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gramme on the evaluation of the carcinogenic risk of chemicals to humans involving the
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in specific occupations.

The objective of the programme 1is to elaborate and publish in the form of mono-
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genesis and related fields; and to indicate where additional research efforts are needed.
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NOTE TO THE READER

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

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

The evaluations of carcinogenic risk are made by international working groups of
independent scientists and are qualitative in nature. No recommendation is given for
regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcino-
genic risk of an agent to humans is encouraged to make this information available to the
Unit of Carcinogen Identification and Evaluation, International Agency for Research on
Cancer, 150 cours Albert Thomas, 69372 Lyon Cedex 08, France, in order that the agent
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 Unit of
Carcinogen Identification and Evaluation, so that corrections can be reported in future
volumes.
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IARC MONOGRAPHS PROGRAMME ON THE EVALUATION
OF CARCINOGENIC RISKS TO HUMANS'

PREAMBLE

1. BACKGROUND

In 1969, the International Agency for Research on Cancer (IARC) initiated a pro-
gramme to evaluate the carcinogenic risk of chemicals to humans and to produce
monographs on individual chemicals. The Monographs programme has since been
expanded to include consideration of exposures to complex mixtures of chemicals (which
occur, for example, in some occupations and as a result of human habits) and of
exposures to other agents, such as radiation and viruses. With Supplement 6 (JARC,
1987a), the title of the series was modified from JARC Monographs on the Evaluation of
the Carcinogenic Risk of Chemicals to Humans. to IARC Monographs on the Evaluation
of Carcinogenic Risks to Humans, in order to reflect the widened scope of the
programme.

The criteria established in 1971 to evaluate carcinogenic risk to humans were adopted
by the working groups whose deliberations resulted in the first 16 volumes of the JARC
Monographs series. Those criteria were subsequently updated by further ad-hoc working
groups (IARC, 1977, 1978, 1979, 1982, 1983, 1987b, 1988, 1991a: Vainio et al., 1992).

2.  OBJECTIVE AND SCOPE

The objective of the programme is to prepare, with the help of international working
groups of experts, and to publish in the form of monographs, critical reviews and eva-
luations of evidence on the carcinogenicity of a wide range of human exposures. The
Monographs may also indicate where additional research efforts are needed.

The Monographs represent the first step in carcinogenic risk assessment, which
involves examination of all relevant information in order to assess the strength of the
available evidence that certain exposures could alter the incidence of cancer in humans.
The second step is quantitative risk estimation. Detailed, quantitative evaluations of
epidemiological data may be made in the Monographs, but without extrapolation beyond

'This project is supported by PHS Grant No. 5-UO1 CA33193-15 awarded by the United States National
Cancer Institute, Department of Health and Human Services. Since 1986, the programme has also been
supported by the European Commission.
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the range of the data available. Quantitative extrapolation from experimental data to the
human situation is not undertaken.

The term “carcinogen’ is used in these monographs to denote an exposure that is
capable of increasing the incidence of malignant neoplasms; the induction of benign
neoplasms may in some circumstances (see p. 17) contribute to the judgement that the
exposure is carcinogenic. The terms ‘neoplasm’ and ‘tumour’ are used interchangeably.

Some epidemiological and experimental studies indicate that different agents may act
at different stages in the carcinogenic process, and several different mechanisms may be
involved. The aim of the Monographs has been, from their inception, to evaluate evi-
dence of carcinogenicity at any stage in the carcinogenesis process, independently of the
underlying mechanisms. Information on mechanisms may, however, be used in making
the overall evaluation (IARC, 1991a; Vainio et al., 1992; see also pp. 23-25).

The Monographs may assist national and international authorities in making risk
assessments and in formulating decisions concerning any necessary preventive measures.
The evaluations of IARC working groups are scientific, qualitative judgements about the
evidence for or against carcinogenicity provided by the available data. These evaluations
represent only one part of the body of information on which regulatory measures may be
based. Other components of regulatory decisions may vary from one situation to another
and from country to country, responding to different socioeconomic and national
priorities. Therefore, no recommendation is given with regard to regulation or legis-
lation, which are the responsibility of individual governments and/or other interna-
tional organizations.

The TARC Monographs are recognized as an authoritative source of information on
the carcinogenicity of a wide range of human exposures. A survey of users in 1988
indicated that the Monographs are consulted by various agencies in 57 countries. About
4000 copies of each volume are printed, for distribution to governments, regulatory
bodies and interested scientists. The Monographs are also available from the Interna-
tional Agency for Research on Cancer in Lyon and via the Distribution and Sales Service
of the World Health Organization.

3. SELECTION OF TOPICS FOR MONOGRAPHS

Topics are selected on the basis of two main criteria: (a) there is evidence of human
exposure, and (b) there is some evidence or suspicion of carcinogenicity. The term
‘agent’ is used to include individual chemical compounds, groups of related chemical
compounds, physical agents (such as radiation) and biological factors (such as viruses).
Exposures to mixtures of agents may occur in occupational exposures and as a result of
personal and cultural habits (like smoking and dietary practices). Chemical analogues
and compounds with biological or physical characteristics similar to those of suspected
carcinogens may also be considered, even in the absence of data on a possible carcino-
genic effect in humans or experimental animals.

The scientific literature is surveyed for published data relevant to an assessment of
carcinogenicity. The IARC information bulletins on agents being tested for carcino-
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genicity (IARC, 1973-1996) and directories of on-going research in cancer epidemiology
(IARC, 1976-1996) often indicate exposures that may be scheduled for future meetings.
Ad-hoc working groups convened by IARC in 1984, 1989, 1991 and 1993 gave recom-
mendations as to which agents should be evaluated in the IARC Monographs series
(IARC, 1984, 1989, 1991b, 1993).

As significant new data on subjects on which monographs have already been prepared
become available, re-evaluations are made at subsequent meetings, and revised mono-
graphs are published.

4. DATA FOR MONOGRAPHS

The Monographs do not necessarily cite all the literature concerning the subject of an
evaluation. Only those data considered by the Working Group to be relevant to making
the evaluation are included.

With regard to biological and epidemiological data, only reports that have been
published or accepted for publication in the openly available scientific literature are
reviewed by the working groups. In certain instances, government agency reports that
have undergone peer review and are widely available are considered. Exceptions may be
made on an ad-hoc basis to include unpublished reports that are in their final form and
publicly available, if their inclusion is considered pertinent to making a final evaluation
(see pp. 23-25). In the sections on chemical and physical properties, on analysis, on
production and use and on occurrence, unpublished sources of information may be used.

5.  THE WORKING GROUP

Reviews and evaluations are formulated by a working group of experts. The tasks of
the group are: (1) to ascertain that all appropriate data have been collected; (ii) to select
the data relevant for the evaluation on the basis of scientific merit; (iii) to prepare
accurate summaries of the data to enabie the reader to follow the reasoning of the
Working Group; (iv) to evaluate the results of epidemiological and experimental studies
on cancer; (v) to evaluate data relevant to the understanding of mechanism of action; and
(v1) to make an overall evaluation of the carcinogenicity of the exposure to humans.

Working Group participants who contributed to the considerations and evaluations
within a particular volume are listed, with their addresses, at the beginning of each publi-
cation. Each participant who is a member of a working group serves as an individual
scientist and not as a representative of any organization, government or industry. In
addition, nominees of national and international agencies and industrial associations may
be invited as observers.

6. WORKING PROCEDURES

Approximately one year in advance of a meeting of a working group, the topics of the
monographs are announced and participants are selected by IARC staff in consultation
with other experts. Subsequently, relevant biological and epidemiological data are
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collected by the Cancer Identification and Evaluation Unit of IARC from recognized

sources of information on carcinogenesis, including data storage and retrieval systems
such as MEDLINE and TOXLINE.

For chemicals and some complex mixtures, the major collection of data and the
preparation of first drafts of the sections on chemical and physical properties, on
analysis, on production and use and on occurrence are carried out under a separate
contract funded by the United States National Cancer Institute. Representatives from
industrial associations may assist in the preparation of sections on production and use.
Information on production and trade is obtained from governmental and trade
publications and, in some cases, by direct contact with industries. Separate production
data on some agents may not be available because their publication could disclose
confidential information. Information on uses may be obtained from published sources
but is often complemented by direct contact with manufacturers. Efforts are made to
supplement this information with data from other national and international sources.

Six months before the meeting, the material obtained is sent to meeting participants,
or is used by IARC staff, to prepare sections for the first drafts of monographs. The first
drafts are compiled by IARC staff and sent, before the meeting, to all participants of the
Working Group for review.

The Working Group meets in Lyon for seven to eight days to discuss and finalize the
texts of the monographs and to formulate the evaluations. After the meeting, the master
copy of each monograph is verified by consulting the original literature, edited and
prepared for publication. The aim is to publish monographs within six months of the
Working Group meeting.

The available studies are summarized by the Working Group, with particular regard
to the qualitative aspects discussed below. In general, numerical findings are indicated as
they appear in the original report; units are converted when necessary for easier compa-
rison. The Working Group may conduct additional analyses of the published data and use
them in their assessment of the evidence; the results of such supplementary analyses are
given in square brackets. When an important aspect of a study, directly impinging on its
interpretation, should be brought to the attention of the reader, a comment is given in
square brackets.

7.  EXPOSURE DATA

Sections that indicate the extent of past and present human exposure, the sources of
exposure, the people most likely to be exposed and the factors that contribute to the
exposure are included at the beginning of each monograph.

Most monographs on individual chemicals, groups of chemicals or complex mixtures
include sections on chemical and physical data, on analysis, on production and use and
on occurrence. In monographs on, for example, physical agents, occupational exposures
and cultural habits, other sections may be included, such as: historical perspectives,
description of an industry or habit, chemistry of the complex mixture or taxonomy.
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Monographs on biological agents have sections on structure and biology, methods of
detection, epidemiology of infection and clinical disease other than cancer.

For chemical exposures, the Chemical Abstracts Services Registry Number, the latest
Chemical Abstracts Primary Name and the IUPAC Systematic Name are recorded: other
synonyms are given, but the list is not necessarily comprehensive. For biological agents,
taxonomy and structure are described, and the degree of variability is given, when
applicable.

Information on chemical and physical properties and, in particular, data relevant to
identification, occurrence and biological activity are included. For biological agents,
mode of replication, life cycle, target cells, persistence and latency and host response are
given. A description of technical products of chemicals includes trades names, relevant
specifications and available information on composition and impurities. Some of the
trade names given may be those of mixtures in which the agent being evaluated is only
one of the ingredients.

The purpose of the section on analysis or detection is to give the reader an overview
of current methods, with emphasis on those widely used for regulatory purposes.
Methods for monitoring human exposure are also given, when available. No critical eva-
luation or recommendation of any of the methods is meant or implied. The IARC
publishes a series of volumes, Environmental Carcinogens: Methods of Analysis and
Exposure Measurement (IARC, 1978-93), that describe validated methods for analysing
a wide variety of chemicals and mixtures. For biological agents, methods of detection
and exposure assessment are described, including their sensitivity, specificity and
reproducibility.

The dates of first synthesis and of first commercial production of a chemical or
mixture are provided; for agents which do not occur naturally, this information may
allow a reasonable estimate to be made of the date before which no human exposure to
the agent could have occurred. The dates of first reported occurrence of an exposure are
also provided. In addition, methods of synthesis used in past and present commercial
production and different methods of production which may give rise to different
impurities are described.

Data on production, international trade and uses are obtained for representative
regions, which usually include Europe, Japan and the United States of America. It should
not, however, be inferred that those areas or nations are necessarily the sole or major
sources or users of the agent. Some identified uses may not be current or major
applications, and the coverage is not necessarily comprehensive. In the case of drugs,
mention of their therapeutic uses does not necessarily represent current practice nor does
it imply judgement as to their therapeutic efficacy.

Information on the occurrence of an agent or mixture in the environment is obtained
from data derived from the monitoring and surveillance of levels in occupational
environments, air, water, soil, foods and animal and human tissues. When available, data
on the generation, persistence and bioaccumulation of the agent are also included. In the
case of mixtures, industries, occupations or processes, information is given about all
agents present. For processes, industries and occupations, a historical description is also
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given, noting variations in chemical composition, physical properties and levels of
occupational exposure with time and place. For biological agents, the epidemiology of
infection is described.

Statements concerning regulations and guidelines (e.g., pesticide registrations,
maximal levels permitted in foods, occupational exposure limits) are included for some
countries as indications of potential exposures, but they may not reflect the most recent
situation, since such limits are continuously reviewed and modified. The absence of
information on regulatory status for a country should not be taken to imply that that
country does not have regulations with regard to the exposure. For biological agents,
legislation and control, including vaccines and therapy, are described.

8. STUDIES OF CANCER IN HUMANS

(a) Types of studies considered

Three types of epidemiological studies of cancer contribute to the assessment of carci-
nogenicity in humans — cohort studies, case—control studies and correlation (or ecolo-
gical) studies. Rarely, results from randomized trials may be available. Case series and
case reports of cancer in humans may also be reviewed.

Cohort and case—control studies relate individual exposures under study to the occur-
rence of cancer in individuals and provide an estimate of relative risk (ratio of incidence
or mortality in those exposed to incidence or mortality in those not exposed) as the main
measure of association.

In correlation studies, the units of investigation are usually whole populations (e.g., in
particular geographical areas or at particular times), and cancer frequency is related to a
summary measure of the exposure of the population to the agent, mixture or exposure
circumstance under study. Because individual exposure is not documented, however, a
causal relationship is less easy to infer from correlation studies than from cohort and
case—control studies. Case reports generally arise from a suspicion, based on clinical
experience, that the concurrence of two events — that is, a particular exposure and
occurrence of a cancer — has happened rather more frequently than would be expected
by chance. Case reports usually lack complete ascertainment of casés in any population,
definition or enumeration of the population at risk and estimation of the expected number
of cases in the absence of exposure. The uncertainties surrounding interpretation of case
reports and correlation studies make them inadequate, except in rare instances, to form
the sole basis for inferring a causal relationship. When taken together with case—control
and cohort studies, however, relevant case reports or correlation studies may add
materially to the judgement that a causal relationship is present.

Epidemiological studies of benign neoplasms, presumed preneoplastic lesions and
other end-points thought to be relevant to cancer are also reviewed by working groups.
They may, in some instances, strengthen inferences drawn from studies of cancer itself.
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(b) Quality of studies considered

The Monographs are not intended to summarize all published studies. Those that are
judged to be inadequate or irrelevant to the evaluation are generally omitted. They may
be mentioned briefly, particularly when the information is considered to be a useful
supplement to that in other reports or when they provide the only data available. Their
inclusion does not imply acceptance of the adequacy of the study design or of the
analysis and interpretation of the results, and limitations are clearly outlined in square
brackets at the end of the study description.

It is necessary to take into account the possible roles of bias, confounding and chance
in the interpretation of epidemiological studies. By ‘bias’ is meant the operation of
factors in study design or execution that lead erroneously to a stronger or weaker asso-
ciation than in fact exists between disease and an agent, mixture or exposure circum-
stance. By ‘confounding’ is meant a situation in which the relationship with disease is
made to appear stronger or weaker than it truly is as a result of an association between
the apparent causal factor and another factor that is associated with either an increase or
decrease in the incidence of the disease. In evaluating the extent to which these factors
have been minimized in an individual study, working groups consider a number of
aspects of design and analysis as described in the report of the study. Most of these
considerations apply equally to case—control, cohort and correlation studies. Lack of
clarity of any of these aspects in the reporting of a study can decrease its credibility and
the weight given to it in the final evaluation of the exposure.

Firstly, the study population, disease (or diseases) and exposure should have been
well defined by the authors. Cases of disease in the study population should have been
identified in a way that was independent of the exposure of interest, and exposure should
have been assessed in a way that was not related to disease status.

Secondly, the authors should have taken account in the study design and analysis of
other variables that can influence the risk of disease and may have been related to the
exposure of interest. Potential confounding by such variables should have been dealt with
either in the design of the study, such as by matching, or in the analysis, by statistical
adjustment. In cohort studies, comparisons with local rates of disease may be more
appropriate than those with national rates. Internal comparisons of disease frequency
among individuals at different levels of exposure should also have been made in the
study.

Thirdly, the authors should have reported the basic data on which the conclusions are
founded, even if sophisticated statistical analyses were employed. At the very least, they
should have given the numbers of exposed and unexposed cases and controls in a case—
control study and the numbers of cases observed and expected in a cohort study. Further
tabulations by time since exposure began and other temporal factors are also important.
In a cohort study, data on all cancer sites and all causes of death should have been given,
to reveal the possibility of reporting bias. In a case—control study, the effects of investi-
gated factors other than the exposure of interest should have been reported.

Finally, the statistical methods used to obtain estimates of relative risk, absolute rates
of cancer, confidence intervals and significance tests, and to adjust for confounding
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should have been clearly stated by the authors. The methods used should preferably have
been the generally accepted techniques that have been refined since the mid-1970s.
These methods have been reviewed for case—control studies (Breslow & Day, 1980) and
for cohort studies (Breslow & Day, 1987).

(¢) Inferences about mechanism of action

Detailed analyses of both relative and absolute risks in relation to temporal variables,
such as age at first exposure, time since first exposure, duration of exposure, cumulative
exposure and time since exposure ceased, are reviewed and summarized when available.
The analysis of temporal relationships can be useful in formulating models of carcino-
genesis. In particular, such analyses may suggest whether a carcinogen acts early or late
in the process of carcinogenesis, although at best they allow only indirect inferences
about the mechanism of action. Special attention is given to measurements of biological
markers of carcinogen exposure or action, such as DNA or protein adducts, as well as
markers of early steps in the carcinogenic process, such as proto-oncogene mutation,
when these are incorporated into epidemiological studies focused on cancer incidence or
mortality. Such measurements may allow inferences to be made about putative
mechanisms of action (IARC, 1991a; Vainio et al., 1992).

(d) Criteria for causality

After the quality of individual epidemiological studies of cancer has been summarized
and assessed, a judgement is made concerning the strength of evidence that the agent,
mixture or exposure circumstance in question is carcinogenic for humans. In making its
judgement, the Working Group considers several criteria for causality. A strong asso-
ciation (a large relative risk) is more likely to indicate causality than a weak association,
although it is recognized that relative risks of small magnitude do not imply lack of
causality and may be important if the disease is common. Associations that are replicated
in several studies of the same design or using different epidemiological approaches or
under different circumstances of exposure are more likely to represent a causal relation-
ship than isolated observations from single studies. If there are inconsistent results
among investigations, possible reasons are sought (such as differences in amount of
exposure), and results of studies judged to be of high quality are given more weight than
those of studies judged to be methodologically less sound. When suspicion of
carcinogenicity arises largely from a single study, these data are not combined with those
from later studies in any subsequent reassessment of the strength of the evidence.

If the risk of the disease in question increases with the amount of exposure, this is
considered to be a strong indication of causality, although absence of a graded response
is not necessarily evidence against a causal relationship. Demonstration of a decline in
risk after cessation of or reduction in exposure in individuals or in whole populations
also supports a causal interpretation of the findings.

Although a carcinogen may act upon more than one target, the specificity of an asso-
ciation (an increased occurrence of cancer at one anatomical site or of one morphological
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type) adds plausibility to a causal relationship, particularly when excess cancer occur-
rence is limited to one morphological type within the same organ.

Although rarely available, results from randomized trials showing different rates
among exposed and unexposed individuals provide particularly strong evidence for
causality.

When several epidemiological studies show little or no indication of an association
between an exposure and cancer, the judgement may be made that, in the aggregate, they
show evidence of lack of carcinogenicity. Such a judgement requires first of all that the
studies giving rise to it meet, to a sufficient degree, the standards of design and analysis
described above. Specifically, the possibility that bias, confounding or misclassification
of exposure or outcome could explain the observed results should be considered and
excluded with reasonable certainty. In addition, all studies that are Judged to be methodo-
logically sound should be consistent with a relative risk of unity for any observed level of
exposure and, when considered together, should provide a pooled estimate of relative
risk which is at or near unity and has a narrow confidence interval, due to sufficient
population size. Moreover, no individual study nor the pooled results of all the studies
should show any consistent tendency for relative risk of cancer to increase with
increasing level of exposure. It is important to note that evidence of lack of carcino-
genicity obtained in this way from several epidemiological studies can apply only to the
type(s) of cancer studied and to dose levels and intervals between first exposure and
observation of disease that are the same as or less than those observed in all the studies.
Experience with human cancer indicates that, in some cases, the period from first
exposure to the development of clinical cancer is seldom less than 20 years; latent
periods substantially shorter than 30 years cannot provide evidence for lack of carcino-
genicity.

9. STUDIES OF CANCER IN EXPERIMENTAL ANIMALS

All known human carcinogens that have been studied adequately in experimental
animals have produced positive results in one or more animal species (Wilbourn et al.,
1986; Tomatis er al., 1989). For several agents (aflatoxins, 4-aminobiphenyl, azathio-
prine, betel quid with tobacco, BCME and CMME (technical grade), chlorambucil,
chlornaphazine, ciclosporin, coal-tar pitches, coal-tars, combined oral contraceptives,
cyclophosphamide, diethylstilboestrol, melphalan, 8-methoxypsoralen plus UVA, mus-
tard gas, myleran, 2-naphthylamine, nonsteroidal oestrogens, oestrogen replacement
therapy/steroidal oestrogens, solar radiation, thiotepa and vinyl chloride), carcinogenicity
in experimental animals was established or highly suspected before epidemiological
studies confirmed the carcinogenicity in humans (Vainio et al., 1995). Although this
association cannot establish that all agents and mixtures that cause cancer in experi-
mental animals also cause cancer in humans, nevertheless, in the absence of adequate
data on humans, it is biologically plausible and prudent to regard agents and
mixtures for which there is sufficient evidence (see p. 22) of carcinogenicity in
experimental animals as if they presented a carcinogenic risk to humans. The
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possibility that a given agent may cause cancer through a species-specific mechanism
which does not operate in humans (see p. 25) should also be taken into consideration.

The nature and extent of impurities or contaminants present in the chemical or
mixture being evaluated are given when available. Animal strain, sex, numbers per
group, age at start of treatment and survival are reported.

Other types of studies summarized include: experiments in which the agent or mixture
was administered in conjunction with known carcinogens or factors that modify carcino-
genic effects; studies in which the end-point was not cancer but a defined precancerous
lesion; and experiments on the carcinogenicity of known metabolites and derivatives.

For experimental studies of mixtures, consideration is given to the possibility of
changes in the physicochemical properties of the test substance during collection,
storage, extraction, concentration and delivery. Chemical and toxicological interactions
of the components of mixtures may result in nonlinear dose-response relationships.

An assessment is made as to the relevance to human exposure of samples tested in
experimental animals, which may involve consideration of: (1) physical and chemical
characteristics, (i) constituent substances that indicate the presence of a class of
substances, (ii1) the results of tests for genetic and related effects, including genetic
activity profiles, DNA adduct profiles, proto-oncogene mutation and expression and
suppressor gene inactivation. The relevance of results obtained, for example, with animal
viruses analogous to the virus being evaluated in the monograph must also be considered.
They may provide biological and mechanistic information relevant to the understanding
of the process of carcinogenesis in humans and may strengthen the plausibility of a
conclusion that the biological agent under evaluation is carcinogenic in humans.

(@) Qualitative aspects

An assessment of carcinogenicity involves several considerations of qualitative
importance, including (1) the experimental conditions under which the test was
performed, including route and schedule of exposure, species, strain, sex, age, duration
of follow-up; (ii) the consistency of the results, for example, across species and target
organ(s); (1i1) the spectrum of neoplastic response, from preneoplastic lesions and benign
tumours to malignant neoplasms; and (1v) the possible role of modifying factors.

As mentioned earlier (p. 9), the Monographs are not intended to summarize all
published studies. Those studies in experimental animals that are inadequate (e.g., too
short a duration, too few animals, poor survival; see below) or are judged irrelevant to
the evaluation are generally omitted. Guidelines for conducting adequate long-term
carcinogenicity experiments have been outlined (e.g., Montesano et al., 1986).

Considerations of importance to the Working Group in the interpretation and eva-
luation of a particular study include: (i) how clearly the agent was defined and, in the
case of mixtures, how adequately the sample characterization was reported; (i1) whether
the dose was adequately monitored, particularly in inhalation experiments; (ii1) whether
the doses and duration of treatment were appropriate and whether the survival of treated
animals was similar to that of controls; (iv) whether there were adequate numbers of
animals per group; (v) whether animals of both sexes were used; (vi) whether animals
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were allocated randomly to groups; (vii) whether the duration of observation was
adequate; and (viii) whether the data were adequately reported. If available, recent data
on the incidence of specific tumours in historical controls, as well as in concurrent
controls, should be taken into account in the evaluation of tumour response.

When benign tumours occur together with and originate from the same cell type in an
organ or tissue as malignant tumours in a particular study and appear to represent a stage
in the progression to malignancy, it may be valid to combine them in assessing tumour
incidence (Huff ez al., 1989). The occurrence of lesions presumed to be preneoplastic
may in certain instances aid in assessing the biological plausibility of any neoplastic
response observed. If an agent or mixture induces only benign neoplasms that appear to
be end-points that do not readily undergo transition to malignancy, it should nevertheless
be suspected of being a carcinogen and requires further investigation.

(b)  Quantitative aspects

The probability that tumours will occur may depend on the species, sex, strain and
age of the animal, the dose of the carcinogen and the route and length of exposure.
Evidence of an increased incidence of neoplasms with increased level of exposure
strengthens the inference of a causal association between the exposure and the develop-
ment of neoplasms.

The form of the dose-response relationship can vary widely, depending on the
particular agent under study and the target organ. Both DNA damage and increased cell
division are important aspects of carcinogenesis, and cell proliferation is a strong
determinant of dose-response relationships for some carcinogens (Cohen & Ellwein,
1990). Since many chemicals require metabolic activation before being converted into
their reactive intermediates, both metabolic and pharmacokinetic aspects are important in
determining the dose—response pattern. Saturation of steps such as absorption, activation,
inactivation and elimination may produce nonlinearity in the dose-response relationship,
as could saturation of processes such as DNA repair (Hoel ef al., 1983; Gart et al., 1986).

(c)  Statistical analysis of long-term experiments in animals

Factors considered by the Working Group include the adequacy of the information
given for each treatment group: (i) the number of animals studied and the number
examined histologically, (ii) the number of animals with a given tumour type and (iii)
length of survival. The statistical methods used should be clearly stated and should be the
generally accepted techniques refined for this purpose (Peto et al.,, 1980; Gart et al.,
1986). When there is no difference in survival between control and treatment groups, the
Working Group usually compares the proportions of animals developing each tumour
type in each of the groups. Otherwise, consideration is given as to whether or not
appropriate adjustments have been made for differences in survival. These adjustments
can include: comparisons of the proportions of tumour-bearing animals among the
effective number of animals (alive at the time the first tumour is discovered), in the case
where most differences in survival occur before tumours appear; life-table methods,
when tumours are visible or when they may be considered ‘fatal’ because mortality
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rapidly follows tumour development; and the Mantel-Haenszel test or logistic regression,
when occult tumours do not affect the animals’ risk of dying but are ‘incidental’ findings
at autopsy.

In practice, classifying tumours as fatal or incidental may be difficult. Several
survival-adjusted methods have been developed that do not require this distinction (Gart
et al., 1986), although they have not been fully evaluated.

10. OTHER DATA RELEVANT TO AN EVALUATION OF CARCINO-
GENICITY AND ITS MECHANISMS

In coming to an overall evaluation of carcinogenicity in humans (see pp. 23-25), the
Working Group also considers related data. The nature of the information selected for the
summary depends on the agent being considered.

For chemicals and complex mixtures of chemicals such as those in some occupational
situations and involving cultural habits (e.g., tobacco smoking), the other data considered
to be relevant are divided into those on absorption, distribution, metabolism and
excretion; toxic effects; reproductive and developmental effects; and genetic and related
effects.

Concise information is given on absorption, distribution (including placental transfer)
and excretion in both humans and experimental animals. Kinetic factors that may affect
the dose—response relationship, such as saturation of uptake, protein binding, metabolic
activation, detoxification and DNA repair processes, are mentioned. Studies that indicate
the metabolic fate of the agent in humans and in experimental animals are summarized
briefly, and comparisons of data from humans and animals are made when possible.
Comparative information on the relationship between exposure and the dose that reaches
the target site may be of particular importance for extrapolation between species. Data
are given on acute and chronic toxic effects (other than cancer), such as organ toxicity,
increased cell proliferation, immunotoxicity and endocrine effects. The presence and
toxicological significance of cellular receptors is described. Effects on reproduction,
teratogenicity, fetotoxicity and embryotoxicity are also summarized briefly.

Tests of genetic and related effects are described in view of the relevance of gene
mutation and chromosomal damage to carcinogenesis (Vainio et al., 1992). The
adequacy of the reporting of sample characterization is considered and, where necessary,
commented upon; with regard to complex mixtures, such comments are similar to those
described for animal carcinogenicity tests on p. 16. The available data are interpreted
critically by phylogenetic group according to the end-points detected, which may include
DNA damage, gene mutation, sister chromatid exchange, micronucleus formation, chro-
mosomal aberrations, aneuploidy and cell transformation. The concentrations employed
are given, and mention is made of whether use of an exogenous metabolic system in vitro
affected the test result. These data are given as listings of test systems, data and
references; bar graphs (activity profiles) and corresponding summary tables with detailed
information on the preparation of the profiles (Waters et al, 1987) are given in
appendices.
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Positive results in tests using prokaryotes, lower eukaryotes, plants, insects and
cultured mammalian cells suggest that genetic and related effects could occur in
mammals. Results from such tests may also give information about the types of genetic
effect produced and about the involvement of metabolic activation. Some end-points
described are clearly genetic in nature (e.g., gene mutations and chromosomal aberra-
tions), while others are to a greater or lesser degree associated with genetic effects (e.g.,
unscheduled DNA synthesis). In-vitro tests for tumour-promoting activity and for cell
transformation may be sensitive to changes that are not necessarily the result of genetic
alterations but that may have specific relevance to the process of carcinogenesis. A
critical appraisal of these tests has been published (Montesano er al., 1986).

Genetic or other activity manifest in experimental mammals and humans is regarded
as being of greater relevance than that in other organisms. The demonstration that an
agent or mixture can induce gene and chromosomal mutations in whole mammals indi-
cates that it may have carcinogenic activity, although this activity may not be detectably
expressed in any or all species. Relative potency in tests for mutagenicity and related
effects is not a reliable indicator of carcinogenic potency. Negative results in tests for
mutagenicity in selected tissues from animals treated in vivo provide less weight, partly
because they do not exclude the possibility of an effect in tissues other than those
examined. Moreover, negative results in short-term tests with genetic end-points cannot
be considered to provide evidence to rule out carcinogenicity of agents or mixtures that
act through other mechanisms (e.g., receptor-mediated effects, cellular toxicity with
regenerative proliferation, peroxisome proliferation) (Vainio et al., 1992). Factors that
may lead to misleading results in short-term tests have been discussed in detail elsewhere
(Montesano et al., 1986).

When available, data relevant to mechanisms of carcinogenesis that do not involve
structural changes at the level of the gene are also described.

The adequacy of epidemiological studies of reproductive outcome and genetic and
related effects in humans is evaluated by the same criteria as are applied to epidemio-
logical studies of cancer.

Structure—activity relationships that may be relevant to an evaluation of the carcino-
genicity of an agent are also described.

For biological agents — viruses, bacteria and. parasites — other .data relevant to
carcino-genicity include descriptions of the pathology of infection, molecular biology
(integration and expression of viruses, and any genetic alterations seen in human
tumours) and other observations, which might include cellular and tissue responses to
infection, immune response and the presence of tumour markers.

11. SUMMARY OF DATA REPORTED

In this section, the relevant epidemiological and experimental data are summarized.
Only reports, other than in abstract form, that meet the criteria outlined on p- 9 are
considered for evaluating carcinogenicity. Inadequate studies are generally not
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summarized: such studies are usually identified by a square-bracketed comment in the
preceding text.

(a) Exposure

Human exposure to chemicals and complex mixtures is summarized on the basis of
elements such as production, use, occurrence in the environment and determinations in
human tissues and body fluids. Quantitative data are given when available. Exposure to
biological agents is described in terms of transmission, and prevalence of infection.

(b) Carcinogenicity in humans

Results of epidemiological studies that are considered to be pertinent to an assessment
of human carcinogenicity are summarized. When relevant, case reports and correlation
studies are also summarized.

(¢) Carcinogenicity in experimental animals

Data relevant to an evaluation of carcinogenicity in animals are summarized. For each
animal species and route of administration, it is stated whether an increased incidence of
neoplasms or preneoplastic lesions was observed, and the tumour sites are indicated. If
the agent or mixture produced tumours after prenatal exposure or in single-dose experi-
ments, this is also indicated. Negative findings are also summarized. Dose-response and
other quantitative data may be given when available.

(d) Other data relevant to an evaluation of carcinogenicity and its mechanisms

Data on biological effects in humans that are of particular relevance are summarized.
These may include toxicological, kinetic and metabolic considerations and evidence of
DNA binding, persistence of DNA lesions or genetic damage in exposed humans. Toxi-
cological information, such as that on cytotoxicity and regeneration, receptor binding and
hormonal and immunological effects, and data on kinetics and metabolism in experi-
mental animals are given when considered relevant to the possible mechanism of the
carcinogenic action of the agent. The results of tests for genetic and related effects are
summarized for whole mammals, cultured mammalian cells and nonmammalian systems.

When available, comparisons of such data for humans and for animals, and parti-
cularly animals that have developed cancer, are described.

Structure—activity relationships are mentioned when relevant.

For the agent, mixture or exposure circumstance being evaluated, the available data
on end-points or other phenomena relevant to mechanisms of carcinogenesis from studies
in humans, experimental animals and tissue and cell test systems are summarized within
one or more of the following descriptive dimensions:

(1) Evidence of genotoxicity (structural changes at the level of the gene): for
example, structure—activity considerations, adduct formation, mutagenicity (effect on
specific genes), chromosomal mutation/aneuploidy
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(i) Evidence of effects on the expression of relevant genes (functional changes at
the intracellular level): for example, alterations to the structure or quantity of the product
of a proto-oncogene or tumour-suppressor gene, alterations to metabolic activation/-
inactivation/DNA repair

(ii1) Evidence of relevant effects on cell behaviour (morphological or behavioural
changes at the cellular or tissue level): for example, induction of mitogenesis, compen-
satory cell proliferation, preneoplasia and hyperplasia, survival of premalignant or
malignant cells (immortalization, immunosuppression), effects on metastatic potential

(iv) Evidence from dose and time relationships of carcinogenic effects and inter-
actions between agents: for example, early/late stage, as inferred from epidemiological
studies; initiation/promotion/progression/malignant conversion, as defined in animal
carcinogenicity experiments; toxicokinetics

These dimensions are not mutually exclusive, and an agent may fall within more than
one of them. Thus, for example, the action of an agent on the expression of relevant
genes could be summarized under both the first and second dimensions, even if it were
known with reasonable certainty that those effects resulted from genotoxicity.

12. EVALUATION

Evaluations of the strength of the evidence for carcinogenicity arising from human
and experimental animal data are made, using standard terms.

It is recognized that the criteria for these evaluations, described below, cannot
encompass all of the factors that may be relevant to an evaluation of carcinogenicity. In
considering all of the relevant scientific data, the Working Group may assign the agent,
mixture or exposure circumstance to a higher or lower category than a strict inter-
pretation of these criteria would indicate.

(a) Degrees of evidence for carcinogenicity in humans and in experimental
animals and supporting evidence

These categories refer only to the strength of the evidence that an exposure is carcino-
genic and not to the extent of its carcinogenic activity (potency) nor to the mechanisms
involved. A classification may change as new information becomes available.

An evaluation of degree of evidence, whether for a single agent or a mixture, is
limited to the materials tested, as defined physically, chemically or biologically. When
the agents evaluated are considered by the Working Group to be sufficiently closely
related, they may be grouped together for the purpose of a single evaluation of degree of
evidence.

(1)  Carcinogenicity in humans

The applicability of an evaluation of the carcinogenicity of a mixture, process,
occupation or industry on the basis of evidence from epidemiological studies depends on
the variability over time and place of the mixtures, processes, occupations and industries.
The Working Group seeks to identify the specific exposure, process or activity which is
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considered most likely to be responsible for any excess risk. The evaluation is focused as
narrowly as the available data on exposure and other aspects permit.

The evidence relevant to carcinogenicity from studies in humans is classified into one
of the following categories:

Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between exposure to the agent, mixture or exposure
circumstance and human cancer. That is, a positive relationship has been observed
between the exposure and cancer in studies in which chance, bias and confounding could
be ruled out with reasonable confidence.

Limited evidence of carcinogenicity: A positive association has been observed
between exposure to the agent, mixture or exposure circumstance and cancer for which a
causal interpretation is considered by the Working Group to be credible, but chance, bias
or confounding could not be ruled out with reasonable confidence.

Inadequate evidence of carcinogenicity: The available studies are of insufficient
quality, consistency or statistical power to permit a conclusion regarding the presence or
absence of a causal association, or no data on cancer in humans are available.

Evidence suggesting lack of carcinogenicity: There are several adequate studies
covering the full range of levels of exposure that human beings are known to encounter,
which are mutually consistent in not showing a positive association between exposure to
the agent, mixture or exposure circumstance and any studied cancer at any observed level
of exposure. A conclusion of ‘evidence suggesting lack of carcinogenicity’ is inevitably
limited to the cancer sites, conditions and levels of exposure and length of observation
covered by the available studies. In addition, the possibility of a very small risk at the
levels of exposure studied can never be excluded.

In some instances, the above categories may be used to classify the degree of evi-
dence related to carcinogenicity in specific organs or tissues.

(11) Carcinogenicity in experimental animals

The evidence relevant to carcinogenicity in experimental animals is classified into
one of the following categories:

Sufficient evidence of carcinogenicity: The Working Group considers that a causal
relationship has been established between the agent or mixture and an increased inci-
dence of malignant neoplasms or of an appropriate combination of benign and malignant
neoplasms in (a) two or more species of animals or (b) in two or more independent
studies in one species carried out at different times or in different laboratories or under
different protocols.

Exceptionally, a single study in one species might be considered to provide sufficient
evidence of carcinogenicity when malignant neoplasms occur to an unusual degree with
regard to incidence, site, type of tumour or age at onset.

Limited evidence of carcinogenicity: The data suggest a carcinogenic effect but are
limited for making a definitive evaluation because, e.g., (a) the evidence of carcino-
genicity is restricted to a single experiment; or (b) there are unresolved questions
regarding the adequacy of the design, conduct or interpretation of the study; or (c) the
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agent or mixture increases the incidence only of benign neoplasms or lesions of uncertain
neoplastic potential, or of certain neoplasms which may occur spontaneously in high
incidences in certain strains.

Inadequate evidence of carcinogenicity: The studies cannot be interpreted as showing
either the presence or absence of a carcinogenic effect because of major qualitative or
quantitative limitations, or no data on cancer in experimental animals are available.

Evidence suggesting lack of carcinogenicity: Adequate studies involving at least two
species are available which show that, within the limits of the tests used, the agent or
mixture is not carcinogenic. A conclusion of evidence suggesting lack of carcinogenicity
is inevitably limited to the species, tumour sites and levels of exposure studied.

(b)  Other data relevant to the evaluation of carcinogenicity and its mechanisms

Other evidence judged to be relevant to an evaluation of carcinogenicity and of
sufficient importance to affect the overall evaluation is then described. This may include
data on preneoplastic lesions, tumour pathology, genetic and related effects, structure—
activity relationships, metabolism and pharmacokinetics, physicochemical parameters
and analogous biological agents.

Data relevant to mechanisms of the carcinogenic action are also evaluated. The
strength of the evidence that any carcinogenic effect observed is due to a particular
mechanism is assessed, using terms such as weak, moderate or strong. Then, the
Working Group assesses if that particular mechanism is likely to be operative in humans.
The strongest indications that a particular mechanism operates in humans come from
data on humans or biological specimens obtained from exposed humans. The data may
be considered to be especially relevant if they show that the agent in question has caused
changes in exposed humans that are on the causal pathway to carcinogenesis. Such data
may, however, never become available, because it is at least conceivable that certain
compounds may be kept from human use solely on the basis of evidence of their toxicity
and/or Carcinogenicity in experimental systems.

For complex exposures, including occupational and industrial exposures, the chemical
composition and the potential contribution of carcinogens known to be present are
considered by the Working Group in its overall evaluation of human carcinogenicity. The
Working Group also determines the extent to which the materials tested in experimental
systems are related to those to which humans are exposed.

(c) Overall evaluation

Finally, the body of evidence is considered as a whole, in order to reach an overall
evaluation of the carcinogenicity to humans of an agent, mixture or circumstance of
exposure.

An evaluation may be made for a group of chemical compounds that have been
evaluated by the Working Group. In addition, when supporting data indicate that other,
related compounds for which there is no direct evidence of capacity to induce cancer in
humans or in animals may also be carcinogenic, a statement describing the rationale for
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this conclusion is added to the evaluation narrative; an additional evaluation may be
made for this broader group of compounds if the strength of the evidence warrants it.

The agent, mixture or exposure circumstance is described according to the wording of
one of the following categories, and the designated group is given. The categorization of
an agent, mixture or exposure circumstance is a matter of scientific judgement, reflecting
the strength of the evidence derived from studies in humans and in experimental animals
and from other relevant data.

Group 1 — The agent (mixture) is carcinogenic to humans.
The exposure circumstance entails exposures that are carcinogenic to humans.

This category is used when there is sufficient evidence of carcinogenicity in humans.
Exceptionally, an agent (mixture) may be placed in this category when evidence in
humans is less than sufficient but there is sufficient evidence of carcinogenicity in experi-
mental animals and strong evidence in exposed humans that the agent (mixture) acts
through a relevant mechanism of carcinogenicity.

Group 2

This category includes agents, mixtures and exposure circumstances for which, at one
extreme, the degree of evidence of carcinogenicity in humans is almost sufficient, as well
as those for which, at the other extreme, there are no human data but for which there is
evidence of carcinogenicity in experimental animals. Agents, mixtures and exposure
circumstances are assigned to either group 2A (probably carcinogenic to humans) or
group 2B (possibly carcinogenic to humans) on the basis of epidemiological and experi-
mental evidence of carcinogenicity and other relevant data.

Group 2A — The agent (mixture) is probably carcinogenic to humans.
The exposure circumstance entails exposures that are probably carcinogenic to humans.

This category is used when there is limited evidence of carcinogenicity in humans and
sufficient evidence of carcinogenicity in experimental animals. In some cases, an agent
(mixture) may be classified in this category when there is inadequate evidence of
carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental
animals and strong evidence that the carcinogenesis is mediated by a mechanism that
also operates in humans. Exceptionally, an agent, mixture or exposure circumstance may
be classified in this category solely on the basis of limited evidence of carcinogenicity in
humans.

Group 2B — The agent (mixture) is possibly carcinogenic to humans.
The exposure circumstance entails exposures that are possibly carcinogenic to humans.

This category is used for agents, mixtures and exposure circumstances for which there
is limited evidence of carcinogenicity in humans and less than sufficient evidence of
carcinogenicity in experimental animals. It may also be used when there is inadequate
evidence of carcinogenicity in humans but there is sufficient evidence of carcinogenicity
in experimental animals. In some instances, an agent, mixture or exposure circumstance
for which there is inadequate evidence of carcinogenicity in humans but limited evidence
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of carcinogenicity in experimental animals together with supporting evidence from other
relevant data may be placed in this group.

Group 3 — The agent (mixture or exposure circumstance) is not classifiable as to its
carcinogenicity to humans.

This category is used most commonly for agents, mixtures and exposure cir-
cumstances for which the evidence of carcinogenicity is inadequate in humans and
inadequate or limited in experimental animals.

Exceptionally, agents (mixtures) for which the evidence of carcinogenicity is
inadequate in humans but sufficient in experimental animals may be placed in this
category when there is strong evidence that the mechanism of carcinogenicity in experi-
mental animals does not operate in humans.

Agents, mixtures and exposure circumstances that do not fall into any other group are
also placed in this category.

Group 4 — The agent (mixture) is probably not carcinogenic to humans.

This category is used for agents or mixtures for which there is evidence suggesting
lack of carcinogenicity in humans and in experimental animals. In some instances, agents
or mixtures for which there is inadequate evidence of carcinogenicity in humans but
evidence suggesting lack of carcinogenicity in experimental animals, consistently and
strongly supported by a broad range of other relevant data, may be classified in this

group.
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GENERAL REMARKS ON THE SUBSTANCES CONSIDERED

This sixty-eighth volume of IARC Monographs considers certain forms of crystalline
and amorphous silica, some silicates (palygorskite, also called attapulgite; sepiolite;
wollastonite; and some natural and synthetic zeolites, excluding erionite), coal dust and
para-aramid fibrils. Some of these agents are fibrous in nature (palygorskite, sepiolite,
wollastonite and some natural zeolites, as well as para-aramid fibrils). With the
exception of coal dust, zeolites (other than erionite) and para-aramid fibrils, these agents
were evaluated by previous IARC working groups in 1986 (IARC, 1987a,b) (see
Table 1). Since these previous evaluations, new data have become available, and the
Preamble to the JARC Monographs has been modified (Vainio et al., 1992) to permit
more explicit inclusion of mechanistic considerations and of data on aspects other than
cancer 1n the evaluation process.

Table 1. Previous evaluations® of agents considered in this

volume

Agent Degree of carcinogenicity Overall evaluation
of carcinogenicity

Human Animal to humans

Silica, crystalline L S 2A

Silica, amorphous [ I 3

Wollastonite I L 3

Attapulgite (palygorskite ) 1 L 3

Sepiolite [ 1 3

S, sufficient evidence; L, limited evidence; I, inadequate evidence; Group 2A,
probably carcinogenic to humans; Group 3, cannot be classified as to its
carcinogenicity to humans (see also Preamble, pp. 23-27)

“IARC Monographs Volume 42 (IARC, 1987a) and Supplement 7 (IARC,
1987b)

Factors affecting toxicity of inhaled materials

Physical and chemical properties may play an important role in the degree of
exposure and subsequent toxicity of inhaled materials. Properties such as chemical
composition, particle diameter, particle surface area, shape, density, solubility, and
hygroscopic and electrostatic properties may be important factors that affect toxicity
resulting from inhalation of particles.
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The durability or biopersistence of particles or fibres can be defined as their retention
in the lung over time. Important parameters that may be altered by residence in the lung
are particle or fibre number, dimensions, surface reactivity, chemical composition and
surface area. Particulates can be eliminated from the lung by mechanical clearance,
primarily involving macrophage uptake and transport to the mucociliary escalator, or by
dissolution. The biopersistence of particulates in the lung is dependent upon the site and
rate of deposition, as well as rates of translocation, clearance, dissolution and bio-
modification of the particulate in the lung. The clearance, as well as toxicity, of parti-
culates deposited in the respiratory tract is influenced by the solubility of the particulates
in water and tissue.

Surface-related factors which have been postulated to influence particulate-induced
toxicity and carcinogenicity include (1) the presence of iron or other transition metals:
(2) the ability of a particle to accumulate iron; (3) the ability of particulates to generate
free radicals; and (4) hydrophobicity of the particulate surface.

Complexities in assessing exposures to mineral dusts

Since human exposures occur via inhalation of solid particulates, it is useful to
consider just some of the ways in which particles are characterized. Particles are
frequently described in various size ranges, including coarse, fine and ultrafine. Coarse
particles are typically described as those with a diameter > 2 um; fine particles are those
in the range of 0.1-2.0 um; and ultrafine particles are described as those with a diameter
< 0.1 pm. While particle size is often characterized as the geometric mean diameter in
inhalation studies, the aerodynamic characteristics of the particles are of importance.

It is important to bear in mind that in humans inhalation of ‘respirable’ particles
entails exposures to those particles in a mineral dust that are able to penetrate into the
alveolar spaces of the lungs. It is generally considered that particles with an aerodynamic
diameter of less than 3—4 pm are respirable, while most particles greater than 5 pm may
not reach the alveolar region because of their deposition in the tracheobronchial airways.

Particle shape is also known to play an important role in influencing the pathogenesis
of particle-associated lung disease. This has been especially well demonstrated in the
case of fibres. Fibres are defined by length : diameter ratio (aspect ratio) with lengths
being at least three times the diameter. Fibre diameter generally determines the
respirability of the sample and fibre length strongly influences its biological activity.

Minerals rarely occur in a pure form in nature. At some sites within a crystalline
structure, one element may be substituted for another. Minerals also occur in a range of
forms and morphological habits and with other minerals. Such variations affect the
biological activity of minerals and powdered admixtures. For example, silica poly-
morphs, including quartz and its varieties, can contain trace impurities that affect the
biological activity of ‘free silica’. Wollastonite, derived by metamorphism of dolomite
rocks, can not only vary chemically but can also occur geologically with fibrous amphi-
boles. Palygorskite and sepiolite clays vary considerably with regard to chemistry, crystal
form, fibre length and the presence of associated materials. para-Aramid fibrils are
formed from the peeling of fibres under conditions of abrasion and their physical
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characteristics may vary depending on the conditions under which they are generated.
Coal dust 1s a complex and variable mixture. Exposure to coal dust occurs mainly in coal
mines where there are also exposures to other agents, e.g. diesel exhaust and silica.

Occupational exposures to mineral dusts are therefore particularly complex. A
mineral mixture to which workers are exposed may differ according to geological source.
Workers in different processes, such as mining and milling, production and use, may be
exposed to different mineral varieties, especially if extensive beneficiation is employed;
or they may be exposed to single minerals with very different properties, such as particle
size, surface properties and crystallinity, due to alterations during industrial processing.

Problems encountered in the evaluation of epidemiological studies

The available epidemiological information on cancer risks associated with crystalline
silica is solely based on findings from occupationally exposed populations. Only
sporadic data on environmental exposure were available and were therefore not
considered in the epidemiological assessment. Although there is a relatively large body
of epidemiological data, there are some important areas of uncertainty that complicate
the epidemiological assessment. Some of these uncertainties relate to the inherent
difficulties encountered in studying occupational populations for cancer risk. These
include limitations in the amount and quality of historical exposure data relevant to
cancer induction times; deficiencies in data on potentially confounding factors, such as
exposure to radon or cigarette smoking; and difficulties in the interpretation of chest
radiographs as evidence of exposure. The most severe of these limitations is the
generally absent or minimal data on occupational hygiene measurements to enable
exposure~-response estimation for crystalline silica. However, the Working Group’s
evaluation of the epidemiological evidence for potential causal relation between silica
and cancer risk was focused principally on findings from studies that were likely to have
been distorted by confounding and selection biases. Among these studies, those that
addressed exposure-response associations were especially influential in the Working
Group’s deliberations.

Problems encountered in the evaluation of experimental studies

Hazards associated with inhalation of particulate materials including fibres require
toxicological considerations which are different from those needed for other substances.
It is generally regarded that physical dimensions, durability or biopersistence, and
surface characteristics are important factors in the production of particle-related patho-
logical effects in the lungs of exposed humans and experimental animals. The following
discussion reflects, in part, the concepts developed in IARC Scientific Publication
No. 140 on Mechanisms of Fibre Carcinogenesis (Kane er al., 1996). Some of these
considerations also apply to other fibrous materials previously evaluated in JARC
Monographs but not reviewed in this volume, including asbestos (IARC, 1977), man-
made mineral fibres (IARC, 1988) and the naturally occurring zeolite, erionite (IARC,
1987a). :
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Chronic inhalation studies in rats have demonstrated that numerous kinds of particles,
when inhaled at various concentrations, can induce significant adverse effects, including
impaired pulmonary clearance, prolonged lung inflammation, pulmonary fibrosis and
lung tumours. These effects have been observed in the lungs of rats following inhalation
of highly cytotoxic materials such as crystalline silica, as well as with particles of other
substances of low solubility and low cytotoxicity (e.g., talc, titanium dioxide).
Concentrations of inhaled particles have ranged from as low as 1 mg/m’ for quartz to
250 mg/m" for titanium dioxide. Other particulate materials which have been investigated
include diesel exhaust, coal dust and carbon black. Lung tumour incidences in
chronically exposed rats have ranged from 3 to 40%, depending upon the material,
different particle sizes and concentrations. These findings may be accounted for, in part,
by the deposition efficiencies of the inhaled particles in the lung, different particle sizes
and particle surface areas and/or the cytotoxicity/reactivity of the inhaled dusts. It is
important to note that the development of particle-induced lung tumours occurs in rats,
but not to any great degree in mice or hamsters. Clearly, a difference exists in the
pulmonary responses of rodent species to chronic exposures to inhaled dusts.

The mechanisms underlying the rat lung response have not been fully elucidated. The
results of a number of studies suggest that there may be common mechanisms for
induction of rat lung tumours observed in response to chronic inhalation of low-solubility
particles. Tumours arise in lungs in which there is significant chronic inflammation,
epithelial hyperplasia and metaplasia and parenchymal pulmonary fibrosis. In this
respect, there is increasing evidence supporting the hypothesis that the tumours represent
a generic response of the rat lung to particle-elicited persistent pulmonary inflammation
and increased epithelial cell proliferation. In this mechanism of induction of rat lung
tumours by particles, inflammation and the associated release of cell-derived oxidants are
hypothesized to produce a genotoxic effect, while enhanced epithelial cell proliferation
increases the likelihood that any oxidant-induced or spontaneously occurring genetic
damage becomes fixed in a dividing cell and is clonally expanded. Thus, it is postulated
that when a ‘threshold’ particle dose is exceeded chronically in the rat lung there
develops an inflammatory and cell proliferative response sufficient to increase the
probability of genetic changes necessary for neoplastic transformation to occur.

Certain physical characteristics may have special relevance for fibre toxicity. One
example 1s the parameter of fibre dimensions. Fibre dimensions, which involve both
diameter and length parameters, are known to play an important role in influencing the
pathogenesis of fibre-associated lung disease. This has been demonstrated clearly by
Davis et al. (1986) who carried out a one-year inhalation study with rats exposed to
aerosols of specially prepared ‘short’ (i.e. < 5 pm in length) amosite asbestos fibres or to
a preparation of long (i.e. > 20 pm in length) amosite asbestos fibres, both preparations
derived from the original source and at equivalent gravimetric concentrations. Thus, rats
were exposed to greater numbers of short amosite fibres than long amosite fibres.
Following the one-year exposure, no histopathological effects were observed in rats
exposed to the short fibre preparation, while one-third of the rats exposed to
gravimetrically similar concentrations of long amosite fibres developed lung tumours. In
addition, nearly all of the rats exposed to the long fibres concurrently developed diffuse
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pulmonary fibrosis. Similar dimension-related differences have been reported by Davis
and Jones (1988) in studies of chrysotile asbestos in rats. Gilmour er al. (1995)
demonstrated enhanced free radical activity of long amosite fibres when compared to
short amosite fibres. The interpretation of animal inhalation studies of particulate
materials thus clearly requires careful characterization of the physical dimensions of the
particles as well as their surface reactivity.

A final complexity in extrapolating from experimental studies in animals to human
experience is that there are virtually no studies in which exactly the same material to
which humans are exposed has been systematically evaluated in experimental animals.

Relevance of in-vitro assays

At present, there is insufficient understanding of how the physical and chemical
properties of fibres contribute to mechanisms of fibre-induced carcinogenesis. However,
there are physical and chemical properties of fibres that have been associated with fibre
toxicity in vitro and toxicity and/or carcinogenicity in vivo, particularly free radical
generation. In contrast, the results of cytotoxicity tests with fibres in vitro appear to be
dependent on fibre length (Hart e al., 1994). In-vitro studies with non-fibrous particles
may correlate better with in-vivo effects. Nevertheless, characterizing selected physical
and chemical properties of particulates could be useful in the context of screening assays
to make inferences on the relative potential of fibres to produce adverse effects in vivo.
However, given the current limitations of in-vitro particulate testing, these inferences
require validation using in-vivo experiments.

Relevance of short-term in-vivo assays

As discussed above, experimental studies with particulates in rats demonstrate a
correlation between significant numbers of lung tumours and high levels of pulmonary
fibrosis. Particulate-induced chronic inflammation leads to fibrosis and is frequently
associated with increased levels of epithelial hyperplasia, as demonstrated by increased
epithelial cell proliferation. Chronic inflammation and hyperplasia have also been
associated with the development of lung tumours, particularly in rats. Short-term in-vivo
assays may have value in predicting particulate-related, long-term pathological effects,
including lung tumours.
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SILICA

Silica was considered by previous Working Groups in June 1986 and March 1987
(IARC, 1987a,b). New data have since become available, and these are included in the
present monograph and have been taken into consideration in the evaluation.

1. Exposure Data

1.1 Chemical and physical data

1.1.1  Classification and nomenclature of silica forms

Chem. Abstr. Name: Silica
Chemical name: Silicon dioxide

Structure: Crystalline, amorphous or cryptocrystalline
Origin: Mineral, biogenic or synthetic
Classification:

(a)

(b)

(c)

Crystalline forms

natural — o, B quartz; o, B,, B, tridymite; o, B cristobalite; coesite; stisho-
vite; moganite

synthetic — keatite; silica W porosils (zeosils and clathrasils)

Amorphous forms

natural — opal; biogenic silica; diatomaceous earths; silica fibres (bio-
genic); vitreous silica

synthetic — fused silica; pyrogenic or fumed silica; precipitated silica;
colloidal silica; silica gel

Silica rocks (> 90% Si0O,)

quartzite, quartz arenite, diatomite, porcellanite, radiolarite, chert, geyserite
(Frondel, 1962; Coyle, 1982; Florke & Martin, 1993)

Varietal names

(a)

(b)

Crystalline forms

natural — o-quartz: agate; chalcedony; chert; flint; jasper; novaculite;
quartzite; sandstone; silica sand; tripoli

Amorphous forms

natural — diatomaceous earths: diatomite, kieselguhr, tripolite (Benda &
Paschen, 1993)

CAS Reg. Nos: See Table 1.
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Table 1. Chemical Abstracts Registry numbers for various forms of silica

Type of silica

CAS Reg. No.

Silica

Crystalline silica

Cristobalite
Quartz
Tripoli
Tridymite

Amorphous silica

Pyrogenic (fumed)
amorphous silica’
Precipitated silica,
including silica gel
Diatomaceous
earth (uncalcined)

Vitreous silica,
quartz glass, fused
silica
Flux-calcined
diatomaceous earth

7631-86-9; deleted CAS Nos, 179046-03-8; 152787-33-2;
122985-48-2; 1340-09-6; 145686-91-5; 155575-05-6; 155552-
25-3;50813-13-3; 139074-73-0; 136881-80-6; 126879-30-9;
126879-14-9; 89493-21-0; 127689-16-1; 1133384-41-1;
62655-73-6; 83652-92-0; 55599-33-2; 97709-14-3; 108727-
71-5; 87501-59-5; 39336-66-8; 83589-56-4; 70563-35-8:
97343-62-9; 78207-17-7; 70536-23-1; 12765-74-1; 12125-13-
2, 56645-27-3; 53468-64-7; 50926-93-7; 61673-46-9; 67167-
16-2; 52350-43-3; 60572-11-4; 51542-58-6; 51542-57-5;
50935-83-6; 56731-06-7; 39372-58-2; 39409-25-1; 3724 1-25-
1; 12774-28-6; 9049-77-8; 11139-72-3; 11139-73-4; 12737-
36-9; 12753-63-8; 37220-24-9; 37334-65-9; 37340-45-7;
37380-93-1; 39443-40-8; 39456-81-0

14464-46-1

14808-60-7

1317-95-9; deleted CAS No., 12421-13-5

15468-32-3; deleted CAS Nos, 12414-70-9; 1317-94-8

112945-52-5 (previously included under 7631-86-9)

112926-00-8 (previously included under 7631-86-9); deleted
CAS No., 112945-53-6)

- 61790-53-2; deleted CAS Nos, 53571-43-0; 77108-41-9;

61970-41-0; 37337-67-0; 56748-40-4; 54990-62-4; 54990-61-
3;57692-84-9; 81988-94-5; 67417-47-4; 39455-02-2; 54511-
18-1; 37264-95-2; 50814-24-9; 73158-38-0; 12623-98-2;
55839-10-6; 51109-72-9; 68368-75-2; 67016-73-3; 12750-99-
1; 64060-29-3; 39421-62-0; 37328-66-8; 11139-66-5; 57126-
63-3; 29847-98-1

60676-86-0; deleted CAS Nos, 55126-05-1; 1119573-97-6;
37224-35-4; 37224-34-3)

68855-54-9

“Different from amorphous silica fume (CAS Reg. No., 69012-64-2)
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Trade names
(a) Crystalline forms
natural — -quartz: CSQZ, DQ 12 (Robock, 1973), Min-U-Sil, Sil-Co-Sil,
Snowit, Sykron F300, Sykron F600 (Fu et al., 1984)
(b) Amorphous forms
natural — diatomaceous earths: Celatom, Celite, Clarcel, Decalite,
Fina/Optima, Skamol (Florke & Martin, 1993)
synthetic — fused silica: Suprasil, TAFQ
pyrogenic or fumed silica: Aerosil, Cab-O-Sil, HDK, Reolosil
precipitated silica: FK, Hi-Sil, Ketjensil, Neosyl, Nipsil, Sident, Sipernat,
Spherosil, Tixosil, Ultrasil (Florke & Martin, 1993)
colloidal silica: Baykisol, Bindzil, Hispacil, Ludox, Nalcoag, Nyacol,
Seahostar, Snowtex, Syton (Florke & Martin, 1993)
silica gel: Art Sorb, Britesorb, Diamantgel, Gasil, KC-Trockenperlen,
Lucilite, Silcron, Silica-Perlen, Silica-Pulver, Sylobloc, Syloid, Sylopute,
Trisyl (Florke & Martin, 1993)
Description
(@) Crystalline forms
(1)  Natural

o-Quartz 1s the thermodynamically stable form of crystalline silica in ambient
conditions. The overwhelming majority of natural crystalline silica exists as o-quartz.
The other forms exist in a metastable state (see Section 1.1.3). The nomenclature used is
that of o for a lower-temperature phase and P for a higher-temperature phase. Other
notations exist and the prefixes low- and high- are also used.

The large majority of the experiments reported in Sections 3 and 4 were carried out
with Min-U-Sil or DQ 12 quartz. Min-U-Sil is a trade name under which ground quartz
dust has been sold by different companies. The number that follows some Min-U-Sil
preparations (e.g. Min-U-Sil 5) refers to the particle size of the sample (Min-U-Sil 5 is
<5 um in diameter). The purity is > 99% quartz. However, the mineral sources of the
quartz crystals employed for the preparation of the ground dust have varied with time;
consequently, the associated impurities may also have varied. In one case, a Min-U-Sil
sample was analysed and the presence of trace amounts of iron (< 0.1%) was reported
(Saffiotti et al., 1996).

DQ 12 <5 pm is a quartz sand with a content of 87% crystalline silica, the remainder
being amorphous silica with small contaminations of kaolinite. DQ 12 was described and
provided by Robock (1973) from a geological source in Dorentrup, Germany. All DQ 12
samples originate from the same source, but no other descriptions of composition or
particle size have been reported in subsequent years.

(i) Synthetic

Keatite is obtained under thermal conditions. Silica W is formed at about 1200 °C
from SiO as metastable fibrous woolly aggregates, unstable at ambient temperature
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(Florke & Martin, 1993). Porosils (zeosils and clathrasils) are crystalline porous silicas
with a zeolitic structure made up from only silicon and oxygen (Gies, 1993).

(b) Amorphous forms
(1)  Natural

Opal is an amorphous hydrous silica that may contain cryptocrystalline cristobalite
(Frondel, 1962). Biogenic silica is defined as any silica originating in living matter
(known sources include bacteria, fungi, diatoms, sponges and plants); the two most
relevant biogenic silicas are those associated with fossilized diatoms and crop plants
(Rabovsky, 1995). Diatomaceous earths are the geological products of decayed
unicellular organisms (algae) called diatoms. Vitreous silicas are volcanic glasses;
lechatelierites are natural glasses produced by the fusion of siliceous material under the
impact of meteorites (Frondel, 1962).

In commercial products, a large proportion of the amorphous silica in diatomaceous
earths is converted into a crystalline form (cristobalite) during processing (Kadey, 1975;
Benda & Paschen 1993). Silica fibres (of biogenic origin) are derived from plants such as
sugar cane, canary grass and millet (Bhatt ef al., 1984).

(1) Synthetic

Fused silica is silica heated up to a liquid phase and cooled down without allowing it
to crystallize. Pyrogenic or fumed silica is silica prepared by the combustion of a volatile
silicon compound (usually SiCl,). Precipitated silica is silica precipitated from an
aqueous solution. Colloidal silica is a stable dispersion of discrete, colloid-sized particles
of amorphous silica in an aqueous solution. Silica gel is a coherent, rigid, continuous
three-dimensional network of spherical particles of colloidal microporous silica (Florke
& Martin, 1993). The characteristics of synthetic silicas have been the subject of many
reviews (e.g. Iler, 1979; Bergna, 1994). Characteristics of commercial synthetic silicas
have been described recently (Ferch & Toussaint, 1996).

1.1.2 Crystalline structure and morphology of silica particulates

Molecular formula: SiO,

Silicon—oxygen tetrahedra (SiO,) are the basic units of all crystalline and amorphous
forms reported in Section 1.1.1 (with the exception of stishovite, in which, under extreme
pressure conditions, silicon is forced to bind to six oxygen atoms in an octahedral coordi-
nation). In each silicon-oxygen tetrahedron, each silicon atom is surrounded by four
oxygen atoms; each oxygen atom is shared by two tetrahedra.

The three-dimensional framework of crystalline silicas is determined by the regular
arrangement of the tetrehedra, which share each of their corners with another tetra-
hedron. Differences in the orientation and position of the tetrahedra create the differences
in symmetry and cell parameters that give rise to the various polymorphs. In the case of
quartz, the structural feature is a helix composed of tetrahedra along the
c-axis. The helices have a repeat distance of three tetrahedra. The winding of the helices
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can be left- or right-handed, which results in the enantiomorphism of quartz crystals
(Frondel, 1962).

The phases of silica and their crystalline structures have been extensively studied and
several surveys have been carried out (e.g. Frondel, 1962: Wycoff, 1963; Sosman, 1965).
Table 2 reports symmetry, lattice parameters (the unit cell dimensions a, b, c¢), density
and the strongest lines (d values) obtained by X-ray diffraction of the various natural
polymorphs stable or metastable at room temperature.

Table 2. Crystallographic data of silica polymorphs

Polymorph o-Quartz  o-Tridymite a-Cristobalite  Coesite Stishovite
Crystal system Trigonal  Orthorhombic Tetragonal Monoclinic Tetragonal
Space group P3.21 €222, P422 - C2fc P4/mnm
Cell parameters”

a 49134 9.91 4.970 7.1464 4.1790

b 49134 17.18 4.970 12.3796 4.1790

c 5.4052 40.78 6.948 7.1829 2.6651
Density 2.648 2.269 2318 2.909 4.287
Strongest 3.343, 4.30,4.09,3.80 4.05, 2.485, 3.098,3.432, 2959, 1.538,
diffraction lines"  4.26, 2.841 2.77 1.981

1.817

From Frondel (1962); Roberts e al. (1974); Smyth & Bish (1988)
“In Angstrom units
" Source of X-ray: copper

The silicon—oxygen bond is regarded as partially ionic (that is, close to 1 : 1 ionic to
covalent bond character). The mean Si—O distance in tetrahedral polymorphs is 0.161—
0.162 nm and the mean O-O distance 0.264 nm. The variation in the Si—O-Si bond
angles and the almost unrestricted rotation of adjacent tetrahedra around the bridging
oxygen atom account for the variability of silica frameworks (Florke & Martin, 1993).

The “Si nuclear magnetic resonance (NMR) peaks of the framework of silica poly-
morphs appear at the highest field of the *Si chemical shift range of silicates. The shifts
observed for silica polymorphs range from —~107 to —121 ppm. The chemical shift
differences observed for the various polymorphs are due only to changes in the structural
arrangement of the SiO, tetrahedra within the silica backbone. Quantitative correlations
between the observed chemical shifts and several geometrical parameters, typically bond
angles, have been established (Engelhardt & Michel, 1987). In this context, NMR
appears to be a promising technique for a better insight into the crystal structure and for
the identification of the various polymorphs.

The amorphous silica forms are also composed of tetrahedra sharing their oxygen
atoms. However, in these silicas the orientation of the bonds is random and lacks any
long-range periodicity. The lack of crystal structure is shown by the absence of sharp
lines in an X-ray diffraction, although some short-range organization may still be
present.
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A large variety of amorphous silicas have been prepared for different uses
(Section 1.1.1), the properties of which are described by Iler (1979) and Bergna (1994).
These amorphous silicas differ in particle form and size, porous structure and residual
water content.

The micromorphology of silica particulates to which people are exposed (respirable
size range) depends not only upon crystallinity but also upon the way in which the silica
particulates were formed. Ground samples — whether from crystalline or vitreous forms
— have very acute edges and a marked heterogeneity in particle size; smaller particles
are held at the surface of bigger ones by surface charges (Fubini er al., 1990).
Diatomaceous earths and even cristobalite particles derived from diatomaceous earths
have an almost infinite variety of shapes; this variation has its origins in the living matter
from which they originated (Iler, 1979). Pyrogenic amorphous silicas are aggregates of
non-porous, smooth, round particles and are totally different from the forms found in
diatomaceous earths (Ettlinger, 1993; Ferch & Toussaint, 1996). In precipitated silicas,
the size of the particle morphology and the extent of the inherently porous structure are
dependent upon the procedure used in their preparation.

The surface areas of ground samples of crystalline or vitreous silica depend on the
grinding procedure and vary between 0.1 and 10-15 m’/g. Diatomites have a rather broad
range of surface areas, which, after calcination, fall mostly into the range 2—20 m’/g.
Pyrogenic amorphous silicas have surface areas ranging from 50 to 400 m’/g. Precipi-
tated amorphous silicas have a very variable specific surface area ranging between 50
and nearly 1000 m’/g because of their porous structure and the small size of the particles.

Quartz particles often have a perturbed external amorphous layer (known as the
Beilby layer; Fubini, 1997). Removal of this layer by etching improves the crystallinity
and increases the fibrogenic potential of the dust (King & Nagelschmidt, 1960).

1.1.3  Physical properties and domain of thermodynamic stability

The stability of the polymorphs of silica is related to temperature and pressure (Klein
& Hurlbut, 1993). o-Quartz is stable over most of the temperatures and pressures that
characterize the earth’s crust. Tridymite and cristobalite are formed at higher tempe-
ratures, while coesite and stishovite are formed at higher pressure. The conversion from
one crystalline structure to another requires the rupture of silicon—oxygen bonds and the
reconstruction of new ones. This process requires a very high activation energy.
Although o-quartz is the only silica phase stable under ambient conditions, other silica
polymorphs, namely o-tridymite, o-cristobalite, coesite and stishovite, exist with metas-
tability at the earth’s surface. Their conversion to o-quartz under ambient conditions is,
in fact, immeasurably slow. In contrast, the o0 < P conversion in quartz, tridymite and
cristobalite requires only the rotation of silicon bonds; this can occur rapidly at the inter-
conversion temperature. Consequently, only the a (low) forms can exist in ambient
conditions.

The temperature ranges of stability of the most important silica polymorphs are
reported in Table 3.
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Table 3. Domain of thermodynamic stability and metasta-
bility of silica polymorphs at ambient pressure’

Polymorph Stable Metastable

o-Quartz Upto 573 °C -

B-Quartz From 573 °C to 870 °C Above 870 °C
o-Tridymite - Upto 117 °C
B,-Tridymite - From 117 °Cto 163 °C
B,-Tridymite From 870 °C to 1470 °C  Above 163 °C
o-Cristobalite - Up to 200-275 °C

B-Cristobalite From 1470 °Cto 1713 °C  Above 200-275 °C
(melting-point)

“ From Deer et al. (1966)

The following polymorphs are obtained at high pressure: coesite, produced at 450—
800 °C and at 38 000 atmospheres (3.8 x 10° kPa), found in rocks subjected to the impact
of large meteorites; keatite, synthesized at 380-585 °C and 3301200 atmospheres (33—
121 x 10" kPa), not commonly found in nature; and stishovite, synthesized at tempe-
ratures above 1200 °C and at 130 000 atmospheres (13 x 10° kPa), detected in Meteor
crater, Arizona, United States.

These forms of silica are metastable under ambient conditions and can be converted
into other polymorphs upon heating (Cerrato et al., 1995). Silica glass exists at room
temperature up to about 1000 °C; the rate of crystallization rapidly increases as
temperature increases beyond this point. Silica glass is unstable at temperatures below
1713 °C.

The interconversion from one polymorph to another upon heating or cooling may be
schematized as follows (Frondel, 1962):

Double arrows indicate a rapid interconversion.

570 °C - 870°C 1470 °C 1723 °C
o-quartz — B-quartz — P -tridymite — B-cristobalite «—— fused silica
I 163 °C I 200-275 °C
B,-tridymite o-cristobalite quenching
I 117 °C
o-tridymite | gilica glass

The different arrangements of tetrahedra in the various polymorphs and the presence
of octahedrally coordinated silicon in stishovite imply remarkable differences in density
and in the distance between the silicon and oxygen atoms. A relationship between these
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parameters and some biological responses (i.e. hydroxyproline as a measure of fibrosis
in vivo and percentage haemolysis as a measure of red blood cell membrane lysis) have
been proposed (Wiessner er al., 1988). Atom distances, bonding angles and percentage
volume occupied by the atoms in the unit cell have been related to the biological
responses elicited (Mandel & Mandel, 1996).

The general features of the formation and reversion of the amorphous phases of silica
are reported by Sosman (1965). Conversion from the crystalline to amorphous form may
occur by grinding (Steinicke er al., 1982, 1987) or by melting and rapidly cooling down
the melt. The vitreous phase is metastable and under ambient conditions remains in that
state for long periods of time (years). Conversely, crystallization into various forms may
take place during heating or under geothermal conditions. Biogenic silicas are readily
converted into cristobalite under relatively mild temperature conditions (c. 800 °C), well
below the temperature range of thermodynamic stability of cristobalite (Kadey, 1975;
Jahr, 1981; Rabovsky, 1995).

The so-called cryptocrystalline forms of quartz — chalcedony, agate, flint, chert,
novaculite — are the products of geological crystallization into fine-grained varieties of
quartz (Frondel, 1962)

1.1.4 Chemical properties
(a) Solubility in water

Silica is rather poorly soluble in water and solubility is higher for the amorphous than
for the crystalline morphologies. The solubility of the various phases of silicas is very
complex and depends upon several factors (Iler, 1979). Solubility increases with tempe-
rature and pH and is affected by the presence of trace metals. Particle size influences the
rate of solubility. The external amorphous layer in quartz (the Beilby layer) is more
soluble than the crystalline underlying core.

() Reactivity

Silica is attacked by alkaline aqueous solutions, by hydrofluoric acid and by catechol
(Her, 1979). The rates of etching in hydrofluoric acid vary in the following sequence
(King & Nagelschmidt, 1960; Florke & Martin, 1993): stishovite < coesite < quartz
< tridymite, cristobalite < vitreous silica (Coyle, 1982).

Etching in hydrofluoric acid eliminates the Beilby layer (Fubini et al., 1995) on
quartz (see Section 1.1.2). Stishovite is almost insoluble in hydrofluoric acid and coesite
reacts at a much lower rate than quartz or vitreous silica. Hydrofluoric acid solutions can
thus be used to separate the various polymorphs (Stalder & Stéber, 1965).

1.1.5 Surface properties

The major surface properties of silicas have been reported by Iler (1979) and have
recently been reviewed by Legrand (1997). Surface properties are not only determined by
the underlying crystalline structure but also by the origin and thermal and mechanical
history of the dust and by the presence of contaminants.
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(a) Hydration and hydrophiliciry

The surface of silica reacts with water vapour from the ambient air to form an
external layer of silanols (SiOH). This process may be extremely slow (smooth surfaces
with stable siloxane bridges, Si—O-Si) or very fast (fresh defective surfaces, strained
siloxane bridges). The part of the surface covered by a dense layer of silanols is is
hydrophobic (Bolis et al., 1991). Under the same conditions of humidity, the various
polymorphs show a different degree of hydrophilicity — quartz and stishovite being the
most hydrophilic and pyrogenic amorphous silica the most hydrophobic (Cerrato er al.,
1995).

(b) Mechanical fracture

Cleavage seldom occurs on defined crystal planes and fractures are conchoidal. Dusts
originated by quartz grinding have a peculiar reactivity arising from the homolytic and
heterolytic rupture of the silicon—oxygen bonds, which leaves unsatisfied valencies as
unpaired electrons (surface radicals) and surface charges (Antonini & Hochstrasser,
1972; Fubini et al., 1989). A similar, even more pronounced effect takes place with
tridymite and cristobalite (Fubini et al., 1989, 1990). The effect is less pronounced with
coesite and does not occur with stishovite (Fubini et al., 1995). If grinding is performed
in dry air, oxygen or hydrogen peroxide aqueous solutions, reactive oxygen species
(ROS) — Si0O,and Si'O; — are formed (Dalal er al., 1989; Fubini ez al., 1989, 1990;
Fubini, 1997). Conversely, if grinding takes place in a wet atmosphere, silanols are
formed rather than surface radicals (Volante et al., 1994).

In aqueous suspensions, freshly ground surfaces generate ROS (Vallyathan et al.,
1988). Whether the ROS arise from the silica itself or from certain impurities exposed at

the surface during the grinding procedure is still under debate; acid washing decreases
the radical yield (Miles er al., 1994).

(¢) Thermal treatments

The presence and extent of silanols at the surface of a silica sample determines its
hydrophilicity. Upon heating, silanols condense into siloxanes with elimination of water:
2Si0H — Si-O-Si + H,0
This reaction progressively converts hydrophilic surfaces to hydrophobic ones (Fubini
et al., 1995). When cooling down under ambient conditions, some water uptake takes
place, with partial reconversion of siloxanes into silanols. However, high temperature
and prolonged heating stabilize surface siloxane with consequent inhibition of
rehydroxylation. The surface is thus metastably hydrophobic and remains as such for

very long periods of time.
The above reaction occurs more readily with amorphous silicas, in which the silicon
tetrahedra are able to move more easily than in the crystalline forms where the silanols

are stabilized in ordered arrays. As a consequence, crystalline particles are more
hydrophilic than amorphous ones when submitted to the same heating procedure.

Heating also removes defects and radicals originated by grinding (Fubini et al., 1989).
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(d) Etching

Etching with hydrofluoric acid, alkaline hydroxides or catechol modifies the surface
of silica samples (Iler, 1979). External layers are attacked with the progressive elimi-
nation of surface radicals (Costa et al., 1991). With hydrofluoric acid, the external
surface is smoothed out and the specific surface area decreases. This effect is due to the
smoothing out of the fractal part of the surface and to the total dissolution of smaller
particles rather than the simple reduction in the dimensions of each particle (Fubini et al.,
1995). As a consequence, the size distribution of an etched sample reveals a higher
proportion of larger particles.

Etching also eliminates impurities that can modulate silica toxicity (King &
Nagelschmidt, 1960; Nash et al., 1966; Nolan et al., 1981).

(e) Metal contaminants

Metal impurities modify the surface reactivity of silica samples. Aluminium decreases
silica solubility (Iler, 1979). Transition metal ions (typically iron), adsorbed at the
surface, activate the production of free radicals in aqueous suspensions (Vallyathan et al.,
1988).

1.1.6  Impurities

Major impurities in crystalline silica polymorphs include aluminium, iron, titanium,
lithium, sodium, potassium and calcium (Frondel, 1962). The concentrations of these
impurities vary from specimen to specimen but are generally below 1.0% in weight as
oxide (Heaney & Banfield, 1993). Aluminium readily substitutes for silica in a tetra-
hedral framework. This substitution is generally coupled with the introduction of a
monovalent or divalent cation into a vacant site. Alkali cations are too large to substitute
for silicon but offset the charge imbalance created by other substitutions located in the
open cavities within the framework. Iron may be present in silica polymorphs at either
position up to a few tenths of a percentage by weight (Guthrie & Heaney, 1995). Very
pure quartz is rare. Even the pure quartz dust with the trade name of Min-U-Sil, sold in
different particle sizes, was found to contain iron in traces (Daniel et al., 1993). Very
pure samples can be obtained from purification of the melt.

Commercial products derived from silica sand, sandstone and quartzites are granular
materials with a high silica content, mostly quartz. Impurities in this case may be up to
25% but are usually about 5%. Different particle sizes may be found among these
products; those consisting of very fine grains are called silica flours.

Diatomaceous earths have a variable silica content usually between 86 and 94%.
Being sedimentary rocks, other sediments are usually associated. The chemical compo-
sition of diatomite ores from different countries has been reported by Kadey (1975). All
have been found to contain, albeit in different percentages, Al,O,, Fe,O,, Ti0, and the
following elements in ionic form: calcium, magnesium, sodium and potassium; some
also contain phosphates. The crystalline silica content of uncalcined diatomaceous earth
1s 0.1-4.0%. Commercial products are calcined at temperatures far below those required

for the conversion of quartz into the other polymorphs. Under these conditions, a large
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proportion of the material is converted into cristobalite (Kadey, 1975; Fubini et al., 1995:
Rabovsky, 1995); traces of tridymite may also be produced (Eller & Cassinelli, 1994).
The cristobalite content of straight-calcined flux products is typically 10-20% and that of
flux-calcined products 40-60% (Champeix & Cetilina, 1983),

Synthetic amorphous silicas are generally of very high purity. Pyrogenic silica after
drying is typically > 99.8% silica, with alkali and heavy metals in the low ppm range and
the hydrochloric acid content < 100 ppm. Precipitated silicas initially contain residues
from the salts formed in the production process and other metal oxides in trace amounts.
Silica gels and special precipitated grades are subjected to washing steps, which reduce
their contamination by metal oxides (such as Al O, Ti0,, Fe,0,) to the 100~-1000 ppm
level (Ferch & Toussaint, 1996).

1.1.7  Sampling and analysis
(a) Air sampling and analysis for silica

In the past, assessment strategies for airborne crystalline silica were generally based
on particle count procedures. Using sampling instruments such as the konimeter, thermal
precipitator or impinger, airborne dust samples were collected and then examined by
light microscopy. In some cases, selective counting rules were used to reject particles not
considered to be respirable (Hearl & Hewett, 1993) or, in the case of mixed dust, not
considered to be silica (see Section 1.3.2 for further information on historical sampling
methods for occupational exposure).

Currently, filter collection methods, coupled with X-ray diffraction or infrared
spectrophotometry (IR) are favoured for the assessment of the silica concentration of
airborne dusts. In the case of crystalline silica, most countries (e.g. the United States, the
United Kingdom, Germany, Japan and Australia) require that the sample be restricted to
the respirable fraction. In contrast, amorphous silica can also be assessed using a total
dust sample. Based on the information available, it appears that, internationally, the
X-ray diffraction and IR methods are equally acceptable, except in Sweden and Japan in
which only the X-ray diffraction method is permitted (Madsen er al., 1995).

One standard procedure in the United States for crystalline silica (NIOSH Method
7500) employs a sampling train fitted with a 10-mm nylon cyclone and a polyvinyl
chloride (PVC) membrane filter, running at a 1.7 L/min flow rate. After sampling is
complete, the filter is removed and subjected to low-temperature ashing or dissolution,
and the resulting dust is assessed for crystalline silica using X-ray diffraction. NIOSH
Method 7602 is similar, but uses IR for analysis.

In NIOSH Method 7501 for amorphous silica, the sample is subjected to X-ray
diffraction analysis before and after heating to 1500 °C (fumed silica) or to 1100 °C
(other amorphous silica). The concentration of amorphous silica is calculated from the
difference in the two cristobalite concentrations (Eller & Cassinelli, 1994).

Quartz, tridymite and cristobalite can be distinguished by X-ray diffraction because
their strongest reflections (i.e. peaks in the diffractograms) are different (see Section
1.1.2). The detection limit in respirable dust samples is about 5 ug for quartz and 10 ug
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for cristobalite; these limits approximate to an atmospheric level of 0.01-0.02 mg/m’ for
a 0.5 m'air sample (Bye et al., 1980; Bye, 1983).

(b) Surface analysis

In view of the most recent results, bulk analysis alone does not appear to be sufficient
to predict the level of biological activity — it is largely the exposed surface of silica that
determines its toxicity. Clay occlusion of respirable quartz particles may be detected by
low-voltage scanning electron microscopy X-ray analysis (Wallace ef al., 1990). An
alternative way 1Is to determine the surface composition by laser microprobe mass
analysis, which examines the outermost layers of individual particles (Tourmann &
Kaufmann, 1994). The technique uses a laser to vaporize and ionize a small volume of
material near the surface of a single particle. The ions generated are identified with a
time-of-flight mass spectrometer.

Several techniques can be used to examine the various surface properties of parti-
culate materials such as adsorption capacity, hydrophilicity and potential for free radical
release; these techniques are described in Fubini (1997). Detailed surface analysis can be
carried out with X-ray photoelectron spectroscopy, scanning electron microscopy with
energy dispersion X-ray analysis, and several adsorption techniques. These techniques
are too sophisticated for routine analysis.

Recent data reveal variation in the biological responses to crystalline silica samples
that are identical in their bulk properties (Hemenway et al., 1994; Daniel et al., 1995;
Fubini et al., 1995). These differences must be related to surface properties — hydro-
philicity, surface radicals, defects — or to different levels of surface impurities. In both
hypotheses, surface analysis is required to define the potential hazard of a given dust.

1.2 Production and use

1.2.1  Production

Most silica 1n commercial use 1s obtained from naturally occurring sources. Several
synthetic amorphous silicas (listed in Section 1.1.1) are, however, prepared for various
purposes, and cultured quartz monocrystals are used in particular applications.

(a) Sand and gravel

Silica-bearing deposits are found on every continent and from every geological era.
The majority of deposits that are mined for silica sands consist of free quartz, quartzites
and sedimentary deposits, such as sandstone (Harben & Bates, 1984).

Industrial sand and gravel, often referred to as ‘silica sand’ and ‘quartz sand’, include
high-silica-content sand and gravel (United States Department of the Interior, 1994).
Table 4 summarizes recent data on the production of silica sand in major producing
countries.

Processing operations depend both on the nature of the deposit and on the end product
required. They generally include crushing and milling for refining particle size and
wet/dry screening to separate very fine particles (Davis & Tepordei, 1985).
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Table 4. Silica sand and gravel production®

Region/country Production (10° tonnes)
1990 1994
Africa 2.6 2.6
Asia 8.2 8.2
Oceania 2.6 33
Europe
Belgium 2.6 2.5
France 3.5 6.0
Germany 11.2 10.0
[taly 43 4.0
Netherlands 25.1 20.0
Spain 2.2 2.0
United Kingdom 43 3.6
North America
Canada 2.1 1.6
Mexico 1.2 1.4
USA 25.8 279
South America
Argentina 0.3 0.4
Brazil 2.7 - 2.7
Others 3.5 4.0

“ From United States Department of the Interior 1994)

(b)  Quartz crystals

Two different kinds of production may be distinguished: (i) the processing of natu-
rally occurring quartz; and (ii) the hydrothermal culturing of quartz.

The largest reserves of highly pure quartz occur in Brazil. Minor deposits are found in
Angola, India, Madagascar and the United States.

Hydrothermally cultured quartz crystals are of major economic importance and their
use is growing rapidly. Hydrothermal synthesis consists of crystal growth or reaction at
high pressure and temperature in aqueous solution in sealed steel autoclaves (Florke & °
Martin, 1993). Synthetic quartz crystal production is concentrated in Japan, Russia and
the United States. Smaller production capacity exists in Belgium, Brazil, Bulgaria,
China, France, Germany, the Republic of South Africa and the United Kingdom (United
States Department of the Interior, 1994).

(¢)  Refractory silica

Silica bricks are manufactured from mixtures of ground quartz arenite and quartzite
and are fired at 1450-1600 °C. They are used in certain high-temperature processes and
are generally produced in batches. Silica used in refractories must contain > 93% in
weight SiO,. Quartz is mostly transformed into cristobalite, but tridymite is also formed
under the action of mineralizers (mainly CaO). The brick consists of nearly equal
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amounts of cristobalite, tridymite, residual quartz and a glass phase (Florke & Martin,
1993).

(d) Diatomite

Diatomite is obtained from sedimentary rocks that are mainly composed of the
skeletons of diatoms. These skeletons are composed of opal-like amorphous silica and
exhibit a wide range of porous fine structures and shapes, which are altered upon calci-
nation. Even the calcined and crystallized product, however, partially retains the original
biogenic micromorphology (Iler, 1979). Particle-size distribution, shape and fine
structure vary from one deposit to another (Benda & Paschen, 1993).

The most notable commercial source of diatomite is in California, United States,
where there is a marine deposit of unusual purity over 300 m thick. Other major deposits
that are mined occur in Algeria, Denmark, France, Iceland and Romania (Dickson, 1979;
Reimarsson, 1981; Harben & Bates, 1984; Benda & Paschen, 1993).

Diatomite is mined almost exclusively by opencast methods, using bulldozers and
other similar equipment to remove the material. Some diatomite is mined underground in
Europe, Africa, South America and Asia. In one operation in Iceland, where the mineral
lies under water, slurried material is transferred by a pipeline to a processing plant
(Kadey, 1975). The processing methods for crude material are fairly uniform worldwide.
The general procedure is described by Benda & Paschen (1993) and can be schematized
as follows:

Preliminary size reduction — drying, grinding — dried, fine diatomite
Dried, fine diatomite — furnace, 800-1000 °C — grinding — calcined diatomite

Calcined diatomite — alkaline flux, 1000-1200 °C — grinding — flux-calcined
diatomite

Calcination and, even more so, flux calcination yield a considerable amount (up to
65%) of crystalline material (cristobalite) (Benda & Paschen, 1993). During calcination,
porosity area and specific surface strongly decrease. Some chemical and physical
properties of commercially available diatomites used for filtering or as fillers are
reported in Table 5.

The major producing country is the United States, followed by Denmark and France.
Diatomite production by region during the years 1970-94 is presented in Table 6.

(e) Synthetic amorphous silicas

Commercial/synthetic amorphous silicas have been classified (Ferch & Toussaint,
1996) as ‘wet process’ silicas (including precipitated silicas and silica gels), pyrogenic
(‘fumed’) silicas and surface-modified silicas. Surfaces of the modified silicas have been
rendered hydrophobic, for example, by silylation with dimethyl dichlorosilane.

Worldwide production of synthetic amorphous silicas in 1995 was estimated at 1100
thousand tonnes, including 900 thousand tonnes precipitated silicas, 90 thousand tonnes
silica gels and 110 thousand tonnes pyrogenic silicas (Ferch & Toussaint, 1996).


kajo
Pencil

kajo
Pencil

kajo
Pencil


Table 5. Chemical and physical properties of some commercial diatomites®

Property Filter, Filler, Filter, Filter Filter Filter, flux-  Filter, flux-  Filter, flux-  Filter,
‘ dried, calcined, calcined, calcined, calcined, calcined, calcined, calcined, calcined,
American  Danish American  French German American French Spanish German
Colour White Yellow Pink Yellow Brown White White White Yellow
grey brown brown brown
Si0, (%) 89.0 72.5 90.7 87.5 86.0 89.5 90.7 91.5 90.2
ALO, (%) 3.5 7.1 3.9 4.3 2.8 4.1 3.9 1.6 2.8
Fe,0, (%) 0.9 5.0 1.4 2.9 4.7 1.6 2.1 0.7 2.5
CaO (%) 1.1 1.2 0.5 1.9 0.6 0.5 1.0 4.4 0.7
Na,0, K,0 (%) 0.8 1.4 0.9 0.8 0.7 3.6 3.5 1.9 0.9
Ignition loss (%) 2.0 4.7 0.5 0.7 0.3 0.2 0.1 0.1 0.4
Bulk density (g/L) 107 290 120 140 125 229 200 195 209
pH value 7.0 5.2 7.5 6.9 7.0 10.0 9.7 9.5 6.7
Water uptake (%) 255 200 250 205 201 156 160 200 196
Specific surface area (m’/g) 19.2 254 15.2 13.0 16.1 1.9 1.6 3.0 10.6
Average particle size (Uum) 14.2 19.3 15.9 14.1 139 22.5 30.1 6.5 14.7
Wet density (g/L) 228 280 271 255 209 297 290 350 357
Permeability (Darcy) 0.06 0.09 0.28 0.09 0.08 1.20 1.60 - 0.08
Crystalline content (%) 2.0 22 7.6 9.2 9.8 58.1 59.7 62.7 10.3

“ From Benda & Paschen (1993)
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Table 6. World diatomite production 1970-94°

Region Major producer Production (thousands of tonnes)

1970 1980 1990 1992 1994

Europe France 778 733 854 157 611
North America  USA 578 686 692 655 671
Asia Republic of Korea 8 27 60 87 79
South America  Peru 11 31 50 59 56
Africa Algeria 12 7 8 5 6
Australia 3 3.6 10 i1 11

“ From British Geological Survey (1995)

(1)  Silicas based on the ‘wet process’

This manufacturing process is based mainly on the precipitation of amorphous silicon
dioxide particles from aqueous alkali metal silicate solution by acid neutralization.
Usually, sulfuric acid is used, although carbon dioxide and hydrochloric acid can be
used. Depending on the final pH of the solution, the following two different classes of
synthetic amorphous silicas can be obtained: precipitated silicas — obtained in neutral or
alkaline conditions; silica gels — obtained under acidic conditions. The main manufac-
turing steps include precipitation, filtration, washing, drying and grinding (Kerner et al.,
1993; Welsh et al., 1993).

(i1) Pyrogenic silicas

The manufacturing process for pyrogenic silicas is based mainly on the combustion of
volatile silanes, especially silicon tetrachloride, in an oxygen—hydrogen burner. Primary
particles (7-50 nm particle size) of amorphous silica fuse together in the high-tempe-
rature flame to yield stable aggregates of between 100 and 500 nm in diameter. These
aggregates form micron-sized agglomerates. The finely divided silica is separated from
the hydrochloric acid-containing off-gas stream in filter stations. The hydrochloric acid
content of the product is commonly reduced to less than 100 ppm by desorbing the
hydrochloric acid with air in a fluid-bed reactor. Pyrogenic silica appears as a fluffy
white powder (Ettlinger, 1993; Ferch & Toussaint, 1996). Physico-chemical characte-
ristics of pyrogenic and ‘wet-process’ silicas are given in Table 7.

(111) Surface-modified (after-treated) synthetic amorphous silicas

All forms of synthetic amorphous silicas can be surface-modified either physically or
chemically. Methods for chemical modification of the silica particle surface (e.g.
silylation) are many and various. Most common treating agents are organosilicon
compounds (Ferch & Toussaint, 1996). Less than 10% of the total production volume of
synthetic amorphous silica is surface-modified.


kajo
Pencil

kajo
Pencil

kajo
Pencil


SILICA

57

Table 7. Characteristic properties of synthetic amorphous silicas

Pyrogenic

Wet process

Precipitated  Silica gel

Specification properties

Specific surface area (BET)" (m'/g) 50400 30-800 250-1000

Loss on drying” (%) <25 3-7 3-6

pH’ 3.6-43 5-9 3-8

Tamped density” (g/L) 50-150 50-500 500-1000

Ignition loss” (%) 1-3 3-7 3-15
Typical (descriptive) properties

Silanol group density (SiOH/nm’) 2.5-35 5-6 5-6

Primary particle size’ (nm) 7-50 5-100 3-20

Aggregate size (um) < | 1-40 1-20

Agglomerate size (um) 1-100 3-100 NA

Specific gravity* (g/mL) 2.2 1.9-2.1 2.0

DBP absorption” (mL/100 g) 250-350 175-320 100-350

Pore size (nm) NA > 30 2-20

Pore size distribution NA Very wide Narrow

From Ferch & Toussaint (1996)

"DIN 66131; "DIN ISO 727/2; ‘ DIN ISO 787/9; “DIN ISO 787/1 I; “DIN 55921;
"Primary particles not existent as individual units; “DIN ISO 787/10; " DIN 53601
NA, not applicable; BET, Brunauer-Emmett—Teller

1.2.2 Use

(«)  Sand and gravel

Silica sand has been used for many different purposes for many years; its most
ancient and principal use throughout history has been in the manufacture of glass (Davis
& Tepordei, 1985). Sands are used in ceramics, foundry, abrasive, hydraulic fracturing
applications and many other uses (Table 8).

As illustrated in Table 8, several uses require the material to be ground. In some uses
(e.g. sandblasting, abrasives), grinding also occurs during the use.

Refractory silica bricks, in which silica is converted by heat into cristobalite and
tridymite are used in sprung arches of open-hearth furnaces, covers of electric furnaces,

roofs of glass-tank furnaces, blast pre-heaters and coke and gas ovens (Florke & Martin,
1993).

(b) Quartz crystals

Quartz has been used for several thousand years in jewellery as a gem stone (e.g.
amethyst, citrine). Large quantities of pure crystals were required when the application of
pure quartz in the electronics industry was discovered. At present, the major demand
comes from both electronics and optical components industries.
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Table 8. Industrial sand and gravel sold or used by United States
producers in 1994, by major end use’

Sand

Glass-making Containers, flat (plate and window), speciality, fibreglass
(un-ground or ground)

Foundry Moulding and core, moulding and core facing (ground),
refractory

Metallurgical Silicon carbide, flux for metal smelting

Abrasives Blasting, scouring cleansers (ground), sawing and sanding,
chemicals (ground and un-ground)

Fillers Rubber, paints, putty, whole grain fillers/building products

Ceramic Pottery, brick, tile

Filtration Water (municipal, county, local), swimming pool, others

Petroleum industry ~ Hydraulic fracturing, well packing and cementing

Recreational Golf course, baseball, volleyball, play sands, beaches,
traction (engine), roofing granules and fillers, other (ground
silica or whole grain)

Gravel Silicon, ferrosilicon, filtration, non-metallurgical flux, other

“ From United States Department of the Interior (1994)

An electronic-grade quartz crystal is a single-crystal silica that is free from defects
and has piezoelectric properties that permit its use in electronic circuits for accurate
frequency control, timing and filtering. These uses generate most of the demand for
electronic-grade quartz crystals. A smaller amount of optical-grade quartz crystal is used
in windows and lenses in specialized devices, including some lasers. Cultured (synthetic)
quartz has replaced natural crystal in most of these applications (United States
Department of the Interior, 1994).

(¢) Diatomites

The main uses of diatomites are in filtration (60% of world production), as fillers
(25% of world production) and in other uses (insulators, absorption agents, scourer in
polishes and cleaners, catalyst supports, packing material) (Benda & Paschen, 1993).

The intricate microstructure and high pore-space volume of diatomite have made it a
major substrate for filtration. Diatomite has been used to filter or clarify dry-cleaning
solvents, pharmaceuticals, beer, wine, municipal and industrial water, fruit and vegetable
juices, oils and other chemical preparations (Kadey, 1975).

The next most important application of diatomite is as a filler in paint, paper and
scouring powders. It imparts abrasiveness to polishes, flow and colour qualities to paints
and reinforcement to paper. It is also used as a carrier for pesticides, a filler in synthetic
rubber goods, in laboratory absorbents and in anti-caking agents (Kadey, 1975; Sinha,
1982).
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(d) Synthetic amorphous silicas

Consistent with their physico-chemical and morphological properties, the different
classes of synthetic amorphous silicas find uses in very different areas of application.
However, most of the applications are related to the reinforcement of various elastomers,
the thickening of various liquid systems, the free-flow of powders or as a constituent of
matting, absorbents and heat insulation material (Ferch & Toussaint, 1996). Table 9 lists
the major applications of synthetic amorphous silicas.

Table 9. Major applications of finely divided synthetic amorphous silicas’

Silica type Application Critical properties
Precipitated silica Rubber reinforcement Particle size, surface area
Free-flow, anti-caking Aggregate size, porosity
Toothpaste: cleaning, rheology control ~ Aggregate/agglomerate size
Paints: flatting Aggregate size
Silica gels Desiccant, adsorbent Porosity
Paints: flatting Aggregate size
Toothpaste: cleaning, rheology control Aggregate/agglomerate size
Pyrogenic silica  Silicone rubber reinforcement Surface area, purity, structure
Heat insulation Aggregate size, purity
Rheology control (numerous liquid Surface chemistry, aggregate/
systems) agglomerate size

“ From Ferch & Toussaint (1996)

1.3 Occurrence and exposure

1.3.1 Natural occurrence

Silicon is the second most abundant chemical element, after oxygen, in the earth’s
crust accounting for 28.15% of its mass (Carmichael, 1989). Silicate minerals (such as
plagioclase, alkali feldspars, pyroxenes, amphiboles, micas and clays, excluding silica)
comprise together 80% by volume of the earth’s crust, while quartz, by far the most
common form of silica in nature, comprises 12% by volume of the crust (Klein, 1993).
Note that standard mineral composition tables often combine silica and silicates as
percentage Si0, (or percentage silica).

Crystalline silica

Quartz in its o form is abundant in most rock types, sands and soils. Table 10 reports
the average quartz composition of major igneous and sedimentary rocks. Important
differences can be observed in the composition of the various rocks. In 1gneous rocks,
quartz is a common component of acid (granitic) and intermediate (e.g. syenites,
andesites) plutonic rocks. However, quartz occurs at very low levels or is absent from the
basic and ultra-basic varieties (e.g. trachytes, gabbros, olivines, peridotite). Quartz may
also be present in a variety of volcanic tuffs (United States Bureau of Mines, 1992).
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Table 10. Average quartz composition of major
igneous and sedimentary rocks"

Rock type Quartz-containing rock % Quartz
(by weight)

Igneous Rhyolites 33.2
Alkali granites 322
Alkali rhyolites 31.1
Granites 29.2
Quartz latites 26.1
Quartz monzonites 24.8
Quartz diorites 24.1
Granodiorites 219
Rhyodacites A 20.8
Dacites 19.6
Latite andesites 7.2
Andesites 5.7
Syenites 2.0
Monzodiorites 2.0
Alkali syenites 1.7
Diorites 0.3

Sedimentary Sandstones 82
Greywackes 37
Shales 20

“ From Carmichael (1989)

Quartz, being a hard, inert and insoluble mineral, endures through the various
weathering processes and is found in trace to major amounts in a variety of sedimentary
rocks. It is a major component of soils, composing 90-95% of all sand and silt fractions
in a soil. There are a variety of sandstones, including orthoquartzite in which the grains
are 95% quartz and the cement is a precipitate or a film of clay. Greywacke is considered
a variety of sandstone. Quartz is also common in siltstone. Sand is composed of quartz
predominantly, while gravel is of variable composition. Argillaceous rocks, including
shales, clays and mudstones, may contain substantial amounts of quartz, depending on
the varieties. Wyoming bentonite, a valuable clay, contains up to 24% crystalline silica
(quartz and cristobalite). In coal, quartz constitutes typically up to 20% of the mineral
matter (Greskevitch er al., 1992). Illinois coal has been reported to contain 1.2-3.1%
quartz. Diatomaceous earth typically contains 0.1-4% quartz. Limestones may contain a
small proportion of quartz (Atkinson & Atkinson, 1978; Harben & Bates, 1984: United
States Bureau of Mines, 1992; Klein, 1993; Ross et al., 1993; Parkes, 1994; Weill et al.,
1994).

In metamorphic rocks, quartz is a common constituent either an an original consti-
tuent, as a product of the metamorphic process or by crystallization from silica-bearing
fluids. It is an important constituent of metamorphic phyllites, mica schists, migmatites,
gneiss and quartzites. It has been reported to comprise 31-45% of the mineral content of


kajo
Pencil

kajo
Pencil

kajo
Pencil

kajo
Pencil


SILICA 61

Ardennes slate and 20-50% of taconite (Atkinson & Atkinson, 1978: United States
Bureau of Mines, 1992; Heaney & Banfield, 1993; Ross et al., 1993).

Quartz is the primary gangue (or matrix) mineral in the metalliferous veins of ore
deposits. In nature, quartz can also be found in important colour varieties — amethyst,
citrine, smoky quartz, morion, tiger’s eye — which are valued as semi-precious stones.
Quartz crystals are frequently found in cavities and also occur in hollow globular forms
called geodes (Atkinson & Atkinson, 1978).

Tridymite and cristobalite, formed during the devitrification of siliceous volcanic
glass, can be found as fine-grained crystals in acid volcanic rocks. Furthermore, cristo-

balite is present in some bentonite clays and may be present as traces in diatomite
(Heaney & Banfield, 1993; Ross ez al., 1993; Parkes, 1994).

Coesite and stishovite have been found in rocks that equilibrated in short-lived high
pressure environments, such as meteoritic impact craters. Keatite has been found in high-
altitude atmospheric dusts, which are believed to originate from volcanic sources
(Heaney & Banfield, 1993; Guthrie & Heaney, 1995).

Amorphous silica

Amorphous silica is widespread in nature as biogenic silica and non-biogenic silica
glass.

Silica glass forms as volcanic glass (obsidian) from extrusive magmas, as lechate-
lierite within tektites associated with meteorite impact craters and as fulgurite resulting
from lightning strikes on unconsolidated sand or soil (Heaney & Banfield, 1993).

Silica of biological origin is produced by diatoms, radiolarians and sponges which
extract silica dissolved in water to form their structures or shells. Biogenic amorphous
silica levels in diatoms vary with species and range from less than 1% to almost 50% by
weight. Siliceous oozes on the sea floor, which derive from the skeletons of diatoms,
solidify to form opaline deposits. Opaline materials characterize diatomaceous earth
deposits and are also found in bentonite clays. Diatomaceous earth is typically 90%
amorphous silica (Heaeny & Banfield, 1993; Ross et al., 1993; Rabovsky, 1995).

Biogenic silica is also produced by a variety of plants. Internal silicification of plant
tissues promotes structural integrity and affords protection against plant pathogens and
insects. The silica content is especially high in grasses, and silica can account for
approximately 20% of the dry weight of rushes, rice and sugar cane. Amorphous silica in
plants may be deposited as nodules or phytoliths — very tiny pure amorphous silica
grains of a myriad of shapes and sizes — in many plants and trees (Heaney & Banfield,
1993). Some of the amorphous silica in plants (e.g. sugar cane, canary grass, wheat, rice,
conifer needles) exists as fibres or spicules of various forms. Plant biogenic silica is
released to the soil through burning or normal decay; soil concentrations are typically in
the range of < I to 3% (Newman, 1986; Boeniger et al., 1988; Lawson et al., 1995).
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1.3.2  Occupational exposure
Crystalline silica

Because of the extensive natural occurrence of crystalline silica in the earth’s crust
and the wide uses of the materials in which it is a constituent, workers may be exposed to
crystalline silica in a large variety of industries and occupations. Thus, between 1980 and
1992, compliance officers of the United States Occupational Safety and Health Adminis-
tration found respirable quartz to be present in samples taken in 255 industries of
differing Standard Industrial Classification codes, excluding mining. In 48% of those
industries, average overall exposure exceeded permissible exposure levels (Freeman &
Grossman, 1995).

Crystalline silica is probably one of the most documented workplace contaminants;
the severity of its health effects and the widespread nature of exposure have been long
recognized. Reviews on occupational exposures to crystalline silica can be found in a
number of reports (United States National Institute for Occupational Safety and Health,
1974, 1983; World Health Organization, 1986; Hilt, 1993; Weill et al., 1994). Table 11
presents a number of industries, jobs or operations where occupational exposure to

crystalline silica has been reported, together with the origin or source of the silica.

Table 11. Main activities in which workers may be exposed to crystalline silica“

Industry/activity

Specific operation/task

Source material

Agriculture

Mining and related milling
operations

Quarrying and related milling

operations

Construction

Glass, including fibreglass
Cement
Abrasives

Ceramics, including bricks,
tiles, sanitary ware, porcelain,
pottery, refractories, vitreous
enamels

Ploughing, harvesting, use of machinery
Most occupations (underground,
surface, mill) and mines (metal and non-
metal, coal)

Crushing stone, sand and gravel
processing, monumental stone cutting
and abrasive blasting, slate work,
diatomite calcination

Abrasive blasting of structures,
buildings

Highway and tunnel construction
Excavation and earth moving

Masonry, concrete work, demolition

Raw material processing
Refractory installation and repair

Raw materials processing

Silicon carbide production
Abrasive products fabrication

Mixing, moulding, glaze or enamel
spraying, finishing

Soil
Ores and associated rock

Sandstone, granite, flint,
sand, gravel, slate,
diatomaceous earth

Sand, concrete

Rock

Soil and rock

Concrete, mortar, plaster
Sand, crushed quartz
Refractory materials
Clay, sand, limestone,
diatomaceous earth

Sand

Tripoli, sandstone

Clay, shale, flint, sand,

quartzite, diatomaceous
earth
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Industry/activity

Specific operation/task

Source material

Iron and steel mills

Silicon and ferro-silicon

Foundries (ferrous and
non-ferrous)

Metal products including
structural metal, machinery,
transportation equipment

Shipbuilding and repair
Rubber and plastics

Paint
Soaps and cosmetics
Asphalt and roofing felt

Agricultural chemicals
Jewellery

Dental material
Automobile repair
Boiler scaling

Refractory preparation and furnace
repair

Raw materials handling

Casting, shaking out

Abrasive blasting, fettling

Furnace installation and repair

Abrasive blasting

Abrasive blasting

Raw material handling

Raw materials handling

Abrasive soaps, scouring powdérs
Filling and granule application

Raw material crushing, handling

Cutting, grinding, polishing, buffing

Sand blasting, polishing
Abrasive blasting
Coal-fired boilers

Refractory material

Sand
Sand
Sand
Refractory material

Sand

Sand

Fillers (tripoli,
diatomaceous earth)

Fillers (tripoli,
diatomaceous earth, silica
flour)

Silica flour

Sand and aggregate,
diatomaceous earth

Phosphate ores and rock

Semi-precious gems or
stones, abrasives

Sand, abrasives
Sand
Ash and concretions

“ From Kusnetz & Hutchison (1979); Corn (1980); Webster (1982); United States National Institute for
Occupational Safety and Health (1983); Froines er al. (1986); Lauwerys (1990); United States Bureau
of Mines (1992); Hilt (1993); Weill et al. (1994); Burgess (1995)

Although not exhaustive, the following section focuses on representative data in the
main industries where quantitative exposure levels are available in the published
literature and/or where major occupational health studies have been conducted. These
include mines and quarries, foundries and other metallurgical operations, ceramics and
related industries, construction, granite, crushed stone and related industries, sandblasting
of metal surfaces, agriculture and miscellaneous other operations.

The reporting of exposure levels to crystalline silica in the scientific literature has
changed considerably over the years with the evolution of the various sampling
techniques and strategies, the development of improved analytical methods and the
formulation of occupational exposure limits reflecting advances in the understanding of
particle penetration and effects in the respiratory system.

In the first half of the twentieth century, sampling techniques varied from country to
country, and airborne particles were collected with a variety of devices, such as koni-
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meters, Owen’s jets, electrostatic or thermal precipitators, and impingers (Patty, 1958;
Ayer, 1969; Harris & Lumsden, 1986). Exposure levels were usually reported as number
of particles per unit volume, with particles counted by microscopy. No relationship could
be established between the results of these various older methods.

In the United States, impinger methods (Greenburg-Smith or midget impingers) were
commonly in use until the early 1970s. Dust levels, whether based on counts from an
impinger or on mass collected on a filter, were associated frequently with data on the
crystalline silica content of the dust. Considerable differences in estimates of crystalline
silica content obtained by these methods may result, depending on the nature of inter-
fering materials, on the analytical techniques used (whether chemical, petrographic or
spectroscopic) and on the origin of the dust sample being analysed (Patty, 1958; Harris &
Lumsden, 1986).

Crystalline silica content has been found to be usually smaller in airborne than in
settled dust and in respirable than in total airborne dust (Ayer, 1969; Hearl & Hewett,
1993). However, there are exceptions to this general rule (Jorna et al., 1994).

Various limitations of the impinger method led to its decreasing use; sampling times
were too short (10-30 min), the complexity of the sampling procedure prevented
personal samples being taken, the impinger could not trap particles < ¢. 0.5-0.7 um in
size, and there was also found to be large inter-observer variability (Patty, 1958; Ayer,
1969; Hearl, 1996). On the other hand, however, total mass concentration, as collected
on a filter, had the disadvantage of not being able to take into account particle size,
which plays a major role in the hazards associated with crystalline silica inhalation
(Ayer, 1969).

The introduction in the 1970s and the current generalized use of respirable mass
sampling methods in most countries has made it possible to compare data realistically
between various studies. In addition, conversion factors can be applied to filter-respirable
mass concentration (in mg/m’) and impinger-particle count levels (in million particles per
cubic foot; mppcf) to integrate past and present evaluations. Conversion factors may
differ, however, depending on the nature of the dust (Sheehy & Mclilton, 1987;
Montgomery et al., 1991).

A number of factors remain to be taken into account when evaluating present data.
There are uncertainties in the interpretation of analytical data for microcrystalline silica,
or data taken in the presence of various interfering substances; in addition, in cases where
the particle size distribution is widely different from that of the standards used, interpre-
tation can be uncertain (Hearl & Hewett, 1993). More importantly, the representativeness
of the data has to be evaluated in view of the sampling strategy used, recognizing that
compliance inspection data usually have been obtained using a worst-case scenario
strategy (Hearl & Hewett, 1993; Lippmann, 1995). A further complication results from
the fact that respirable crystalline silica exposure levels are most often not reported
directly in mg/m’ but indirectly in terms of a total respirable mass concentration. This
total respirable mass concentration has to be compared (e.g. in the form of a severity
factor) with an occupational exposure limit that varies with the content of crystalline
silica in the dust. Furthermore, the current practice of collecting only respirable dust has
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been questioned by Lippmann (1995) who has argued that thoracic particles (i.e. those
available for deposition within the airways of the thorax) may be more important for end-
points such as lung and stomach cancer. Finally, it may be noted that industrial hygiene
measurement practices do not take into account the surface area of particles, which may
well be a relevant indicator of exposure. During the 1960s, crystalline silica dust
exposure was measured in a study of South African gold mines as respirable surface area.
This measurement was reported to be more strongly related to silicosis than the
respirable particle count (Beadle, 1971).

(@) Mines

Occupational exposure to crystalline silica in mines originates from the dust
generated from the ore being extracted or its associated rock. Mines are usually classified
as surface or underground, coal, metal or non-metal; mines may be associated with
various milling operations. In the United States, coal is the main mineral being mined
primarily underground, together with antimony, lead, tungsten, molybdenum and silver.
Surface mining accounts, however, for most of the metallic and non-metallic ores
(Burgess, 1995). Exposure to crystalline silica in quarries, the crushed stone and related
industries is detailed in a separate section. Exposure to silica in coal mines is covered in
the monograph on coal dust in this volume.

The quartz content was determined in 2075 bulk settled dust samples collected from
1984 to 1989 in a representative sample of United States mines (491) from 66 different
mineral commodities, including coal. Approximately 50% of all samples had a percen-
tage of quartz above 5%; the overall average was 14%. Commodities with an average
quartz percentage above 40% were sand/gravel and sandstone; those between 20 and
40% were copper, granite, lithium, mica, molybdenum, phosphate rock, shale, slate,
stone, titanium and uranium-vanadium. For most commodities, wide variations were
observed between the various samples. Labourers (surface) and bin pulley/truck loader
workers were potentially exposed to bulk dust containing the highest percentage quartz.
These data are only indicative of potential risk since settled dust composition may not be
representative of inhalable or respirable dusts. Ninety-one per cent of samples analysed
for cristobalite yielded non-detectable levels (< 0.75%) and only 4% contained more than
1% cristobalite, most of which came from diatomite calcining facilities (Greskevitch
et al., 1992).

Respirable quartz levels of nearly 22 000 samples taken by inspectors from 1988 to
1992 in United States mines are summarized by commodity in Table 12. Mean exposure
levels were usually below 0.1 mg/m’ but a significant percentage of samples were found
to exceed the compliance limit. Mean quartz content of samples by commodity was
rarely greater than 15%. Occupations at greatest risk of overexposure were found to be
scoop tram, crusher, jackleg stoper drill and load—haul-dump operators (underground
occupations); jackhammer and pneumatic drill operators (surface occupations); and
packing, packaging or loading, labourer and bullgang workers (milling occupations). The
authors indicate various limitations to the representativeness of this data set, the main
ones being the compliance sampling strategy and the exclusion of samples containing


kajo
Pencil


66 IARC MONOGRAPHS VOLUME 68

less than 1% quartz or corresponding to less than 0.1 mg/m’ respirable dust. These effects
would tend towards an overestimation of the exposure indicators (Watts & Parker, 1995).

Table 12. Respirable quartz exposures by commodity in United
States mines (1988-92)

Commodity No.of  Quartz (ug/m) % >PEL Mean %
samples ——— quartz
GM GSD

Underground
Silver 139 87 2 53.2 13.3
Copper 109 80 2 532 7.0
Uranium 67 64 2 433 9.7
Uranium and vanadium 73 64 2 41.1 7.5
Gold 238 51 3 311 9.0
Crushed limestone 256 42 2 28.5 34
Lead and zinc 78 40 2 256 6.1

Surface
Dimension granite 477 78 3 44.0 - 135
Iron 180 45 3 27.8 13.0
Gold 547 52 3 26.1 12.6
Crushed traprock 159 42 3 25.8 10.7
Crushed stone 355 46 3 254 1.3
Crushed sandstone 412 51 3 24.3 19.5
Crushed granite 826 42 3 19.9 12.6
Sand and gravel 3843 40 3 17.4 13.1
Common clay 129 38 2 16.3 10.7
Crushed limestone 2684 32 3 15.1 7.0

Mili
Non-metallic minerals NEC 151 107 3 55.6 42.7
Crushed sandstone 843 74 3 38.4 27.7
Gold 334 64 3 35.0 153
Crushed traprock 245 523 335 9.7
Crushed stone 306 51 3 30.7 13.2
Common clay 578 53 2 30.5 8.2
Crushed granite 529 50 2 255 13.4
Iron 360 47 3 24.7 13.7
Sand and gravel 3664 48 3 234 16.1
Crushed limestone 2094 39 3 22.4 7.3

From Watts & Parker (1995)
GM, geometric mean; GSD, geometric standard deviation; PEL, permissible
exposure level; NEC, not elsewhere classified

Estimates of exposure to respirable crystalline silica during the period 1950-87 in 20
Chinese mines (10 tungsten, six iron—copper and four tin) have been derived from
industrial hygiene data and other historical exposure information. A 10-fold decrease was
found between the periods 1950-59 and 1981-87 and the following arithmetic mean
levels of respirable silica dust in mg/m’ were .estimated to be as follows (older and most
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recent period, respectively): underground mining (4.89, 0.39), surface mining (1.75,
0.27), ore dressing (3.45, 0.42), tungsten mines (4.99, 0.64), iron and copper mines (0.75,
0.20) and tin mines (3.49, 0.45). In the surface mining operations, transport and service
occupations generally had higher levels of exposure than mine production occupations;
the opposite pattern was true in underground mining occupations, while the ore prepa-
ration workers were generally more exposed than ore separation or service workers in
ore-dressing operations (Dosemeci et al., 1995).

Indications of past and present exposure levels of gold miners have been reported in a
number of epidemiological studies. In South Africa, a high crystalline silica content of
30% in respirable dust at the Witwatersrand mine was reported. The levels of dust
exposure were reduced during the 1930s to a level ranging from 0.05 to 0.84 mg/m” for
respirable quartz in underground dust (Beadle & Bradley, 1970). At the Homestake gold
mine (South Dakota, United States), respirable dust contained 13% crystalline silica and,
since engineering improvements in the early 1950s, levels of respirable silica have
decreased substantially to within legal limits (Brown et al., 1986). In Ontario (Canada)
gold mines, crystalline silica content in hard rock has been reported to vary from 4 to
12% and, based on konimeter data, past levels could have been significantly above
current exposure limits (Kabir & Bilgi, 1993).

In two Sardinian mines (one for lead ore and the other for zinc ore), similar concen-
trations of respirable dust were estimated to be 3—5 mg/m’ in 1945-60 and 1.6-1.7 mg/m’
in 1981-88. However, quartz content differed significantly between the two mines
(median values of 1.2% and 12.8%, respectively) because of differing wall rock compo-
sition (Carta et al., 1994). In a copper mine in Finland, respirable dust contained on
average 18.3% quartz; the mean concentration of respirable quartz in the general mine air
decreased from about 0.16 mg/m’ before 1965 to 0.08 mg/m” after 1981 and the mean
concentration where loading operations took place decreased from 0.8 before 1965 to
0.15 mg/m’ since 1975. In an old copper mine, respirable quartz was estimated to be
above 2 mg/m’ during dry-drilling operations before 1940 (Ahlman er al., 1991). The
mining and milling of diatomaceous earth may entail exposures to crystalline silica,
notably to cristobalite formed from amorphous silica during the calcination process.
Further details on occupational exposures in the diatomaceous earth industry may be
found in the section on amorphous silica.

Beside crystalline silica, several other toxic hazards can be found in mines, such as
carbon monoxide and nitrogen dioxide from blasting and engine exhausts, nickel and
arsenic, depending on rock composition, aldehydes and polycyclic aromatic hydro-
carbons from diesel engine exhausts, various metallic and non-metallic compounds such
as asbestos, and 1onizing radiation from radon daughters (Burgess, 1995). The extent of
such exposures is strongly dependent on work practices and varies with commodity and
specific vein composition. In the gold mines in the United States and Canada (Ontario)
and the Sardinian lead and zinc mines mentioned above, and in a tin mine in south-east
China, average working levels of radon daughters have been reported as ranging up to
0.3, which is within the accepted standard; substantial levels of radon daughters have
been observed in Chinese copper mines and in some South African gold mines (Brown
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et al., 1986; Hnizdo & Sluis-Cremer, 1991; Wu er al., 1992; Kabir & Bilgi, 1993; Carta
et al., 1994; Fu et al., 1994). Arsenic has been measured at average levels of a few pg/m’
in the United States and Canadian gold mines; at the United States gold mine, amphibole
asbestos fibres have been measured at mean levels of 0.44 and 1.16 fibres/mL for miners
and surface crushers, respectively (Brown et al., 1986).

(b)  Granite quarrying and processing, crushed stone and related industries

Granite rock, containing from 10 to about 30% quartz, is obtained in quarries and
further processed into structural (dimensional) stone or crushed for road materials. Other
rocks rich in crystalline silica such as sandstone, flint and slate are also subjected to
various quarrying, milling and processing operations to produce building or road
materials (Weill et al., 1994; Burgess, 1995). Respirable quartz exposure levels measured
in various countries for various jobs in the granite quarrying and processing industries as
well as the crushed stone and related industries are summarized in Table 13. Exposure
data collected by inspectors in the United States appear in Table 12.

Respirable crystalline silica levels are related to the crystalline silica content of the
rock being quarried or milled; for example, levels have been found to be higher with flint
than with granite (Guénel et al., 1989a), and with granite or sandstone than with
limestone or traprock (Davies et al., 1994; Kullman et al., 1995). The higher exposure
levels have usually been associated with the following jobs or operations: rock and stone
drilling and cutting in quarries; dimensional stone cutting and finishing in sheds usually
outside quarries; rock crushing, sieving and transport within or outside quarries. In three
Russian quarries producing sand and gravel mixtures, the average respirable quartz levels
in 1990 ranged from [0.44 to 4.46 mg/m’] for various stone crusher locations in cold
periods of the year and from [0.77 to 1.87 mg/m’] in hot periods (Kiselev, 1990). In
Hong Kong quarries producing crushed stone, average respirable quartz levels in 1982
were measured at 0.93 mg/m’ for rock drillers, from 0.10 to .42 mg/m’ for various
crusher locations and from 0.11 to 0.19 mg/m" for screening locations (Ng et al., 1987a).
In United States granite quarries and sheds, control measures put in place during the late
1930s and the 1940s resulted in 10-100-fold reductions in what were very elevated dust
levels (Davis et al., 1983). Granite stone-cutting is now usually associated with mean
levels of respirable quartz below 0.1 mg/m’. In the industry as a whole, present control
measures include water-mist injection during drilling, local exhaust ventilation, wet
methods for cutting granite and the use of control cabins (Health and Safety Executive,
1992a; Davies et al., 1994; Burgess, 1995).

The presence of cristobalite has been reported in a limited number of samples in the
road materials industry in Denmark (Guénel et al., 1989a) and traprock crushing
operations in the United States (Kullman et al., 1995). Asbestos fibres and other fibrous
minerals were found in one of 19 stone crushing facilities investigated in the United
States (Kullman ez al., 1995). Other constituents of the dusts would depend on the
mineral being mined or milled (e.g. silicates, carbonates) (Kullman et al., 1995) and
could include abrasives such as silicon carbide and aluminium oxides (Eisen et al.,
1984). :
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Table 13. Occupational exposure to crystalline silica in the granite quarrying and processing industries and the crushed

stone and related industries in various countries

Country, year of  Industry Job No. of Air concentration in personal Proportion  Reference
survey samples breathing zone (mg/m’) of samples
(no. of plants) > OEL"
Mean Range (%)
Finland, 1970-72  Granite quarries, Drilling NR 1.47 GM 0.34.2 Koskela
(32) processing yards and  Block surfacing NR 0.82 GM 0.2-4.9 eral. (1987)
crushing plants Other NR (0.12-1.44) GM" 0.02-3.6
Sweden, 1976-88  Granite crushing Crushers 42 workers  0.16' 71 Malmberg
(NR) plants etal. (1993)
Denmark, Road and building Drilling, crushing, 80 2.17 (severity) 0.2-135 75 Guénel er al.
1968--80 (NR) material (1968-77) sieving, granite, flint (severity)’ (1989b)
Stone-cutting (1977—  Cutting granite, 21 0.6" (severity) 0.3-6.3 45
80) marble (severity)*
USA, Vermont, Granite processing Various 220 (0.055-0.088) GM"  0.011-0.210  [35.9] Donaldson
1973-74 (5) etal. (1982)
USA, Georgia, Granite processing Various 255 (0.027-0.063) GM"  0.004-0.83 [18.3]
1973-74 (12)
USA, Vermont, Granite processing Various, 1970 467 0.034 GM 0.003 GSD Eisen et al.
1970, 1976 (NR) Various, 1976 535 0.043 GM 0.003 GSD (1984)
USA, Crushed stone Various, limestone 295 0.04 ND-0.43 10 Kullman
1979-82 (19) mining and milling Granite 143 0.06 ND-0.28 22 et al. (1995)
Traprock 121 0.04 ND-0.48 7
UK, Scotland, Quarrying and Overall 119 0.04 GM 4.0GSD Davies et al.
1989-91 (1) crushing sandstone Crushers, screens 19 0.09 GM 2.2 GSD (1994)

NR, not reported; GM, geometric mean; ND, not detected; GSD, geometric standard deviation

“OEL, occupational exposure limit, defined as 0.1 mg/m"’ of quartz or calculated with the following formula for respirable quartz dust:

10 mg/m’/(% Si0, +2)

"Range of geometric means for various jobs

‘ Average of individual assessments for each worker based on yearly dust measurements

‘Median

“Severity defined as the concentration of respirable dust divided by the threshold limit value for quartz
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Slate-pencil workers in India are exposed to respirable crystalline silica originating
from the sawing of silica-rich [c. 40-50%] slate slabs. A survey of five plants in 1991
found personal respirable dust levels of 0.06-1.12 mg/m’ (average, 0.61 mg/m’; mean
free silica content, 15%). Previous surveys in 1982 and 1971, before control measures
were implemented, had found levels 10—100-fold higher (Fulekar & Alam Khan, 1995).

(¢) Foundries

Occupational exposure to crystalline silica in foundries originates mainly in the use of
sands in the making of moulds and cores. These sands have quartz contents of 5 to nearly
100%. Quartz and cristobalite, the latter being formed from quartz during the pouring of
metal, may further contaminate the work environment during the knocking-out or
shaking-out operations and during the removal of adherent sand from the castings by
grinding or abrasive blasting operations. Other potential sources of crystalline silica are
parting powders such as silica flour applied on the moulds as well as the maintenance
and repair of silica-rich refractory materials used in furnaces and ladles (Weill et al.,
1994; Burgess, 1995). Detailed descriptions of metal founding operations can be found in
McBain & Strange (1983), IARC (1984) and Burgess (1995).

Respirable quartz exposure levels measured for various jobs in foundries of various
countries are summarized in Table 14. In general, the various studies concur in identi-
fying high-exposure jobs as being related to sand preparation and reclamation, knocking-
out or shaking-out, cleaning of castings (fettling, grinding, sandblasting), furnace and
ladle refractory relining and repair. In two United States foundries where mullite sand
was used as a refractory in moulds, personal respirable dust samples contained cristo-
balite up to 41% and the occupational exposure limit was exceeded 10 to 20 times in
several operations, depending on the plant, notably during dipping, grinding and shaking-
out. Cristobalite was present in the original mullite refractory and was also generated by
heating the colloidal silica binder used in mould making (Janko er al., 1989). Lower
levels usually found in non-ferrous foundries compared to iron and steel foundries have
been explained by the lower pouring temperatures of the metal, which results in lower
sand contamination of the castings. Other factors may be related to the size of foundries,
the size of castings and production rates (Oudiz ef al., 1983).

Improvement in plant ventilation and work practices have been credited in a 10-20-
fold lowering in respirable crystalline silica exposure levels of fettlers and coremakers
between 1977 and 1983 in a United States grey iron foundry (Landrigan er al., 1986).
Effective controls include well-designed and maintained local ventilation, baffles and air
Jets on the ventilation equipment of grinding machines, good housekeeping, use of
vacuum systems and of wet sweeping, as well as isolation to prevent cross-contamination
(Ayalp & Myroniuk, 1982; United States National Institute for Occupational Safety and
Health, 1983; O’Brien et al., 1987, 1992; Health and Safety Executive, 1992b). The
substitution of siliceous sands with olivine (olivine is a magnesium iron silicate that
contains almost no free silica; Davis, 1979) sands results in decreased exposure levels
(Gerhardsson, 1976; O’Brien et al., 1992), but contamination from processes using silica
sand must be controlled (Davis, 1979). Silica flour parting powders can be replaced by


kajo
Pencil

kajo
Pencil

kajo
Pencil


Table 14. Occupational exposure to crystalline silica in foundries in various countries

Country, year of ~ Type of foundry - Job No. of Alr concentration in personal  Proportion  Reference
survey (no. of samples  breathing zone (mg/m”) of samples
plants) > 1.2 PEL*
Mean Range (%)
Sweden, 1968-71 Iron Various 821 [0.63] [0.20-4.217 Gerhardsson
(87) Steel Various, quartz sand [0.275] [0.18-0.38] (1976)
Various, olivine sand [0.130] [0.0—-0.38]
Finland, 1972-74 Iron Various 1073 [0.19-2.25) Siltanen et al.
(60) Steel Various 342 [0.19-5.26]" (1976)
USA, 1976-81 Iron Various 1149 41 Oudiz et al.
(205) Steel Various 287 54.4 (1983)°
Aluminium Various 171 29.8
Brass Various 115 23
Other non-ferrous ~ Various 20 35
All combined Melting 55 56.4
Pouring 52 299
Sand system 202 45.8
Coremaking 89 14.6
Moulding 397 29.7
Cleaning 779 49.0
Miscellaneous 166 355
Canada (Alberta), Ferrous Shaking-out Ayalp &
1978-80 (9) with control 17 0.63-2.60 Myroniuk
no control 10 0.40-21.3 (1982)
Moulding
with control 32 0.35-3.40
no control 47 0.95-6.13
Sand preparation
with control 16 0.74-16.80
no control 11 2.44-16.70
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Table 14 (contd)

Country, year of  Type of foundry Job No. of Air concentration in personal ~ Proportion ~ Reference
survey (no. of samples  breathing zone (mg/m") of samples
plants) > 1.2 PEL'
Mean Range (%)
Canada (Ontario) Iron Various 1038 0.086 <0.01-1.36 Oudyk (1995)
1983-88 (2)
USA, NR (1) Steel Hand-grinding 15 ND*-0.097 None O’Brien et al.
quartz (1992)
ND"-0.094

cristobalite

NR, not reported

“PEL, permissible exposure limit, defined as 0.1 mg/m’ or calculated with following formula for respirable quartz dust: 10 mg/m’/

(%Si0,+ 2)

" Range of means for various jobs

“ Government inspection data

“ND, lower than the limit of detection of 0.015 mg per sample

“One sample exceeded the PEL for cristobalite of 0.05 mg/m’ by a factor of 2

Gl
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low-silica powders such as those containing olivine or zircon (Landrigan et al., 1986,
Welll et al., 1994).

Although crystalline silica represents a major potential air contaminant, the foundry
environment is complex and several other exposures have been documented. For
example, polycyclic aromatic hydrocarbons may originate from the thermal decom-
position of organic materia! (such as coal-tar pitch, coal, mineral oils, synthetic resins,
vegetable matter) present as additives or binders in sands. Other exposures include
various metal fumes and ¢sts depending on type of metal or alloy produced, carbon
monoxide, sulfur dioxide, nitrogen oxides, formaldehyde, amines, phenols, furfuryl
alcohol and aliphatic and aromatic hydrocarbons (e.g. benzene) (IARC, 1984; Palmer &
Scott, 1986; Burgess, 1995).

(d) Other metallurgical operations

In iron and steel mills, occupational exposure to crystalline silica may occur during
the installation and repair of refractory material in the lining of furnaces, ovens, troughs
and runners (Webster, 1982). In a Canadian electric arc steel making plant, whole-shift
personal respirable crystalline silica levels were at or below 0.03 mg/m’, except for those
associated with the tundish conditioner which were at 0.08 mg/m3 (Finkelstein & Wilk,
1990). In the production of silicon, ferrosilicon and various silicon-containing alloys,
quartz-containing materials are charged and melted in electric arc furnaces. Crystalline
silica has been reported in proportions of 1-20% in airborne dust (Corsi & Piazza, 1970;
Prochazka, 1971). In a United States ferroalloy plant, respirable crystalline silica levels
were highest in the mix house (up to 0.223 mg/m") while little or no exposure was found
in other departments, except for a ladle worker involved in spraying sand (0.065 mg/m”)
(Cherniak & Boiano, 1983).

(e) Ceramics, cement and glass industries

In the manufacture of structural clay products (bricks, pipes, tiles), exposure to
crystalline silica depends mainly on the quartz content of the clay or shale that is the
principal raw material. Refractory bricks are made with minerals of very high quartz
content. In the case of pottery and sanitary ware, flint (100% quartz) is added to clay as a
raw material going into the manufacture of the slip. Sand, which may be used as dusting
powder, may also contribute to airborne silica in the ceramics industry, as well as the
decorative material (glaze) that may be added to the surface (Weill er al., 1994; Burgess,
1995).

Respirable quartz exposure levels measured for various jobs in the ceramics industry
of various countries are summarized in Table 15. Mixing, moulding, glaze spraying and
finishing jobs have been associated with the higher exposure levels, often in the range of
0.1-0.3 mg/m". Successful reduction of exposure levels has been accomplished by simple
control measures such as enclosure, use of moisture or water mist, use of non-siliceous
dusting compounds, better housekeeping and ventilation (Buringh et al., 1990; Health
and Safety Executive, 1992c; Cooper et al., 1993; Burgess, 1995). It has been estimated
that silica dust exposure 20-30 years ago in Italian ceramics factories was three- to five-
fold higher than in the early 1990s (Cavariani et al., 1995). Cristobalite may be released



Table 15. Occupational exposure to crystalline silica in the ceramics industry in various countries

Country, Industry Job No. of Air concentration in personal Proportion ~ Reference
year of survey samples  breathing zone (mg/m’) of samples
(no. of plants) > OEL’
Mean Range (%)
Italy, 1989-92 Sanitary ware Moulder 40 0.18 GM 0.02-0.67 Cavariani
(10) Inspection 22 0.26 GM 0.13-0.60 et al. (1995)
Mixer 19 0.12 GM 0.05-0.24
Sprinkler 23 0.24 GM 0.06-0.89
Warehouse man 13 0.01 GM 0.01-0.02
Furnace operator 15 0.44 GM 0.26-0.73
Crockery and Moulder 28 0.02 GM 0.01-0.06
pottery Mixer 2] 0.04 GM 0.01-1.14
Painter 37 0.01 GM 0.01-0.06
Warehouse man 17 0.02 GM 0.01-0.04
Furnace operator 16 0.02 GM 0.01-0.04
USA, NR (1) Sanitary ware Casting 15 0.13GM 95 Cooper
Glaze spray 18 0.22 GM 100 et al. (1993)
Glaze preparation 6 0.15GM 83
Same (after Casting 24 0.027 GM 8
implementing Glaze spray 20 0.034 GM 5
controls) Glaze preparation 6 0.179 GM 50
South Africa, NR ~ Wall tiles, bathroom  Various jobs or sections 38 (0.06-0.27)" Rees et al.
(D fittings median (1992)
South Africa Rees et al.
1973 (NR) Sanitary ware Various 15 100 (1992)
1974 (NR) Tiles Various 24 88
1974 (NR) Sanitary ware Various 24 63
1986 (NR) Sanitary ware Various 43 93
1987 (NR) Tiles Various 6 17
1989 (NR) Sanitary ware Various 9 89
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Table 15 (contd)

Country, Industry Job No. of Air concentration in personal Proportion  Reference
year of survey samples  breathing zone (mg/m’) of samples
(no. of plants) > OEL"
Mean Range (%)
United Kingdom,  Sanitary ware Fettlers 19 0.135 GM 2.44 GSD Higgins
NR (1) et al. (1985)
United Kingdom, Sanitary ware Casters 58 [0.01-0.187] [10] Bloor et al.
NR (4) (1971)
United Kingdom, 12 sectors of the Various 280 0.085 18 Fox et al.
(NR) pottery industry (jobs) (1975)
USA, 197475 Building bricks Mixing 21 0.113GM 0.024-0.427 Anderson
4) Various other 132 (0.021-0.072)° GM  0.0004-0.692 et al. (1980)
USA, 1974-75 Clay pipes Various 47 (0.014-0.043)°GM  0.008-0.200 Anderson
2 et al. (1980)
South Africa, NR  Brickworks Various 29 0-0.230 Myers et al.
(3) (1989)
Netherlands, Brickworks Various 30 0-1.120 Buringh
1986-88 (4) et al. (1990)
USA, 1980 (2) Refractory bricks Various 8 < 0.004-0.143 Salisbury &
Melius
(1982)
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Table 15 (contd)
Country, Industry Job No. of Alr concentration in personal Proportion  Reference
year of survey samples  breathing zone (mg/m") of samples
(no. of plants) > QEL"
Mean Range (%)
China, 1950-87 Pottery* All jobs 770° 0.71 Dosemeci
9) Mud preparation 131° (0.45-4.70Y et al. (1995)
workers

Mud forming workers 135 (0.46-0.63Y

Finishing workers 395° (0.37-0.69)

Service workers 109° (0.32-0.38)

NR, not reported; GM, geometric mean; GSD, geometric standard deviation

“ OEL, occupational exposure limit, defined as 0.1 mg/m’ or calculated with following formul

” Range of medians for various jobs
“ Range of geometric means for various jobs

* Historical estimates developed using industrial hygiene data and other historical exposure information

“ Number of historical estimates
"Range of arithmetic means for various job titles

a for respirable quartz dust: 10 mg/m"(%Si0,+ 2)

9L
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during repair of refractory materials used in the fabric of kilns (Health and Safety
Executive, 1992c¢).

Even though crystalline silica constitutes the main health hazard in the ceramics
industry, other exposures may be found in certain operations. For example, talc is some-
times used in the body of clay products and as a parting compound in sanitary ware
manufacture; various metal compounds, such as chromates and lead compounds, are used
as pigments in glazes (Thomas er al., 1986; Burgess, 1995).

In the cement industry, crystalline silica exposure may occur during the handling of
raw materials that may contain some quartz, such as clay and volcanic tuff, as well as the
sand dust may be added in the process. However, once manufactured, normal Portland
cement contains little crystalline silica (Prodan, 1983). In a Swedish plant, the quartz
content of dust was generally < 5% and respirable quartz concentrations in areas where
raw materials were handled was generally less than 0.1 mg/m’. Substantially lower
concentrations are reported for workers handling clinker and finished cement (Jakobsson
et al., 1993).

In a survey of 17 Italian cement factories, median respirable dust concentrations
varied from 0.9 to 7 mg/m’ depending on sites, but most samples contained < 1%
crystalline silica (Pozzoli er al., 1979).

Sand is a major raw material in the manufacture of glass (IARC, 1993), including
fibreglass. When washed sand is used, airborne dust from the mixed batch commonly
contains only 1-5% crystalline silica. In the manufacture of fibreglass, the silica is added
to the batch as a finely divided powdered sand of 98.5% or higher silica content (Powell,
1982). In the glass industry in general, the manual unloading of dry sand and the use of
crushed quartz are considered to be hazardous procedures. Hazards associated with hand
filling of pots in the pot process, more common in the past, have been eliminated in the
more modern tank process. Refractory blocks and bricks used in the construction of
furnaces and tanks contain crystalline silica including cristobalite and tridymite and
exposure may occur during their cutting, sawing and chipping to size (Cameron & Hill,
1983).

Respirable quartz and cristobalite have been measured in the range of 0.004-
0.71 mg/m’ and 0.1-0.25 mg/m’, respectively, in United States man-made mineral fibre
plants (Manville, CertainTeed and Owens-Corning Fiberglass companies, 1962-87).

In seven European ceramic fibre plants, respirable crystalline silica was detected in
eight of 17 groups where samples were collected. In general the levels were low —
individual measurements ranged from 0.01 to 0.25 mg/m’. Cristobalite was found in a
single sample collected from a bricklayer dismantling de-vitrified ceramic fibre insu-
lation (Cherrie et al., 1989). Exposures to man-made mineral fibres in the glass
manufacturing industry have been covered previously in the JARC Monographs series
(IARC, 1988, 1993).

(f)  Construction

In the construction industry, rock drilling, sandblasting and the ubiquitous use of
concrete are associated with opportunities for high-intensity silica exposure. In the
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United States, some 700 000 construction workers have been estimated to be exposed to
crystalline silica from various operations (Lofgren, 1993; Linch & Cocalis, 1994; Centers
for Disease Control and Prevention, 1996).

Concrete finishers and masons in the United States involved in operations such as
drilling holes through concrete walls, grinding concrete or mortar surfaces, cutting
through concrete floors, blocks, walls or pipe and power cleaning concrete forms have
been shown to be exposed to respirable quartz levels far exceeding the permissible
exposure limit of 0.1 mg/m’. The worst exposures were found for dry grinding or cutting
in enclosed areas, which presented the potential for exposure to exceed 50 times the
permissible exposure limit. The nature of the data — inspections targeting the worst-case
scenarios — renders these levels only indicative (Lofgren, 1993).

Hong-Kong caisson workers involved in pneumatic drilling and manual excavation of
a granite-rich soil were found to be exposed to respirable silica levels exceeding the
threshold limit value (TLV) in 65% of 87 air samples (average sampling time of 4 h)
taken both inside and at the surface of the caisson, with a median severity factor of 4.2.
Dry pneumatic drilling inside the caisson was associated with the highest exposure levels
(median severity factor of 71) (Ng et al., 1987b).

Construction site cleaners in Finland have been shown to be exposed to high concen-
trations of respirable quartz (mean level and range, 0.45, 0.01-2.1 mg/m’; mean sampling

time, 91 min) especially in dry sweeping operations and in some assisting work phases
(Riala, 1988).

(g) Sandblasting of metal surfaces

Siliceous sands have been used in the past as abrasives in sandblasting operations
designed to remove surface coatings, scale, rust and fused sand from metal surfaces in
preparation for subsequent finishing operations. This includes indoor operations in metal
fabrication facilities as well as outdoor operations on large equipment such as ships,
trucks, trains, bridges, towers and water tanks (Burgess, 1995). This practice is still
current in some industries in several countries including the United States and Canada.

Occupational exposure to respirable crystalline silica dust was determined in United
States steel fabrication yards. In one study, the average external exposure level was 4.8
mg/m’ for sandblasters (63 samples); when measured inside non-air-supplied hoods,
average levels exceeded the occupational exposure limit by four to 80 times depending
on the rate of work; for sandblasters using air-supplied hoods average concentrations still
exceeded the occupational exposure limit by three to 34 times. Suspended dust generated
by sandblasting resulted in crystalline silica exposure levels of helpers, abrasive-pot
handlers, painters, welders and other jobs, all unprotected, exceeding the occupational
exposure limit by 7.4, 5.8, 2.2, 1.9, and 1.4 times, respectively (Samimi et al., 1974). In
another study, respirable sandblasting dust was shown to spread to such an extent that
risk may be unacceptable without some sort of respiratory protection as far away as
approximately 700 m from the blasting site. Isolation, personal protection, substitution
and recycling of abrasives as well as cleaning/coating of steel before fabrication have
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been cited as possible control measures (Centers for Disease Control, 1992; Brantley &
Reist, 1994).

(h) Agriculture

It is recognized that farming operations may produce large quantities of dust,
especially in dry and windy conditions and during the use of machinery. Dust samples
obtained from tractor cab filters in rural Alberta (Canada) contained 1-17% quartz
(Green et al., 1990), while in North Carolina (United States) quartz levels in the respi-
rable fraction of sandy soils were consistently higher than in clay soils (29% versus 2%)
(Stopford & Stopford, 1995).

In California (United States), median concentrations of respirable particulates ranging
from 0.50 to 0.95 mg/m’, depending on crop, with a quartz content of 1-12% have been
reported for fruit harvesters and from 0.007-0.07 mg/m’ as respirable quartz for rice
farming activities; levels of up to approximately 1 mg/m’ of respirable silica have been
reported during certain crop processing operations (Popendorf et al., 1982, 1985; Lawson
et al., 1995; Stopford & Stopford, 1995). Exposure to biogenic silica fibres during
farming operations is presented in the section on amorphous silica.

(i) Miscellaneous operations

In denture manufacturing workshops, crystalline silica may originate from refractory
coatings, sanding products, polishing pastes and pumice. Eighteen percent of 66 whole-
shift personal exposure levels to crystalline silica measured in 32 workshops in France
were above the occupational exposure limit (Peltier er al., 1991). In Hong Kong gem-
stone workers, mean respirable quartz levels for grinder—polishers and buffers of 0.10
(n=7)and 0.16 mg/m’ (n = 19), respectively, resulted mainly from the use of silica flour
as an abrasive (Ng er al., 1987¢). In India, agate workers have been found to be heavily
exposed to respirable dust during grinding activities (186 mg/m’, with 70% of free silica
[duration not stated]) (Rastogi et al., 1988).

Refractory plasters containing high proportions of quartz and/or cristobalite resulted
in two out of four personal crystalline silica levels measured in jewellery manufacturing
workshops in France to exceed the occupational exposure limit (Peltier et al., 1994). In
the United States, refuse burning, transfer and landfill activities were shown to result in
personal respirable quartz levels of up to 0.20 mg/m’ (Mozzon et al., 1987). In another
study of waste incinerator workers in the United States, respirable quartz levels were
shown to be low (only two of 27 samples contained respirable silica: 0.018 and
0.036 mg/m") (Bresnitz et al., 1992). In two reports on wildland fire-fighters, personal
respirable quartz exposure levels were shown to be usually well below 0.1 mg/m’ (Kelly,
1992; Materna et al., 1992).

The concentrations of quartz and cristobalite were determined in personal samples in
two Canadian silicon carbide manufacturing plants using high-purity crystalline silica as
raw material charged into the furnace. Mean quartz levels ranged from not detected to
0.112 mg/m’, while cristobalite ranged from not detected to 0.036 mg/m’. Tridymite was
shown to be absent from these two plants (Dufresne er al., 1987).
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Airborne respirable dust collected in grain elevators in Canada was found to range up
to 76 mg/m’, depending on work area, and to contain an average of 1.2-6.5% quartz,
depending on grain type and stage of treatment. The origin of the quartz is unknown, but
its content in the dust seems to be affected by the extent to which the grain has been
cleaned (Farant & Moore, 1978).

During the biennial stoppage of a major chemical plant in France, outside contractors’
employees were exposed to crystalline silica originating from the removal of refractory
brick in a sulfuric acid concentration shop. Personal respirable dust contained up to 3%
quartz and 13% cristobalite, resulting in overall crystalline silica levels exceeding the
occupational exposure limit in 10 of 14 samples and reaching up to 70 and 80 times that
limit (Héry et al., 1995). :

Personal respirable crystalline silica exposure levels of maintenance-of-way railroad
workers using granite-based ballast has been evaluated in the United States. For broom
operators and ballast regulators, 15 and 23% of samples respectively exceeded the
permissible exposure limit of 0.1 mg/m” (Tucker et al., 1995).

Amorphous silica

Even though it may be present in a variety of work environments, exposure to
amorphous silica has been the object of only a few quantitative published reports. This
can be explained in good part by the fact that most varieties of amorphous silica have
been considered to be of low toxicity compared to other occupational contaminants such
as crystalline silica. Also, amorphous silicas have often not been reported specifically,
being part of ‘nuisance dusts’ measured by non-specific gravimetric methods. Dust levels
reported in a few studies, including a large compilation of data from the synthetic
amorphous silica industry, can be found in Table 16.

(a) Diatomaceous earth

Occupational exposure to amorphous silica dust contained in diatomaceous earth may
occur during its extraction, its treatment by calcination and through the handling of the
calcined product in a variety of end-use industries as filtration agent, mineral charge,
refractory, abrasive, carrier or adsorbent. Additionally, small amounts of quartz origi-
nating from sand may be present, but this rarely exceeds the level of 4% (Champeix &
Catilina, 1983; Anon., 1986). Furthermore, cristobalite formed from amorphous silica
during calcining operations has been reported to represent 10-20% of the respirable
fraction of the dust of the calcined product and 20-25% in the case of the flux-calcined
product (Checkoway et al., 1993).

Bagging and bulk handling occupations are considered the dustiest; mechanization,
the use of respiratory protection and dust control by local ventilation and application of
water serve to reduce worker exposure.

(b) Synthetic amorphous silica

Occupational exposure to the various forms of synthetic amorphous silica may occur
during their production and use as fillers and carriers in a variety of industries. The
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Table 16. Occupational exposure to different types of amorphous silica

Type of amorphous silica

Industry, occupation

Level

Remarks on nature of dust

Reference, country

Diatomaceous earth

Synthetic amorphous
silica

Production plant

‘Mining and processing

Mining and processing

Chemical plant, production of
amino-acids and vitamins

2 plants

Manufacture of pyrogenic
(fumed) silica, 9 plants,
filling, packing, bagging,
mixing

28.2 mg/m’ respirable dust

0.1-2.0 mg/m’ respirable dust

< 1.05 mg/m’ respirable dust

< 0.21 mg/m’ respirable dust
< 0.14 mg/m’ respirable dust

0-10.5 mg/m’ total dust
0-3.4 mg/m’ respirable dust

<1.0-10 mg/m’ total dust

0.61-6.5 mg/m’, range of
medians, total dust, personal
samples (1991-96)

0.2-2.1 mg/m’, range of
medians, respirable dust,
personal samples

4% quartz content

< 5% quartz in respirable dust,
up to 75% cristobalite in some
calcined products

Natural product (< 1%
cristobalite)

Calcined (10-20% cristobalite)
Flux-calcined (40-60%
cristobalite)

Precipitated amorphous silica
Precipitated amorphous silica

Particle size:
primary (7-50 nm)
aggregate (< |1 um)
agglomerate (1-100 um)

Gerhardsson et al.
(1974)

Sweden
Reimarsson (1981)
Iceland

Cooper & Jacobson
(1977)
USA

VOI'lIS

Choudat et al. (1990)
France

Wilson et al. (1979)
USA

CEFIC (1996)
Europe

18



Table 16 (contd)

Type of amorphous silica

Industry, occupation

Level

Remarks on nature of dust

Reference, country

Synthetic amorphous
silica (contd)

Fused silica

Silica fume

Manufacture of wet process
silica (precipitated silica and
silica gel), 10 plants, filling,
packing, cleaning, blending

Manufacture of fumed silica

Fused quartz laser cutting

Ferrosilicon industry

Ferrosilicon and silicon
industry
Maintenance (tappers)

1.0-8.8 mg/m’, range of
medians, total dust, personal
samples (1982-96)

0.5-2.1 mg/m’, range of
medians, respirable dust,
personal samples

2-7 mg/m’ total dust

Up to 2.2 mg/m’ (2 h)
respirable dust, personal
samples

up to 0.9 mg/m’ (8 h),
respirable dust, area samples
7.3 mg/m’, median, total dust

0.27-2.24 mg/m’, respirable
dust

Precipitated silica particle size:
primary (5-100 nm), aggregate
(1-40 um), agglomerate (3-
100 pum)

Silica gel particle size: primary
(3-20 nm), aggregate (1-

20 um)

Diameter < 1.5 wm, 22.3%
silica (amorphous + crystalline)

Amorphous silica

CEFIC (1996)
Europe

Volk (1960)
Germany
Tharr (1991)
USA

Corsi & Piazza
(1970)

Italy

Cherniak & Boaino
(1983)

USA

8
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Table 16 (contd)

Type of amorphous silica

Industry, occupation

Level

Remarks on nature of dust

Reference, country

Biogenic silica fibres

Manual harvesting of sugar-
cane
Burning
Cutting
Area
Mechanical harvesting of
sugar cane and sugar milling
Burning (area)
Harvesting
Sugarmill

Rice farming
Interior of harvester
Bank out wagon
Burning by foot
Field preparation

ND-58 000 fibres/m’
ND-300 000 fibres/m’
ND-9300 fibres/m”

ND-6200 fibres/m’
ND-56 300 fibres/m’
ND-8350 fibres/m’

0.13 fibres/mL. average
0.3 fibres/mL, average
< 0.1 fibres/mL, average
1 fibres/mL, average

Inorganic fibres, length: 3.5—
65 wm, diameter: 0.3-1.5 um

Inorganic fibres, length: 10-
40 pm, diameter: 0.5-2 um

Levels reported for respirable
silica fibres > 5 um

Actual length: 0.5-20 um
Width: 0.2-7 pm

Boeniger et al.
(1988)
USA (Florida)

Boeniger et al.
(1991)
USA (Hawaii)

Lawson ef al. (1995)
USA (California)

NA, not available

VOI'lIS

€8
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substance is usually present as a dust of high purity. Comprehensive exposure data from
19 synthetic amorphous silica plants in Europe and the United States are summarized in a
recent report (CEFIC, 1996). Exposure levels are highest in Job categories involved with
packing, weighing, reprocessing and cleaning (see also Table 16).

(¢) Silica fume and fly ash

Silica fume, generated unintentionally and emitted from electric arc furnaces may
contaminate work environments in silicon, ferrosilicon and other silicon-containing alloy
production. Particles collected in this industry often contain crystalline silica as well as
various metals (American Conference of Governmental Industrial Hygienists, 1991).

Fly ash from power stations and various manufacturing facilities (e.g., silicon, silicon
carbide, silicon nitride, ferrosilicon industries) may contain significant amounts of
amorphous and crystalline silica (Riihl er al., 1990). The estimated combined

‘production’ of silica fume and fly ash in 1995 worldwide was 2000 thousand tonnes
(Ferch & Toussaint, 1996).

(d) Biogenic silica fibres

Occupational exposure to silica fibres originating from biogenic processes within a
variety of crop plants has been measured for sugar cane and rice farming operations.
Sampling and analytical methods vary from one study to another, namely in sampling
times, in respirable particle selection, in fibre-counting techniques and conventions, and

in the specific identification of amorphous silica versus silicate fibres (Scales et al.,
1995).

1.3.3  Environmental occurrence
(a) Air

Quartz is a major mineral component of desert dust, which consists of fine particles
smaller in size than 10 um that can be transported by winds over thousands of kilometres
and brought down by rainfall onto water or land surfaces (Klein ef al., 1993). Exposure
to quartz from dust storms has been suggested as a cause of non-occupational pneumo-
conioses reported in certain regions of the world (Weill et al., 1994). In the western
Himalayas, 80% of the dust collected during dust storms was respirable and its silica
content ranged between 60 and 70% (Saiyed et al., 1991). Levels of exposure to quartz
attained during dust storms have not been documented. Dust samples collected in the
windy season in two communes in a sandy area of Gansu Province in China ranged from
8.35 to 22 mg/m’. Deposited dust in these places consisted mainly in fine particles
(<5 pm) and had a free silica content of 15-26% (Xu et al., 1996).

Crystalline silica has been reported as a possible important constituent of volcanic ash
collected at high altitude or as settled dust at ground level. Cristobalite and keatite are
reported to constitute 35% of El Chichén (Mexico) ash collected at 34-36 km altitude
(Klein ef al., 1993); crystalline silica has been identified as present at levels of 3-7% in
Mount St Helens (Washington State, United States) settled ash samples (Dollberg et al.,
1986).
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There is no extensive data set on levels of silica in ambient air. Ambient levels of
quartz, based on inhalable particulate measurements taken in 1980 in 22 United States
cities have been reported. Fine quartz levels (particles < 2.5 um aerodynamic diameter)
were from 0 to 1.9 pg/m’, while coarse levels (from 2.5 to 15 um) went from 1.0 to
8.0 ug/m’. Quartz represented on average 4.9% of the coarse particle mass and 0.4% of
the fine particle mass (Davis et al., 1984). It has been estimated that crystalline silica
concentrations in the range of 1-10 pg/m’ are common in urban and rural settings (Hardy
& Weill, 1995).

No data are available for ambient levels of amorphous silica, except for some
measurements of silica fibres taken in the vicinity of farming operations. Thus, amor-
phous silica fibres were identified as smoke constituents in three of seven area samples
located near burning sugar cane fields in Hawaii (Boeniger et al., 1991). Amorphous
silica fibres were observed at 0.02 fibres/mL in one of 11 samples collected upwind of
rice farming operations in California, in one of two 1.5-km downwind samples and in
two of four field-edge downwind samples; a mean level of 0.004 fibres/mL was detected
for all downwind samples. For community samples collected in neighbouring towns on
days when there was rice burning, fibres were detected in four of 14 samples; the mean
level for all samples was < 0.004 fibres/mL (Lawson et al., 1995).

Non-occupational inhalation of crystalline silica may also occur during the use of a
variety of consumer or hobby products, such as cleansers, cosmetics, art clays and glazes,
pet litter, talcum powder, caulk and putty, paint, mortar and cement (Unit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>