revision = 162) (SMR=1189) among
workers probably exposed to arsenic compounds in copper smelting operations in Japan, as
compared with the national average. Significant excesses were also seen for colon cancer (3
observed versus 0.6 expected; SMR=508) and for liver cancer (11 versus 3.26; SMR=337).
No significant excesses occurred in workers employed at the factory but not exposed to
copper smelting. SMRs for lung cancer were 563, 735 and 1905 for employment durations
of 1-9 years, 10-19 years and >20 years, respectively, and 635, 1250 and 1485 for employees
in jobs with light, medium and heavy exposure to arsenic, respectively. The significantly ele-
vated SMR for colon cancer in the smelter workers was not associated with a dose-response
relationship. The average latent period for development of lung cancer was 37.6 years and
was not related to level of exposure. Twenty-six of the 29 deaths from lung cancer occurred
in workers after they had left the smelter. No information was given about the smoking

habits of the workers; however, it is unlikely that smoking would account for differences of
this magnitude.
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Axelson et al. (1978) conducted a case-control study of deaths from lung cancer and
from all other malignancies which had occurred in the area surrounding a copper smelter in
Sweden. Controls were all deaths in the area, excluding those due to cancer, cardiovascular
disease, cerebrovascular disease, cirrhosis of the liver and some other causes. Lung cancer
rates among the workers exposed to arsenic in the smelter were higher than those among
persons not so exposed (rate ratio = 4.6; 90% confidence interval, 2.2-9.6). A dose-response
relationship between risk and exposure level was observed (although the trend was not sig-
nificant) when exposures were estimated using a composite score of dose levels and duration
of employment: rate ratios were 2.1, 5.9 and 8.8 in those with low, medium and high
exposures, respectively. The excess of lung cancer did not correlate with exposure to nickel,
lead, copper, selenium, bismuth, antimony or sulphur dioxide. No increased risk was ob-
served for other malignancies, except for leukaemia and myelomas: 6 out of 7 of these cases
(86%) had had exposure to arsenic, compared with 18 out of 32 among the controls (66%).

Rencher et al. (1977) carried out a proportional mortality study of men who were emp-
loyed in the smelter, mine, concentrator and other operations of a copper corporation and
who died between 1959 and 1969. Seven percent of deaths in workers in the smelter (where
exposure to arsenic was high) were due to respiratory neoplasms, compared with 2.2% for
those in the mine, 2.2% for those in the concentrator and 2.7% for those in the state in
which the plant is located. The excess proportion at the smelter was statistically significant.
It was also noted that the age-adjusted death rate for lung cancer of workers at the smelter
was 4.8 times that of workers at the mine and 3.1 times that of the population of the state;
however, no statistical test of significance was made since some approximations were re-
quired in calculating the rates. Smoking histories were available, and although smokers
had an increased risk of lung cancer there was no evidence of an interaction with smoking.
The cumulative exposure levels to sulphur dioxide, sulphuric acid mist, arsenic, lead and
copper were calculated for each deceased smelter worker on the basis of duration and level
of exposure. The subjects who died of lung cancer had considerably higher exposure indices
for all of the above compounds than did those who died either of nonrespiratory cancer or
of nonmalignant respiratory disease. These differences were statistically significant for sul-
phur dioxide, arsenic and lead; however, no reference was made to a dose-response relation-
ship.

Newman et al. (1976) ascertained histological diagnoses for 143 lung tumours from
which tissue had been saved by two local pathologists who work in an area of extensive
copper mining and smelting. They found that 4/25 (16%) of cancers in smelter workers were
well-differentiated epidermoid-cell tumours, while well- or moderately-differentiated tu-
mours accounted for 27/54 (50%) of cancers in miners and for 21/45 (47%) in men not
employed in copper industries. The proportions of poorly differentiated epidermoid cancers
in these groups were 10/25 (40%), 6/54 (11%) and 6/45 (13%), respectively. The authors
suggested that arsenic exposure may have been responsible for the excess of poorly-differen-
tiated tumours in the smelter workers. The lower proportion in miners and the fact that the
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types of cancers were similar in miners and in men not employed in the copper industry were
attributed to the lower levels of arsenic found in the mines compared with the smelter and to
the high levels of arsenic pollution in the general community [The Working Group found that
this study is difficult to interpret, since the sample was not random and the authors did not
state what proportion their subjects represented of all lung cancers in the area. The non-
random selection of certain tumours for study may have introduced bias by obviating a re-
presentative sample of all tumours].

(iii} Pesticide applicators

Vineyard workers in Germany and France have received heavy exposure to arsenical
insecticides through inhalation of lead, calcium and copper arsenate dust and through inges-
tion of contaminated wine (Galy et a/., 1963a, b; Latarjet et al., 1964; Liebegott, 1952).
Clinical reports have described an association of chronic arsenicism with skin cancer in vine-
yard workers (Liebegott, 1952; Grobe, 1977). The concurrence of arsenicism and lung
cancer was observed in post mortem studies of those vineyard workers who showed
cutaneous stigmata of arsenic toxicity at death: lung cancer occurred in 12 out of 27 men
autopsied and liver haemangioendothelioma in two (Roth, 1955, 1957a, b). Lung cancers
were also reported by Galy et al. (1963a, b) and Latarjet et a/. (1964). Liebegott (1952)
described 3 liver carcinomas, 2 liver sarcomas and one oesphageal carcinoma among vineyard
workers.

Seventeen vineyard workers with dermatological lesions due to arsenicism were
estimated to have ingested an average total of 45 g arsenic (range, 5.6 to 132.9 g) for an
average of 13 years (range 5-28 years). Ten of them had Bowen’s disease, 6 had basal-cell
carcinoma and 7 had squamous-cell carcinoma of the skin; cancer of the lung was seen in 4
patients, cancer of the larynx in one, and cancer of the vocal chords in one other. The
average periods from exposure to development of disease were 35, 38, 39 and 39 years for
Bowen's disease, basal-cell carcinoma, squamous-cell carcinoma of the skin and cancer of the
lung, respectively (Wolf, 1974).

Poirier et al. (1973) reported squamous-cell carcinomas of the skin and of the lungin a
vine-dresser who had used ‘Bordeaux mixture’ (lime and copper sulphate which did not con-
tain arsenic) for 30 years and lead and calcium arsenate for 2 years, and who was a non-
smoker. He also showed the skin lesions typical of chronic arsenicism.
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Nelson et al. (1973) studied the mortality of residents in an apple-growing area who in
1938 had participated in a morbidity study of the health effects of lead arsenate spray. The
1231 cohort members were classified into three exposure groups, namely ‘orchardists’, who
prepared and applied lead arsenate sprays, ‘consumers’ (eaters of apples), with no occu-
pational contact with lead arsenate, and ‘intermediates’, who had infrequent exposure. The
urinary level of total arsenic determined in 1938 showed that the orchardists had the heaviest
exposure among the groups: mean urinary arsenic levels in men were 62.0, 71.0 and 140.5
ug/l in consumers, intermediates and orchardists, respectively; the levels in women were
56.3, 568.0 and 97.9 ug/l. However, no data were available about arsenic levels for individuals.
The SMRs for all cancers were 0.65, 0.96 and 0.66 for consumers, intermediates and orchard-
ists, -respectively, indicating no excess mortality for all cancers as compared with the state
average. Similar results were obtained for lung cancers. There was no evidence of increasing
mortality with longer durations of exposure.

4. Summary of Data Reported and Evaluation
4.1 Experimental data

Arsanilic acid, arsenic trioxide, sodium arsenite, potassium arsenite (Fowler’s solution)
and dimethylarsinic acid were tested by the oral route in mice. Lead arsenate, calcium
arsenate, arsenic trioxide, sodium arsenate and sodium arsenite were tested by the oral route
in rats. Sodium arsenate and arsenite were tested orally in dogs.

Potassium arsenite, arsenic trioxide and sodium arsenate were tested by skin application
in mice. Sodium arsenite was tested by inhalation in mice; and arsenic trioxide, a calcium
arsenate-copper mixture and copper ore or flue dust containing arsenic were tested by intra-
tracheal administration in rats. Sodium arsenate was tested by intravenous administration in
mice. Dimethylarsinic acid was tested by subcutaneous injection in mice; and calcium
arsenate was tested by subcutaneous injection in rats. Metallic arsenic was tested by intra-
medullary injection in rats and rabbits.

In addition, sodium arsenate was tested by subcutaneous injection in mice in an experi-
mental model which included exposures extending from the prenatal to the postnatal period.

Of all these studies, only one involving the subcutaneous administration to mice of
sodium arsenate throughout pregnancy and one involving the intratracheal administration of
a calcium arsenate-copper mixture to rats provided some evidence of a carcinogenic effect.
However, all of the studies, both positive and negative, suffer from some inadequacies.
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There is evidence that arsenite and arsenate cross the placenta in mammals. Sodium
arsenate and arsenite have embryolethal effects and a teratogenic potential in several mam-
malian species. A variety of malformations can be induced. When given orally, high doses of
arsenate are required to induce a small percentage of abnormalities.

The evidence that arsenic compounds cause mutations and allied effects in bacteria is
inconclusive. However, arsenic compounds induce chromosomal aberrations and morpho-
logical transformation in mammalian cells.

4.2 Human data

A large number of cases of skin cancer have been reported among people exposed to
inorganic arsenic through drugs, drinking-water or pesticides. The clinical presentation and
sites of these tumours are different from those of cancers caused by other known skin car-
cinogens, suggesting that they are causally associated with exposure to arsenic. In one epi-
demiological study, skin cancer was positively correlated with high arsenic levels in the drink-
ing-water; a second study showed no such correlation, however, the water arsenic levels were
substantially lower than those in the first study. '

Three cohort studies of workers manufacturing arsenical pesticides showed an excess
mortality from respiratory cancer. A further cohort study of workers exposed to lead
arsenate during spraying showed no excess mortzlity from any cancer; however, these people
may have been exposed to lower levels than were manufacturing workers.

Case-control and cohort studies in copper smelters demonstrated a significantly in-
creased mortality from respiratory cancer among the workers; however, smelter workers are
exposed not only to arsenic compounds but also to other factors in the working environment,
some of which may be carcinogenic. An attempt was made to control for exposure to sul-
phur dioxide, copper, lead, nickel, selenium, antimony and bismuth in one case-control
study, and the excess lung cancer remained. Smoking habits were examined in two of the
studies and could not account for the excess.

The descriptive epidemiological studies on the mortality of people living in the neigh-
bourhood of copper, lead and/or zinc smelters suggest increased mortality from respiratory
cancer. One indicated excess mortality from lung cancer for both men and women, which
was not associated with socioeconomic or geographical factors and could not be explained
by occupational exposure alone. In the other, the excess mortality from respiratory cancer
(which was present only for men) became insignificant when the deaths of workers in the
smelter were excluded. These data are inadequate to evaluate the risk of nonoccupational
exposure to low levels of airborne arsenic.



114 IARC MONOGRAPHS VOLUME 23

Four cases of haemangiosarcoma and one case of carcinoma of the liver have been re-
ported in individuals exposed to medicinal arsenical preparations. One additional case of
haemangiosarcoma of the liver was reported in association with general environmental ex-
posure, and two further cases in workers exposed to arsenical pesticides: four cases of liver
sarcoma and three of liver carcinoma were associated with vineyard exposure. An excess of
lymphomas has been reported in workers in arsenic pesticide manufacture; and excesses of
leukaemia, myeloma and colon and liver cancer have been found in smelter workers. An
excess of oral cancers has been reported in a population exposed during the spinning of wool
which may have been contaminated with arsenical sheep-dip.

Arsenite crosses the placenta. Smelter workers exposed during pregnancy to arsenic
compounds (and possibly to other toxic substances) had an excess of infants with low birth

weights, an increased frequency of abortions and an increased occurrence of multiple mal-
formations.

An increased incidence of chromosomal aberrations was observed in patients treated
with arsenical compounds and in workers exposed occupationally to arsenic compounds in a
smelter environment.

4.3 Evaluation

There is inadequate evidence for the carcinogenicity of arsenic compounds in animals.
There is sufficient evidence that inorganic arsenic compounds are skin and lung carcinogens in
humans. The data suggesting an increased risk for cancer at other sites are inadequate for
evaluation.
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BERYLLIUM and BERYLLIUM COMPOUNDS

Beryllium and beryllium compounds were first considered by an IARC Working Group
in 1971 (IARC, 1972). Since that time, new data have become available, and these are
included in the present monograph and have been taken into consideration in the
evaluation.

1. Chemical and Physical Data

1.1 Synonyms, trade names and molecular formulae

Table 1. Synonyms (Chemical Abstracts Services names are given in bold), trade names and
atomic or molecular formulae of pure beryllium and beryllium compoundsa

Chem. Abstr.
Chemical name Reg. Serial Synonyms and trade names Formula
Beryllium 7440-41-7 Beryllium-9; glucinium; glucinum Be
Beryllium acetate 543-81-7 Acetic acid, beryllium salt; beryllium Be(C,H;0,),
acetate normal
Beryllium acetate, 19049-40-2  Hexakis [u-acetato-0:0°] -, -oxotetra-  Be,O(CH,0, )
basic beryllium; beryllium oxide acetate

. b
Beryllium carbonate 66104-24-3 Beryllium carbonate, basic; beryllium  (BeCO,),.Be(OH),
oxide carbonate ; bis[carbonato(2-)]
dihydroxytriberyllium

Beryllium chloride 7787475 Beryllium dichloride BeCl,

Beryllium fluoride 7787-49-7 Beryllium difluoride BeF,

Beryllium hydroxide 13327-32-7 Beryllium dihydroxide; beryllium B‘e(OH)2
hydrate

Beryllium oxide 1304-56-9 Beryllia; beryllium monoxide BeO
Thermalox

Beryllium phosphate  13598-15-7 Beryllium hydrogen phosphate; BeHPO,
phosphoric acid, beryllium salt
(1:1)

Beryllium silicate 13598-00-0 Beryllium silicic acid ; orthosilicate; Be,SiO,

phenacite; phenakite
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Chem. Abstr.

Chemical name Reg. Serial No. Synonyms and trade names Formula
Beryllium sulphate 13510-49-1 Sulfuric acid, beryllium salt (1:1) BeSO4
Beryllium sulphate 7787-56-6 Beryllium sulfate tetrahydrate; BeSO‘ 4H 20

tetrahydrate sulfuric acid, beryllium salt {(1:1),
tetrahydrate
Zinc berylium 39413-47-3 Silicic acid, beryllium zinc salt Exact compo-

silicate

[beryllium zinc salt of silicic
acid]

sition unknown
or undetermined

95ee also Table 4, p. 162

bchemical Abstracts name and serial number shown were selected as being the closest to the formula
given by Weast (1977). Related compounds registered by Chemical Abstracts (none of which is entirely dis-
tinct from that listed] are: carbonic acid, beryllium salt (1:1) tetrahydrate, BeCO 3 .4H20 {60883-64-9] ;
carbonic acid, beryllium salt (1:1), BeCO3 [13106-47-3] ; and bis[carbonato(2-)] oxodiberyitium,
(C03)2 820 [66104-254] .
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