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Abstract

Amphiboles are hydrated mineral silicates five of which occur in asbestiform habits as asbestos grunerite (amosite) asbestos, riebeckite
(crocidolite) asbestos, anthophyllite asbestos, tremolite asbestos and actinolite asbestos] and non-asbestiform habits (grunerite, riebeck-
ite, anthophyllite, tremolite and actinolite). The asbestiform varieties are characterized by long, thin fibers while non-asbestiform vari-
eties such as cleavage fragments form short fibers with larger widths. The U.S. regulatory method for counting asbestos fibers (aspect
ratio P3:1, length P5 lm) does not distinguish between asbestos and cleavage fragments. The method biases toward increased counts
of non-asbestiform cleavage fragments compared to long, thin asbestos fibers. One consequence of this regulatory approach is that work-
ers can be erroneously classified as exposed to concentrations of asbestos (asbestiform amphiboles) above the U.S. 0.1 f/mL exposure
standard when in fact they are not exposed to asbestos at all but non-asbestiform amphibole cleavage fragments. Another consequence
is that the known carcinogenic effects of asbestos may be falsely attributed to non-asbestiform amphibole cleavage fragments of the same
mineral. The purpose of this review is to assess whether amphibole cleavage fragments pose the same risk of lung cancer and mesothe-
lioma characteristic of amphibole asbestos fibers.

We identified three groups of workers exposed to non-asbestiform amphiboles: two groups exposed to grunerite (Homestake gold
miners and taconite miners) and one group exposed to industrial talc containing non-asbestiform tremolite and anthophyllite in St. Law-
rence County, NY. In addition to assessing strength of association and exposure–response trends in the non-asbestiform amphibole
cohorts, comparisons were also made with cohorts exposed to the asbestiform counterpart (positive control) and cohorts exposed to
the mineral (e.g. talc) that does not contain amphiboles (negative controls).

The cohorts exposed to non-asbestiform amphiboles had no excesses of lung cancer or mesothelioma. Similar results were observed in
the negative control groups, in stark contrast to the excess risks of asbestos-related disease found in the asbestos cohorts. The only pos-
sible exception is the twofold increased risk of lung cancer where exposure was to industrial talc containing cleavage fragments of trem-
olite and anthophyllite. However, this risk is not considered attributable to the talc or amphibole cleavage fragments for several reasons.
A similar increased risk of lung cancer was found in Vermont talc workers, studied in the same time period. Their exposure was to rel-
atively pure talc. There was no relationship between lung cancer mortality and exposure measured as mg/m3 years and years worked. A
case–control study reported that all the lung cancer cases were smokers (or former smokers) and attributed the excess to smoking. There
were two mesothelioma cases among the NY State talc workers exposed to cleavage fragments of tremolite and anthophyllite, but talc is
not a plausible cause because of too short latency and potential for previous asbestos exposure. The positive controls of tremolite asbes-
tos and anthophyllite asbestos exposed workers showed excess risks of both lung cancer and mesothelioma and positive exposure–
response trends. St. Lawrence, NY talc does not produce mesotheliomas in animals while amphibole asbestos does. In sum, the weight
of evidence fully supports a conclusion that non-asbestiform amphiboles do not increase the risk of lung cancer or mesothelioma.
� 2008 Published by Elsevier Inc.
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1. Introduction

Asbestos is a generic term applied to a group of
hydrated fibrous mineral silicates. Their asbestiform habit
permits them to be easily separated into long, thin, flexible,
strong fibers and ultimately fibrils (single fibers). Included
are the asbestiform serpentine (chrysotile) and the asbesti-
form amphiboles, riebeckite (crocidolite) asbestos, antho-
phyllite asbestos, grunerite (amosite) asbestos, tremolite
asbestos and actinolite asbestos. These minerals also crys-
tallize with non-asbestiform habits, their counterparts
being lizardite or antigorite (chrysotile), riebeckite, antho-
phyllite, grunerite, tremolite and actinolite, respectively.
Crystal habit is a description of the shapes in which a cer-
tain mineral is likely to occur, both in nature and when
grown synthetically. Tremolite is a mineral in the tremo-
lite–ferro-actinolite series that has fewer than 0.5 atoms
of iron, and more than 4.5 atoms of magnesium per for-
mula unit; actinolite has between 0.5 and 2.5 atoms of iron,
and 2.5 atoms of magnesium per formula unit; ferro-actin-
olite has more than 2.5 atoms of iron per formula unit with
the balance being magnesium.

By the early 1970s, airborne concentrations of asbes-
tos fiber were being measured using ‘‘the membrane filter
phase contrast method (PCM)’’. In many countries,
including the USA, this method was adopted for the reg-
ulatory control of asbestos. Fundamental to the method
was the definition of a fiber as an elongated particle hav-
ing a length: breadth ratio (aspect ratio) of at least 3:1
and a minimum length of 5 micrometers (lm). Such a
definition does not allow the microcopist to distinguish
between asbestos fibers and non-asbestos amphibole par-
ticles. Consequently, in work environments where there
exist many elongated particles meeting the PCM fiber
definition, they are counted as if they are ‘‘asbestos’’
even if they are neither asbestos minerals nor even
amphiboles. This results in concern by workers and
health professionals about health risks and potential eco-
nomic impacts for companies mining ore deposits where
amphibole minerals are present. This is because the
amphiboles have cleavage planes such that when they
are crushed they produce elongated prismatic particles
called cleavage fragments.

All amphiboles that were once exploited commercially
as asbestos have non-asbestiform counterparts. Hence,
workers in industries where amphibole cleavage fragments
are present, but not asbestos, are often erroneously
reported as being exposed to asbestos based on current reg-
ulatory counting strategies and protocols. On the other
hand, the evidence concerning the health consequences of
exposure to cleavage fragments has never been widely
understood. Industries involving exposure to cleavage frag-
ments should not be exempt from similar controls to the
asbestos industries, if elongated particles meeting the
PCM definition of fibers pose qualitatively and quantita-
tively the same levels of health risk as their asbestiform
counterparts. However, if cleavage fragments pose no or
a lesser risk than the asbestos minerals, they should be reg-
ulated accordingly.

The purpose of this paper is to compare, as far as pos-
sible, the cancer risks (lung cancer and mesothelioma) for
workers exposed to airborne amphibole cleavage fragments
with those associated with exposure to amphibole ana-
logues that formed asbestos fibers. Pneumoconiosis risk
will not be compared because some of the minerals associ-
ated with the amphibole cleavage fragments are recognized
in their own right as causing lung fibrosis (e.g.: talc and
crystalline silica). However, pneumoconiosis is sometimes
used to assess whether exposure is high enough and latency
long enough to detect carcinogenic risk and to evaluate the
exposure–response.

2. Methods

The extent to which the carcinogenic risks of exposure to cleavage frag-
ments differ from those associated with exposure to asbestos was examined
in several ways.

The potential of particles to cause health effects depends on the char-
acteristics of the particles (e.g.: size, shape, respirability, solubility, toxic-
ity, carcinogenic potential), the level and duration of exposure as well as
host and other factors. It is important to determine whether amphibole
cleavage fragments differ sufficiently from asbestos fibers for them to pose
different levels of health risk than their asbestos counterparts. To do this
requires examination of the characteristics of the particle such as dimen-
sions, shape and density that influence fiber respirability, and fiber dimen-
sions and biopersistence that influence carcinogenicity.

Mesothelioma and lung cancer are the health endpoints examined for
comparison of the relative effects of non-asbestiform and asbestiform
amphiboles. Mesothelioma is considered the more important indicator
because it is both more specific and perhaps more sensitive than lung can-
cer. Mesothelioma is a rare cancer that acts as a marker or ‘‘signal’’ tumor,
which is primarily associated with exposure to amphibole asbestos and has
occurred in some situations after what appears to be exposure at quite low
concentrations. Lung cancer is more subject to being caused by confound-
ing exposures such as smoking, which is the primary cause of lung cancer.
Thus while lung cancer might be caused by asbestos, it is an effect that is
not specific to asbestos exposure.

If smoking prevalence is not known, the effects of dust exposure and
smoking in the occurrence of lung cancer cannot readily be distinguished.
Mesothelioma is a more sensitive and specific indicator of amphibole
asbestos exposure than lung cancer in that pleural mesothelioma may
occur following what are ostensibly brief exposures (Roggli, 1990) and
up to 80% of the cases in males may be associated with asbestos exposure
(Price and Ware, 2004). The exposure–response curve is thought to be
non-linear for both mesothelioma and lung cancer. While the shapes of
relationships are still subject to debate, pleural mesothelioma has been
reported to increase less than linearly with cumulative dose. For peritoneal
mesothelioma the risk is thought to be proportional to the square of
cumulative exposure while for lung cancer the exposure–response lies
between linear and square of cumulative exposure (Hodgson and Darn-
ton, 2000). As some mesothelioma have been reported to occur after rel-
atively low and perhaps brief exposures one might anticipate that if
amphibole cleavage fragments act like asbestos in causing mesothelioma
there might be some cases even if cleavage fragment exposures were
low. For mesothelioma to be attributed to amphibole cleavage fragments
the time since first exposure must be more than about 20 years and there
should be no previous exposure to asbestos or other confounding etiolog-
ical factors.

The mortality from lung cancer and mesothelioma are compared to
that expected in age- and sex-adjusted external populations. The compar-
ison measure is the standardised observed/expected mortality ratio or
standardized mortality ratio (SMR). When the incidence of lung cancer
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and mesothelioma are compared to that expected in age- and sex-adjusted
external populations, the comparison measure is the standardised
observed/expected cancer incidence ratio or standardized incidence ratio
(SIR). External comparisons for assessing lung cancer risk have inherent
limitations such as differences in smoking and lifestyle between the study
population and the external referent population. It is generally not feasible
to adjust for these differences. An SMR less than 1.5 or a statistically non-
significant SMR is suggestive, but not conclusive, of no association. A def-
icit in the lung cancer SMR could be due to exposure levels below a no-
effect threshold, or a few highly exposed workers diluted by many workers
with low exposure or negative confounding due to a low prevalence of
smoking. A nonsignificant SMR might be due to the small size of the study
population and the low power of the study to detect significant differences.
Similarly, a positive finding of lung cancer could be due to differences in
smoking prevalence between the study and reference populations rather
than exposure to non-asbestiform amphiboles.

For mesothelioma, external comparisons using an SMR are often not
possible because the expected number of cases is not known or not esti-
mated. Therefore an internal proportional mortality ratio (PMR) is used
to estimate risk of mesothelioma. PMR’s have their limitations which
must be taken into account when using them. For example, as a PMR
can increase with length of follow-up of a cohort, attention must be given
to the comparability of the follow-up period. Age differences in popula-
tions being compared are important as age determines the nature of dis-
eases from which people die as well as the frequency of death. The ratio
with total deaths to some extent adjusts for both differences in follow-
up and age. Era of death may be important because of diagnostic trends.
Nevertheless, comparison of PMRs between non-asbestiform amphibole-
exposed and asbestos-exposed populations is a useful way to examine
the question of whether non-asbestiform amphiboles cause cancer at the
same rates as asbestiform amphiboles.

The actual measured risks of lung cancer and mesothelioma in persons
exposed to amphibole cleavage fragments is compared to workers exposed
to asbestiform amphiboles as follows:

• The lung cancer and mesothelioma experience of workers exposed to
amphibole cleavage fragments is compared with the experience of
workers exposed to their asbestiform equivalents. There are three
main ore bodies containing non-asbestiform amphiboles where epide-
miological studies have been conducted. These are a gold mine in
South Dakota (grunerite–cummingtonite exposure), taconite mines
in Minnesota (grunerite and other non-asbestiform amphiboles) and
a talc mine in St Lawrence County, New York State (transition min-
erals, non-asbestiform anthophyllite and tremolite). Their experience
was compared to that of workers exposed to asbestiform amphiboles.
These ‘‘positive controls’’ were in amosite asbestos mines, mills and
manufacturing facilities, anthophyllite asbestos mines and vermiculite
mines (exposed to winchite asbestos also known as soda tremolite
asbestos). In this report, winchite asbestos from the vermiculite mine
in Montana, will be referred to as ‘‘tremolite asbestos’’ as this has
been the terminology used in the medical literature.

• The mortality from lung cancer is examined in relation to estimated
levels of exposure to ‘‘fibers’’ for workers exposed to asbestos and
workers exposed to amphibole cleavage fragments. The existence of
a positive gradient of increasing risk with increasing exposure after
taking account of potential confounders would be good evidence that
the cleavage fragments were posing an increased risk of lung cancer. A
negative gradient would be strong evidence against a causal associa-
tion. The presence or absence of an exposure–response gradient is
among the strongest evidence for or against a lung cancer association
with cleavage fragment exposure because smoking is the major cause
of lung cancer and rarely, if ever, can external comparisons be fully
adjusted for smoking.

• The lung cancer and mesothelioma experience of workers exposed to
dusts from an ore-body containing amphibole cleavage fragments is
compared with that of workers exposed to dusts from a similar ore-
body which does not contain asbestos or amphibole cleavage frag-
ments. This is called a negative control. If the experience of the amphi-
bole cleavage fragment exposed workers were worse than that of the
negative control (non-cleavage fragment exposed workers), this would
be suggestive of an increased risk due to the presence of asbestos
cleavage fragments.

• In order to investigate this, the mortality for St. Lawrence County talc
miners is compared to that of talc miners where it is claimed amphi-
boles are not present. Also, the mortality of iron ore miners exposed
to taconite rocks containing non-asbestiform grunerite and actinolite
is compared to that of miners exposed to iron ore (hematite) which
does not contain amphiboles.

• The biological plausibility of a difference in the potential of amphibole
cleavage fragments to cause cancer compared to amphibole asbestos
fibers was assessed by review of the results of toxicological studies
involving asbestos and amphibole cleavage fragments. There is a clear
pattern of an increased incidence of mesothelioma in animals exposed
to amphibole asbestos. Observing a similar pattern for animals
exposed to non-asbestiform amphiboles would be evidence supporting
the hypothesis that non-asbestiform amphiboles pose a carcinogenic
hazard similar to asbestos. The lack of an increased incidence of meso-
thelioma would be strong evidence against the hypothesis.
3. The amphiboles

The crystallographic structure of amphiboles consists of
double chains of silica tetrahedra. Their general chemistry
incorporates (Si, Al)8O22(OH)2. The amphibole group of
minerals is made up of a number of mineral series. These
series result from the substitution of different elements in
the structure. For example tremolite and actinolite are part
of a homologous series of minerals—tremolite–actinolite–
ferro-actinolite with chemistry Ca2(MgFe)5Si8O22(OH)2.
Actinolite is Ca2(Mg4.5Fe0.5)Si8O22(OH)2–Ca2(Mg2.5Fe2.5)-
Si8O22(OH)2. Ferro-actinolite is Ca2(Mg2.5Fe2.5)-
Si8O22(OH)2–Ca2Fe5Si8O22(OH)2. Actinolite with less
than Fe0.5 would be tremolite.

In practice, these minerals can have a fairly wide range
of composition within the broad range of substitutions pos-
sible. The mineral names are defined where the ranges of
the substituted elements fall within certain arbitrary
boundaries.

Grunerite is a member of the mineral series cumming-
tonite–grunerite with chemistry (MgFe)7Si8O22(OH)2. As
noted above, the asbestiform variety of grunerite is ‘‘amo-
site’’. As with the tremolite–ferro-actinolite series, the min-
erals in this series may display a range of compositions.

Anthophyllite occurs as asbestos and in a non-fibrous
form and is an end member of the anthophyllite–ferro-
anthophyllite series, which is chemically (MgFe2+)7-
Si8O22(OH)2. Anthophyllite is the name reserved for the

orthorhombic MgFe amphibole where the ratio of Mg/
(Mg + Fe) is greater than 0.5; a lower amount of magne-
sium in the same type of amphibole requires the name
ferro-anthophyllite.

Non-asbestiform riebeckite and crocidolite asbestos
have the same chemistry which is Na2Fe3

2þFe2
3þSi8

O22ðOHÞ2. Amphiboles exhibit prismatic cleavage, a prop-
erty of nearly all samples of the amphiboles regardless of
habit. There are two cleavage directions, both parallel to
the length of the double-silicate chains. Cleavage across



Table 1
The diameters of asbestiform and non-asbestiform amphiboles

‘‘Fiber’’ Reference Percent diameter
>0.25 lm

Amosite Gibbs and Hwang
(1980)

28–42%
(>0.3 lm)

All amphiboles [Homestake Gold
mine]

Virta et al. (1983) 100%

Taconite–Grunerite & Actinolite
[East Mesabi Range]

Wylie (1988) 100%

Asbestiform tremolite [Swansea] Lee (1990) 76%
Non-asbestiform tremolite, [Alada

Stura, Italy]
Lee (1990) 98%

Non-asbestiform tremolite
[Greenland]

Wagner and Berry
(1969)

100%

All amphiboles [NY State] Kelse and
Thompson (1989)

100%
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the crystal is usually poor so that the fracture of amphibo-
les produces long rods or prisms and repeated cleavage
produces thinner rods with a rhombic outline consisting
of bundles of I beams (i.e.: structural units of the amphi-
bole) (Skinner et al., 1988). The presence of twinning or
chain width errors may results in an additional direction
of weakness parallel to the length, enhancing the aspect
ratio of cleavage fragments (Langer et al., 1991).

4. Properties of asbestiform and non-asbestiform amphiboles

While the chemical compositions of the asbestiform and
non-asbestiform amphibole minerals are identical, the
characteristics resulting from their differences in crystal
habit are significant. The properties of the amphibole
asbestos minerals include fibrous habit with parallel fibers
occurring in bundles, fiber bundles with split or splayed
ends, fibers showing curvature and fibers with high tensile
strength. The high tensile strength and axial nature of
asbestos means the diameters of asbestos fibrils are largely
unaffected by milling. On the other hand, the low tensile
strength of non-asbestiform amphiboles means that milling
can reduce both particle length and width. The asbestos
fibers have good heat insulation qualities, low electrical
conductivity, fire resistance, and suitability for weaving.
All asbestos minerals separate readily into long flexible
fibrils with diameters less than about 0.5 lm and with
aspect ratios (length: width ratios) ranging to well over
10,000 (Ross, 1978).

In the hand specimen (that is a sample of the rock as it
occurs in nature), the appearance of the non-asbestos min-
erals is distinctly different from that of the asbestos miner-
als. This difference persists when viewed by optical and
electron microscopy where the non-asbestiform minerals
appear as blocks, chunks or slightly elongated particles in
contrast to the very evident fibrous nature of asbestos.
The non-asbestiform counterparts tend not to grow with
parallel alignment. The crystals normally fracture when
crushed forming cleavage fragments, some of which may
appear as acicular or needle-like crystals because of the
way in which amphibole minerals cleave. These cleavage
fragments have diameters which on average, are much lar-
ger than those of asbestos fibers of the same length. Some
asbestiform tremolite fibers with the majority of fiber diam-
eters exceeding 0.25 lm, tested by intra-peritoneal injection
in rats were found to be highly carcinogenic (Davis et al.,
1991; Lee, 1990). However, almost 70% of the fibers had
aspect ratios greater than 10:1, 42% greater than 15:1 and
25% had aspect ratios more than 20:1. This contrasts with
the observations that only about 6% of the aspect ratios of
cleavage fragments exceed 15:1. The diameters of cleavage
fragments appear to be rarely less than 0.25 lm (Table 1).

4.1. Fiber diameters

The aerodynamic behavior of fibers is determined
mainly by their diameter (Timbrell, 1982). The majority
of airborne asbestos fibers have diameters less than
0.25 lm making virtually all airborne fibers, respirable.
In contrast, only very small percentages of non-asbesti-
form cleavage fragments have diameters less than
0.25 lm (Table 1).

For the same length distribution, counting fibers by
PCM will, based on fiber diameter differences, lead to
higher counts of non-asbestiform cleavage fragments than
asbestos fibers, because of their visibility by PCM. On
the other hand, assuming the same density for fibers as
for cleavage fragments, the respirability (i.e. ability of par-
ticles to enter the alveolar regions of the lung) of the cleav-
age fragments will be less that that of asbestos fibers
because of their larger diameters. Thus, the PCM method
as presently formulated is more stringent for cleavage frag-
ments than for asbestos fibers.

Fiber width is an important parameter determining the
potential for causing both lung cancer and mesothelioma.
The characteristics of non-asbestiform fiber populations
are contrary to the hypothesis of carcinogenicity, while
the abundance of thin asbestos fibers supports the hypoth-
esis (Wylie et al., 1993). The evidence from experimental
animal studies indicate fibers >1 lm show no dose–
response relationship with tumor incidence (<30% of pop-
ulation of non-asbestiform fibers P5 lm long are <1 lm
wide). For fibers <1 lm (and >5 lm long) there is an S-
shaped dose–response curve with a threshold and then
rapid increase in tumor incidence as the number of thin
fibers increases. In populations of asbestos fibers >90%
are <1 lm wide and P5 lm long. Fiber width is also a
major factor determining access to the lung. Even long,
thin fibers (such as 200 lm long or more) are respirable
and are found in lung tissue, while respirability decreases
as width increases. Wide diameter cleavage fragments are
more likely to be deposited in the upper airways and never
gain access to the lower lung to cause disease. The potential
for asbestos fiber bundles to disaggregate into increased
numbers of even thinner fibers in vivo is one of their haz-
ardous features and is not a characteristic of non-asbesti-
form minerals.



S158 J.F. Gamble, G.W. Gibbs / Regulatory Toxicology and Pharmacology 52 (2008) S154–S186
While it has been argued that a major determinant of
carcinogenic potential is decreasing fiber width (Wylie
et al., 1993), the precise role of the single parameter, diam-
eter in carcinogenesis is still not clear (Addison and
McConnell, 2008).

4.2. Fiber length

While the majority of asbestos fibers are in fact short
(less than 5 lm) there are airborne amphibole fibers which
exceed 100 lm in length. Complete particle size data
(length vs. diameter) on distributions of airborne cleavage
fragments and asbestos fibers are extremely limited in num-
ber, making it difficult to compare length distribution dif-
ferences. What data are available indicate that asbestos
fibers are longer. For example, Dement et al. (1976)
observed that the median length of ‘‘fibers’’ in the airborne
dust in the South Dakota Homestake Gold mine was
1.10 lm as seen using scanning electron microscopy. This
is less than the median length of airborne grunerite (amo-
site) asbestos fibers in South Africa mines and mills which
were 1.83 and 2.53 lm, respectively (Gibbs and Hwang,
1980) and of grunerite (amosite) asbestos from a pipe insu-
lation operation, 4.9 lm (Dement et al., 1976).

There is other evidence for a clear mineralogical differ-
ence between grunerite (amosite) asbestos and grunerite
cleavage fragments. Virta et al. (1983) examined airborne
particles of grunerite from the Homestake gold mine in
South Dakota, particles of cummingtonite, hornblende
and actinolite from the Peter Mitchell iron ore pit in
Minnesota and particles of grunerite asbestos samples
from a shipyard and an electric company. Hornblende
is an amphibole that is similar to the tremolite–ferro-
actinolite series but with aluminum substituted for some
of the iron–magnesium as well as for some of the silicon
in order to maintain the stoichiometric balance. There
were two distinct particle size distributions. The non-
asbestiform grunerite distributions from the mining sites
were short, wide fibers (average length to width equal
to 4.6 · 1.1 and 5.5 · 1.2 lm). The amosite fibers from
the industrial sites were longer and narrower (average
length to width equal to 8.2 · 0.4 and 15.6 · 0.5 lm,
respectively). Although the populations of grunerite
Table 2
Proportion of tremolite particles longer than 10 lm and narrower than 3 lm
stratified by aspect ratio using petrographic microscopya

Aspect ratio % <3:1 Non-regulatory % 3:1 to 5:1 % >5:

Non-asbestiform tremolite particles (cleavage fragments)

Blocky 87 6.5 5
Acicular 87 4 6
Fibrous 57 18.5 18.5

Asbestiform tremolite

Asbestos1 48.5 6.5 13
Asbestos2 53.5 3.5 14.5

Non-regulatory designates particles that do not meet the length >5 lm, width
a Modified from Table 2 of Campbell et al. (1979).
cleavage fragment and grunerite asbestos are distinct, at
the submicroscopic level it may be very difficult to be
certain about the specific identity of an individual parti-
cle and may be extremely difficult, if not impossible to
distinguish asbestos and non-asbestiform particles among
the small number of fibers where the two fiber popula-
tion overlap, especially when the source of the fiber is
unknown (Langer et al., 1979).

The New York State talc deposit has been extensively
studied for its mineralogy and presence of fibers and cleav-
age fragments. Commercially important deposits of zinc,
lead, talc and wollastonite are found in the Grenville Series
of sedimentary rock in St. Lawrence County of NY. Three
zinc mines and eleven talc mines have been worked in the
area between Balmat Corners and Edwards, NY, which
are about eight miles apart. All of these holdings contain
some non-asbestiform tremolite, encountered as either a
gangue mineral or component of the recovered ore. Antho-
phyllite and transitional metals have also been identified in
variable amounts both between and within mines. We will
refer to the NY state talc as St. Lawrence County talc.

Campbell et al. (1979) note that 5–10% of the earth’s
crust is amphiboles and therefore many mining industries
have amphibole fragments in the gangue mineral tailings.
There are at least three habits of non-asbestiform tremolite,
none of which have the long, thin fibers characteristic of
tremolite asbestos as shown in Table 2.

Long narrow fibers have been shown experimentally to
be best capable of inducing mesothelioma when placed
directly onto the pleura in experimental animals (Stanton
et al., 1981). As there are likely to be fewer long fibers
and fewer narrow diameter ‘‘fibers’’ in the case of exposure
to amphibole cleavage fragments, compared to asbestos, it
would be anticipated that cleavage fragments would pose
lower carcinogenic risk.

4.3. Aspect ratios

Asbestos fibers have thin diameters and do not readily
break transversely. As a result, length/width ratios can
be quite high. All ‘‘fibers’’ will by definition have aspect
ratios >3:1. Around 30% of asbestos fibers will have
aspect ratios >10:1 and nearly 20% greater than 20:1.
from milled blocky (prismatic), acicular, fibrous and tremolite asbestos

1 to 10:1 % >10:1 to 20:1 % >20:1 to 50:1 % >50:1

1 0.5 0
3 0.5 0
5.5 0.5 0

13.5 13.5 5
12 13 4.5

<3 lm, and aspect ratio >3 criteria.
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There were very few cleavage fragments with aspect
ratios greater than 10:1 The common blocky variety of
non-asbestiform tremolite had less than 2% in the
>10:1 class. The acicular and fibrous habits had more
particles in the range between 10:1 and 20:1 category
than did the blocky variety, but none of the non-asbesti-
form varieties had more than 0.5% particles in the range
between 20:1 and 50:1 and none had any particles >50:1.
Nearly 90% of the blocky and acicular habits did not
meet the regulatory definition of a fiber. If only fibers
that meet regulatory dimensions are counted, 1/100 of
non-asbestiform particles have aspect ratios >20:1 while
about 35/100 asbestiform tremolite particles have >20:1
aspect ratios (Table 2). A composite aspect ratio distri-
bution reported in the Pictorial Atlas of Mineral Fibers
(in press) showed that for non-asbestiform particles with
an aspect ratio of 3:1 or greater and length greater than
5 lm, 6% on average exceed an aspect ratio of 15:1 and
for asbestiform particles, 80% on average exceed an
aspect ratio of 15:1. The 3:1 aspect ratio is used princi-
pally to eliminate particulates and fiber clumps and
improve the precision and accuracy of fiber counts. It
is not a defining characteristic of asbestos fibers (Langer
et al., 1991).

Wylie et al. (1993) point out that aspect ratio is not a
useful parameter for sizing as it is dimensionless, provides
no information on width, shows no association with risk of
disease, and therefore is of little use in the discussion of risk
or exposure.

4.4. Biopersistence

As far as we were able to ascertain, there have been no
systematic studies of the biopersistence of cleavage frag-
ments. It is known that for long amphibole asbestos fibers,
the half-life is extremely long (Berry, 1999). However, short
fibers (i.e.: less than 20 lm in length) can be removed from
the lung by macrophage action (Allison, 1973; Bernstein
et al., 1994). For later phases of lung clearance, particle sol-
ubility is a key factor. In the absence of data, there is no
basis for concluding that cleavage fragments will be
removed any faster than asbestos fibers during that phase.
However, because of their shorter lengths, cleavage frag-
ments are much more likely to be removed more rapidly
than amphibole asbestos fibers during the early lung clear-
ance phase. This will reduce their potential for carcinogenic
action.

Ilgren (2004) notes dissimilarities that make cleavage
fragments much less biopersistent than amphibole asbes-
tos fibers. Surfaces of cleavage fragments have a high
density of surface defects, which are preferred sites for
dissolution from intracellular acidic enzymes of phago-
cytic cells that have engulfed them. Amphibole asbestos
fibers are smooth and defect free and highly acid resis-
tant. Cleavage fragments are weak, brittle and inflexible
because of there weak surface structure, which is further
weakened by chemical dissolution. The tensile strength of
amphibole asbestos fibers is 20–115 times greater than
the non-asbestiform amphibole variety. This difference
becomes greater as width decreases and biological rele-
vance more pronounced. When long, thin biologically
relevant cleavage fragments are deposited in the lung
alveoli and engulfed by macrophages, the fragment
begins to dissolve on all surfaces. They are already weak
and inflexible and become thinner and weaker (greater
surface area, more surface defects) with increasing sus-
ceptibility to chemical dissolution and breakage. The
defect-free surface of the amphibole asbestos fiber is bet-
ter able to resist acid attack. Many of the asbestos fibers
are too long to be completely engulfed. Attempts at
engulfment produce protein deposits that form an
‘‘asbestos body’’ and eventual death of the cell. In short,
biopersistence is a characteristic of carcinogenesis. It is
reasonable to conclude that cleavage fragments are likely
to be far less bio-persistent than asbestos fibers.

Nolan et al. (1991) compared activity of tremolite cleav-
age fragments with that of samples of tremolite–actinolite
asbestos. For the same surface area, tremolite cleavage
fragments had lower ability to alter the permeability of
red blood cells than amosite and approximately the same
membranolytic activity as anthophyllite and crocidolite.
The surface charge of non-asbestos tremolite was about
70% less than asbestos analogues. Schiller et al. (1980)
reported that asbestos fibers and cleavage fragments of
the same dimensions had the same net negative surface
charge. Short fibers and cleavage fragments have a smaller
net charge than highly elongated particles.

5. Comparison of the risk of health effects in persons exposed

to asbestiform and non-asbestiform grunerite

5.1. Grunerite occurrence

Grunerite is the mineralogically correct name for amphi-
boles of the cummingtonite–grunerite series in which iron is
at the 50% point in the 100 times Fe/(Fe + Mg)) ratio.
Amosite (from the ‘‘Asbestos Mines of South Africa’’) is
the commercial asbestiform product that was used in insu-
lation and building materials. Grunerite asbestos is no
longer mined.

The non-asbestiform variety of cummingtonite–grune-
rite (C–G) has no commercial use per se other than as
an aggregate but occurs in nature in conjunction with
other asbestiform and non-asbestiform amphiboles and
other minerals in ore deposits mined for other purposes.
In the USA, ore containing C–G has been mined in at
least two locations. One location is the Homestake gold
mine in Lead, SD, where gold had been extracted since
1876. The other location is Mesabi Range where taconite
has been mined since the 1950s and shipped to Silver
Bay, Minnesota for extraction of iron. Because of its
relationship to grunerite (amosite) asbestos, studies were
initiated to determine if these minerals had similar path-
ogenicity. There have been four cohort studies of
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Homestake gold miners (Gilliam et al., 1976; McDonald
et al., 1978; Brown et al., 1986; Steenland and Brown,
1995) and two studies of taconite containing amphiboles;
one of the Reserve iron deposit (Higgins et al., 1983) and
the other of the Erie–Minntac mine (Cooper et al., 1988,
1992) (Table 3).

Taconite iron ore contains actinolite and cumming-
tonite–grunerite (probably predominantly grunerite). In
1973, elongated grunerite particles, said to be similar
to grunerite (amosite) asbestos, were found in the
Duluth, Minnesota water supply. The source was mine
tailings from the process plant at Silver Bay, Minne-
sota (MN) serving the Peter Mitchell Pit. In a suit
against the Reserve Mining Company, the US Environ-
mental Protection Agency (EPA) claimed that some of
the particles were asbestos. This finding initiated a ser-
ies of studies to determine if there were effects on the
Duluth residents (Cook et al., 1974; Masson et al.,
1974; Levy et al., 1976; Sigurdson et al., 1981). These
studies of human health are not considered further
because they are ecological studies without identifica-
tion of individual exposures or responses, because the
route of exposure is via ingestion and because experi-
mental studies and the epidemiological studies described
below have provided no evidence in support of any
gastrointestinal cancer risk from ingestion. The other
health studies are of taconite miners and millers (Clark
et al., 1980; Higgins et al., 1983; Cooper et al., 1988,
1992).

A reasonably valid comparison can be made between
the health risks of workers exposed to amosite asbestos
in mining and manufacture and the health risks of workers
involved in the extraction of minerals from ore bodies con-
taining non-asbestiform grunerite.
Table 3
Mesothelioma/lung cancer experience—non-asbestiform gruneritea Workers a

Study population Follow-up period Co

Non-asbestiform grunerite cohorts (latest follow-up)

Homestake gold miners
(Steenland and Brown, 1995)

Follow-up 1977–1990 33

Reserve taconite miners
(Higgins et al., 1983)

More than 1 year in period
1952–1976

57

Erie mining of taconite
(Cooper et al., 1992)

>3 months <1959, Erie–Minntac
mine, 1947–1989

34

Total 12

Negative comparison: hematite iron ore without amphiboles

Hematite mining in Minnesota
[Lawler et al., 1985].

>1 year employment before 1966.
Follow-up 1937–1979.

U
Su

a It is recognised that these workers were also exposed to non-asbestiform h
b Exposure began only 11 years before death making it unlikely that this m

locomotive fireman and engineer.
c There were seven cases [four cancers of the peritoneum and three other r

mention of mesothelioma on the death certificate or other evidence to support
review of deaths from lung cancer or other non-specified cancer, which at tim
6. Grunerite (amosite) asbestos

Amosite is the trade name given to a mineral that was
previously mined in Penge region in the Transvaal of
South Africa. The mineralogical name is grunerite asbes-
tos. In the bulk specimen the fibers can be several inches
long. The color, ranging grey to brown depends on
whether the fiber was mined from a weathered or un-
weathered zone. The size distribution of the airborne
fibers in the mine and mill have been reported by Gibbs
and Hwang (1980). In mining and milling 12.6% and
6.6%, respectively, of airborne fibers exceeded 5 lm in
length when all particles with length to breadth ratios
greater than 3:1 were counted using transmission electron
microscopy combined with light optical microscopy. The
median lengths for mining and milling were 1.83 and
2.53 lm, respectively. The median diameters were 0.20–
0.26 lm depending on the process and there were no air-
borne fibers with diameters exceeding 3 lm.
6.1. Grunerite (amosite) asbestos exposed cohort studies

The studies of cohorts of amosite-exposed workers
include miners and millers in South Africa (Sluis-Cremer
et al., 1992) and workers engaged in amosite insulation
manufacture (Acheson et al., 1984; Seidman et al., 1979,
1986; Levin et al., 1998). Cohorts where the exposure also
included riebeckite (crocidolite) asbestos and/or chrysotile
have been excluded from consideration as the ratios of
the risks of mesothelioma associated with these various
asbestos fiber-types have been reported to be in the ratio
of 500:100:1 for riebeckite (crocidolite) asbestos, grunerite
(amosite) asbestos and chrysotile, respectively (Hodgson
and Darnton, 2000). For lung cancer the differences are
nd negative non-amphibole controls

hort N (% dead) N mesothelioma/
N deaths (PMR)

Lung cancer:
O/E = SMR (95% CI)

28 (46.6%) 0/1551 = 0 7c 115/101.8 = 1.13
(0.94–1.36)

51 (5.2%) 0/298 15/17.9=0.84
(0.47–1.38)

31 (30.8%) 1b 0/1058 = 0 62/92.2 = 0.67
(0.52–0.86)

510 (23.2%) 0/2907 = 0 192/211.9 = 0.91

gd 4708 (55%)
rface 5695 (36%)

0/2642 = 0
0/2057 = 0

117/117.6 = 1.00 (0.83–1.20)
95/108 = 0.88 (0.71–1.08)

ornblende and actinolite.
esothelioma is related to work in the taconite mine. He was previously a

espiratory cancers] in categories that might include mesothelioma but no
diagnoses of mesothelioma. No mention of mesothelioma was found in a

es are categories that include mesothelioma (Steenland and Brown, 1995).
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not as great or as clear-cut. Crocidolite and amosite pose
similar exposure-specific risks for lung cancer (about 5%
excess per f/mL years), while the risk from chrysotile is esti-
mated as 0.1–0.5% of the risk of crocidolite and amosite.
Thus the risk differentials between the amphibole asbestos
(crocidolite and amosite) and chrysotile for lung cancer are
about 10–50:1 (Hodgson and Darnton, 2000). It should be
noted that the chrysotile in these risk estimates included
sources where the chrysotile contained traces of tremolite,
the form of which was not investigated or reported.

Only one of the cohorts with pure grunerite (amosite)
asbestos exposure was examined for a quantitative expo-
sure–response relationship (Seidman et al., 1986). There
was a clear increase in the risk of lung cancer with increas-
ing exposure expressed in fibers/mL years.

7. Non-asbestiform grunerite cohorts

Several groups of workers from Homestake gold mine
and the Minnesota taconite deposits have been exposed
to cleavage fragments of grunerite and studied to assess
possible ‘‘asbestos-related’’ diseases (Table 3). The non-
asbestiform amphiboles present in these mines generally
crystallize in a prismatic habit with well-developed cleavage
so breaks occur both perpendicular and parallel to particle
length.

7.1. Taconite miners

There are several studies of workers who were exposed
to cummingtonite–grunerite particles from the above
deposits. These include the Reserve taconite miners (Hig-
gins et al., 1983) and the Erie–Minntac taconite miners
(Cooper et al., 1988, 1992). Another group of Iron ore
(hematite) miners in Minnesota is included for comparison
as a negative ‘‘control’’ since the hematite ore does not con-
tain amphiboles (Lawler et al., 1985).

Taconite is an iron-bearing rock that by 1978 was
supplying nearly 90% of the iron ore used in the US iron
and steel industry. More than 60% of this came from the
Mesabi Range that is 110 miles long and 1–3 miles wide
extending east to west from Babbitt, Minnesota to
Grand Rapids, Michigan. Iron ore has been mined along
the Mesabi Range since about 1892 (Langer et al., 1979).
Taconite contains 20–50% quartz and 10–36% magnetite
with smaller amounts of hematite, carbonates, greenalite,
chamosite, minnesotaite, stilpnomelane and amphiboles
which are non-asbestiform minerals in the cummington-
ite–grunerite series, actinolite and hornblende (Nolan
et al., 1999).

Taconite from the eastern end of the Mesabi Range con-
tains non-asbestiform cummingtonite–grunerite (most
probably grunerite) and actinolite with most elongated par-
ticles having aspect ratios greater than 3:1 and length less
than 10 lm and are mostly acicular cleavage fragments.
Respirable dust concentrations in the Reserve mining com-
pany ranged from about 0.02 to 2.75 mg/m3 at a crusher.
The modal range in most jobs was 0.2–0.6 mg/m3, with
occasional concentrations of 1–2 mg/m3but mostly below
1 mg/m3. Fiber concentrations were generally <0.5 fibers/
mL. Area samples suggest no change in concentrations
between 1952 and 1976 and exposure estimates were based
on samples collected in the period 1975 and 1958 (Higgins
et al., 1983).

In the Reserve mining cohort (Higgins et al., 1983) there
were no exposure–response relationships between lung can-
cer and cumulative exposure to silica dust or taconite (mea-
sured as mg/m3 years) and no excess lung cancer based on
the SMR. There were no cases of mesothelioma. Higgins
et al. (1983) concluded that the lack of any increased risk
of cancer is not surprising given the low silica and fiber
exposure plus movement of miners to lower exposed jobs
with increased seniority. The average and maximum laten-
cies of lung cancer were 15 and 25 years. At high exposure
levels the latency for pneumoconiosis has been as short as
about 5 years or even less. As dust levels have declined
latency is more in the range of 13–20 years. The cohort
was also relatively young with 5% overall mortality and
the number of cases was small with 15 lung cancer cases
(17.9 expected), 8 with >15 years since hire (7.9 expected).
Exposure–response functions were estimated using cumula-
tive total dust exposure and cumulative silica dust exposure
in mg/m3 years as the exposure metrics. The relationship
with total dust exposure, which is of interest from the
standpoint of cleavage fragments, was not monotonic
and the SMRs were at or below 1.0 in the three highest
exposure categories. Higgins et al. (1983) concluded there
was no suggestion of an association with lung cancer.

In the Eastern Mesabi district, west of the Reserve Mine
are the Erie and Minntac operations. The Minntac ore has
had a different metamorphic history and contains the low-
est percentage of amphiboles. The Erie ore is a blend of the
high and low amphibole ores with more amphiboles than
Minntac but less than Reserve. Nolan et al. (1999) reported
28–40% quartz in dust from the Erie mine and 20% quartz
from the Minntac mine. Concentrations of fibrous particu-
lates were nearly always <2 fibers/mL. These particulates
were >5 lm in length and included elongated cleavage
fragments.

The Erie–Minntac cohort of taconite miners (Cooper
et al., 1992) showed ‘‘no evidence to support any associa-
tion between low-level exposure to non-asbestiform amphi-
bole particles or quartz’’ and lung cancer. The Erie–
Minntac cohort is older and larger than the Reserve cohort
with 31% mortality and a minimum time since hire of
30 years. There were deficits in lung cancer SMRs for min-
ers ever working in high or medium dust areas and no
trend with years worked. There was no analysis by cumu-
lative exposure.

There was one case of mesothelioma that had been
reported in the initial study (Cooper et al., 1988). In this
case, exposure to taconite began 11 years before death. Pre-
vious employment included work in the railroad industry
as a locomotive fireman and engineer. Nolan et al. (1999)
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suggest it is unlikely that the mesothelioma is related to tac-
onite because mesothelioma generally occurs after at least
25 years although latencies as short as about 18 years have
been reported among insulation workers where asbestos
exposure can be quite high. The more likely cause is from
the railroad employment where there are opportunities
for exposure to commercial amphibole asbestos from ther-
mal lagging used on steam locomotives. Also, the time
since hire in the railroad jobs is more consistent with the
long latency characteristic of mesothelioma.

Although deposits of grunerite asbestos large enough
for commercial exploitation are very rare, small deposits
are occasionally found as a gangue mineral in a limited
area of a mine that is otherwise asbestos-free. Nolan
et al. (1999) described the occurrence of such a localized
seam of grunerite asbestos in a small portion of an iron
ore mine otherwise free of asbestos. Samples from the seam
revealed three kinds of morphological types or habits. One
kind was the asbestiform habit with fibers occurring as par-
allel fibrils and forming polyfilamentous bundles. There
were two non-asbestiform habits, namely splintery fibers
and massive anhedral nodules, which when crushed may
form elongated cleavage fragments that morphologically
resemble some asbestiform fibers. To evaluate potential
asbestos exposure, 179 personal air samples were collected
for all relevant jobs associated with work on this localized
seam. The mean concentration of fibers P5 lm in length
and aspect ratio P3:1 was 0.05 f/mL and the highest was
0.39 f/mL. All sample results were below the Mine Safety
and Health Administration (MSHA) standard of 2 f/mL
but 13% were above the Occupational Safety and Health
Administration (OSHA) standard of 0.1 f/mL.

Nolan et al. (1999) estimated the potential lifetime risk
of lung cancer and mesothelioma based on a worst case sce-
nario. Lifetime lung cancer risks of 0.1 and 0.6 /100,000 for
non-smokers and smokers respectively were estimated
using the EPA risk model and assuming a linear expo-
sure–response relationship, age of 45 years at beginning
of exposure and continuous exposure for 22 days to 0.05
asbestos fibers/mL. This was considered approximately
equivalent to smoking 2 or 12 cigarettes over a lifetime.

Nolan et al. (1999) also estimated risk based on grune-
rite asbestos fiber content in the lungs of mesothelioma
cases from a British grunerite (amosite) asbestos factory
(Gibbs et al., 1994). Nolan et al. (1999) estimated it would
take 75–265 years of daily 8-h shifts to inhale the number
of fibers found in the lungs of the mesothelioma cases,
assuming no clearance. Fiber concentrations were about
45% higher in the lung cancer cases, suggesting about
100–380 years to reach similar fiber content in iron ore
miner lungs.

Nolan et al. (1999) suggested concentrations were a min-
imum of 30 fibers/mL in the Paterson, NJ grunerite (amo-
site) asbestos factory (Seidman et al., 1986). No
mesothelioma cases had less than 6 months employment
and 20-years latency. Assuming breathing 0.05 fibers/mL
from the gangue rock in the iron ore mine, Nolan et al.
(1999) estimated it would take about 300 years to achieve
the minimum exposures estimated for the mesothelioma
cases in the Seidman et al. (1986) cohort.

7.2. Hematite miners as negative control

Hematite from the Mesabi Range in Minnesota is a mix-
ture of about 83% hematite (Fe2O3) and limonite (HFeO2).
The hematite deposit differs from taconite deposits in that
there is the absence of all amphiboles. Some silica (about
8%) is present plus possibly low levels of radon.

Lung cancer mortality was not associated with years
worked. Mesothelioma was not mentioned. Lawler et al.
(1985) considered that the lack of an excess risk of respira-
tory disease was possibly due to strict prohibition of smok-
ing while underground, apparent absence of significant
radon daughter exposure and/or the aggressive silicosis
control program. No estimates of dust exposure are
available.

7.3. Gold miners

There are several studies of miners at the Homestake
gold mine in South Dakota (Gilliam et al., 1976; McDon-
ald et al., 1978; Brown et al., 1986; Steenland and Brown,
1995).

Ore containing cummingtonite–grunerite has been mined
to extract gold in Lead, South Dakota, since 1876. An anal-
ysis of airborne ‘‘fibers’’ using electron diffraction and X-ray
spectrometry was reported to show that it contained ‘‘80–
90% amphiboles’’ with the amphiboles being ‘‘60–70%
fibrous grunerite’’, ‘‘1–2% fibrous cummingtonite’’ and
‘‘10–15% fibrous hornblende’’ (Gilliam et al., 1976). The free
silica content of the respirable airborne dust was reported to
be 13.1%. Low concentrations of arsenopyrite were also
reported. The NIOSH researchers identified the fibrous
grunerite as grunerite (amosite) asbestos. Closer examina-
tion of the fiber population statistics suggests strongly that
the fibrous grunerite particles are non-asbestos amphibole
cleavage fragments as noted in the section on fiber length.

Measurements of airborne concentrations of ‘‘fibers’’ in
the mine in 1974 showed concentrations to be about 0.25 f/
mL greater than 5 lm with the highest concentration being
2.8 f/mL based on 200 samples (Gilliam et al., 1976). The
mean total fiber concentration in the mine as determined
by electron microscopy was 4.82 (±0.68) f/mL with the
concentration of fibers greater than 5 lm being 0.36
(±0.08) f/mL. Approximately 94% of fibers were less than
5 lm in length, the mean fiber diameter was 0.13 lm and
the mean ‘‘fiber’’ length was 1.1 lm. The US Bureau of
Mines in 1960 reported average airborne dust concentra-
tions of 1.7 million particles per cubic foot (mppcf) (Gil-
liam et al., 1976). This suggests a ratio of f/mL to mppcf
of about 0.25/1.7 = 0.146 f/mL per 1 mppcf.

Exposure–response relationships were developed by
several of these researchers. Only the results of the latest
follow-up by Steenland and Brown (1995) will be consid-
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ered. However, the exposure–response developed by
McDonald et al. (1978) based on semi-quantitative expo-
sure estimates is of interest because this cohort of 1321
men with 21 or more years of service clearly had adequate
latency to observe the occurrence of mesothelioma or
increase in lung cancer. There were 17 deaths from respira-
tory cancer but no convincing evidence of an excess of
respiratory cancer or grunerite related mesothelioma. This
contrasts with the results of the earlier study by Gilliam
et al. (1976), which involved 440 men who had worked
more than 5 years underground. They reported 10 deaths
from neoplasms of the respiratory system with 2.7 deaths
expected. Conclusions from the study by Gilliam et al.
(1976) are weakened by the fact that the study population
is small, the SMR for men with latency less than 20 years
(5.4) was greater than that for men with latency greater
than 20 years (3.2) (McDonald et al., 1978), and the results
are contradictory to later follow-up studies of the entire
cohort (Brown et al., 1986; Steenland and Brown, 1995).
While the reason for the high overall SMRs is not clear,
selection bias is possible as the cohort was comprised of
volunteers participating in a 1960 silica X-ray survey.
The participation rate of workers from the mine was not
reported.

The Homestake study comprises the largest and oldest
cohort of workers exposed to non-asbestiform amphiboles
with 47% mortality. In the Steenland and Brown (1995)
study, there was a 2.6-fold excess of silicosis and a 3.5-fold
excess of respiratory TB that were significantly associated
with cumulative exposure and SMRs were significantly ele-
vated in the highest exposure category for both dust-related
diseases. Lung cancer was not associated with cumulative
exposure in the SMR exposure–response analysis and there
was a negative trend in the nested lung cancer case–control
portion of this study, i.e., as exposure increased there was a
trend for lung cancer risk to decrease. There were no meso-
thelioma deaths.

The mesothelioma and lung cancer experience of the
grunerite (amosite) asbestos and non-fibrous amphibole
workers will be compared separately below.

8. Comparison of mesothelioma experience

One method of assessing whether non-asbestiform
grunerite acts similarly to grunerite (amosite) asbestos is
to compare the proportional mortality from mesothelioma
in grunerite (amosite) asbestos exposed workers and in
non-asbestiform grunerite exposed workers. Mesothelioma
is a cancer which can clearly be caused by amosite without
known confounders such as smoking, although there are a
small number of other potential causes (Pelnar, 1988; Price
and Ware, 2004). Hodgson and Darnton (2000) argue that
there is unlikely to be a threshold for asbestos-related
mesothelioma, but that the exposure–response function
may be non-linear. As previously discussed about 80% of
mesotheliomas are asbestos related, mesothelioma is a
more specific indicator of amphibole asbestos exposure
and also more sensitive as there may be an excess mesothe-
lioma risk in the absence of an excess lung cancer risk
(Hodgson and Darnton, 2000).

The measure of mesothelioma mortality used in this
study is the percent of total mortality (labelled PMR in this
context). To assume a work-related mesothelioma in the
non-asbestiform grunerite cohorts there should be no pre-
vious asbestos exposure, no exposure to other potential eti-
ological factors such as erionite or therapeutic radiation
and the time of death should probably be 20 or more years
since hire, or 15 or more years since hire if exposure was
intense. Lanphear and Buncher (1992) estimated that for
1105 mesothelioma cases meeting strict histological and
exposure criteria, 99% had a latent period (time since first
exposure) of 15 years or more and 96% of 20 years or more.
The median latent period was 32 years with a range of 13–
70 years. The probability was 0% for <10 years and 0.45%
for 10–14 years.

Although there were only 19% of persons dead in the
grunerite (amosite) asbestos cohorts combined, there was
an overall proportional mortality from mesothelioma of
1.2%. In contrast, 23% of persons were dead in the non-
asbestiform cohorts combined and no mesothelioma linked
to the exposures in the non-asbestiform cohorts (or 0.03%
if the non-exposure related deaths are counted). It is well
recognized that the proportion of mesothelioma increases
with long follow-up as mesothelioma increases as a cubed
function of the time since first exposure and so would
increase as the percentage of deaths increase. Certainly
on present evidence there is no increased risk of mesotheli-
oma in non-asbestiform amphibole exposed workers at the
levels of exposure encountered in these industries (Tables 3
and 4 and Fig. 1).

In view of the fact that there was no detected increase in
mesothelioma, one would not anticipate an increased risk
of lung cancer due to exposure to fibrous dust, as usually
in amphibole-exposed workers the exposure necessary to
produce an increased risk of lung cancer is much greater
than that required to increase mesothelioma risk.

9. Comparison of lung cancer experience

There are statistically significant excesses of respiratory
cancer in all the grunerite (amosite) asbestos industries
(except mining). In contrast, it is very clear that, with the
exception of the first small study of Homestake gold miners
(Gilliam et al., 1976), there is no increased risk of lung can-
cer in the non-asbestiform amphibole exposed industries.
The results from the study by Gilliam have not been repro-
duced in subsequent studies with complete ascertainment
of the cohort and longer follow-up (Steenland and Brown,
1995; McDonald et al., 1978). In the taconite-exposed min-
ers there were some statistically significant deficits of respi-
ratory cancer. This is in spite of the fact that workers in
those industries are exposed to significant crystalline silica
in addition to non-asbestiform grunerite (if silica increases
lung cancer risk).



Table 4
Mesothelioma/lung cancer experience–grunerite (amosite) asbestos exposed workers

Study population Follow-up period No. in cohort
(% mortality)

No. meso/No. deaths = PMR Lung cancer: obs/
exp = SMR (95%
CI)

Amosite mining (Sluis-Cremer et al., 1992) Miners 1945–1955. Follow-
up to 1986

3212 (20.2%) 4/648 = 0.6% 26/18.8 = 1.38
(0.97–1.91)

Amosite Insulation manufacturing (Acheson
et al., 1984)

1945–1978: Follow-up to
1980.

4820 (6.9%) 5/333 = 1.5% 61/29.1 = 2.10
(1.62–2.71)

Amosite insulation manufacturing (Seidman
et al., 1986; follow-up of Seidman et al.,
1979)

1941–1945; more than 5-year
latency; follow-up to 1983

820 (72%) 6/593 = 1.01% (death
certificates) 17/593 = 2.9% (best
evidence)

102/20.51 = 4.97
(4.08–6.1)

Amosite insulation manufacturing (Levin
et al., 1998)

1954–1972, >10 years
latency; follow-up to 1994

755 (29.4%) 6/222 = 2.7% 35/12.6 = 2.77
(1.93–3.85)

Total 9607 (18.7 %) 21/1796 = 1.2% 224/81 = 2.77
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C1 = Steenland and Brown (1996)
C2 = Higgins et al (1983)
C3 = Cooper et al (1992)

UG, AG = underground and aboveground Hematite (Lawler et al (1985)

A1 = Acheson et al (1984) amosite insulation mfg
A2 = Seidman et al (1986) amosite insulation factory
A3 = Levin et al (1998) amosite insulation pipe mfg plant
A4 = Sluis-Cremer et al (1992) chrysotile/amosite insulation

Nonasbestiform
grunerite

Hematite
(no amphiboles)

Amosite (asbestiform grunerite)
cohorts

Homestake
gold mine

Taconite

Fig. 1. Lung cancer and mesothelioma mortality in cohorts of workers
exposed to non-asbestiform amphiboles (Homestake gold ore, taconite),
hematite (no amphiboles, negative controls) and amosite asbestos cohorts
of insulation factories and miners (positive controls).

Table 5
Lung cancer SMRs by cumulative exposure expressed as fiber/ml years for
grunerite exposures [Seidman et al., 1986]

Non-asbestiform grunerite [Steenland and Brown, 1995]
mppcf-yearsa <33.3 33.3–133.3 133.3–200 >200
Fiber/mL yearsb <4.8 4.8–19.5 19.5–29.2 >29.2
SMR 1.17 1.01 0.97 1.31

Asbestiform grunerite [Seidman et al., 1986]
Fiber/mL years b <6 6–11.9 12–24.9 25–49.9
SMR 14/5.31 = 2.64 12/2.89 = 4.15 15/3.39 = 4.42 12/2.78

a Dust days in Table 2 of the paper by Steenland and Brown (1995) (i.e.: 1 da
[i.e. 48 weeks · 5 day week).

b mppcf years converted to f/cc-years using a factor of 1 mppcf = 0.146 f/mL
than 5 lm and particles measured by the midget impinger and reported by G
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Another way to examine this question is to compare
the exposure–response relationships for the various stud-
ies. In Table 5 the exposure–response relationships for
the studies by Seidman et al. (1986) and Steenland and
Brown (1995) are compared. While both have limitations
in their exposure estimates, there is clearly no increasing
trend of lung cancer with increasing exposure to non-
asbestiform grunerite (and other non-asbestiform amphi-
boles). The exponential increase in pneumoconiosis (sili-
cosis) with increasing exposure suggests exposure
produced fibrotic but not carcinogenic effects (ratio lung
cancer/ silicosis mortality = 1.25) In contrast there is a
steep and statistically significant slope for the lung cancer
mortality in the grunerite (amosite) asbestos insulation
manufacturing plant (lung cancer/asbestosis mortality
ratio = 6.8) (Fig. 2).

Acheson et al. (1984) reported concentrations of
30 fibers/mL in the late 1960s in the factory using grunerite
(amosite) asbestos. Exposures were probably much dustier
before 1964 with improved conditions after 1964. However,
Acheson et al. (1984) did not attempt to assess exposure–
response trends.

It seems clear that exposure to non-asbestiform grune-
rite cleavage fragments and/or ‘‘fibers’’ at cumulative expo-
sures below about 30 f/mL years has not resulted in an
increased lung cancer risk for workers. The risk for work-
ers exposed to grunerite (amosite) asbestos was increased at
cumulative exposures <6 f/mL years.
non-asbestiform grunerite [Steenland and Brown, 1995] and asbestifrom

— — — —

50–99.9 100–149.9 150–249.9 250+
= 4.32 17/2.38 = 7.14 9/1.49 = 6.04 12/1.32 = 9.09 11/.94 = 11.7

y at 1 mppcf was converted to dust years by dividing by 240 days per year

. The conversion is based on the average concentration of ‘‘fibers’’ greater
illiam et al. (1976) i.e.: 0.25 f/mL divided by 1.7 mppcf.
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10. Overall conclusion concerning asbestiform and non-

asbestiform grunerite

It is evident that the ‘‘fibers’’ to which the non-asbesti-
form amphibole workers were exposed were considerably
shorter (and wider) than those to which grunerite (amosite)
asbestos workers were exposed. While both studies of
grunerite (amosite) asbestos and non-asbestiform grunerite
(plus other non-asbestiform amphiboles) may have limita-
tions as far as estimates of fiber exposure are concerned,
the results indicate very large differences in the mortality
from mesothelioma and from lung cancer from both exter-
nal and internal comparisons. It seems unlikely that errors
in the exposure estimates are responsible for these very
large differences as the grunerite (amosite) asbestos factory
shows a definite increase in risk of lung cancer with increas-
ing exposure while there is no statistically valid increase in
trend with non-asbestiform grunerite. The results are con-
sistent with cleavage fragments having no (or negligible
or very low) apparent carcinogenic hazard for mesotheli-
oma and lung cancer in contrast to the obvious carcino-
genic hazard shown by their asbestiform counterparts.
11. The evidence from studies of talc and vermiculite exposed

workers

11.1. The mineral talc

The term talc is used in two ways. First, it is a term
applied to a commercial or industrial product that contains
finely divided mineral or rock powder that usually, but not
always contains the mineral talc as its main component.
Second, it can refer to the mineral talc which is a phyllos-
ilicate mineral with the chemical formula Mg6Si8O20(OH)4.
Since talc is a metamorphic mineral it is often associated
with other minerals and is rarely found in its pure form.
Co-exposures are specific to each site. Tremolitic talc is a
commercial product that contains a high proportion of
the amphibole tremolite in addition to the mineral talc; it
also can contain other minerals including anthophyllite, a
transitional talc/anthophyllite mineral as well as antigorite,
lizardite and quartz. Cosmetic and pharmaceutical talcs
have strictly controlled mineral contents; industrial talcs
may contain other minerals.

Structurally, talc occurs in sheets that can be separated
by slight pressure, so that when milled, talc can form cleav-
age fragments or elongated talc platelets (Wild et al., 2002).

12. The New York and Norwegian talc deposits

There are at least two talc deposits containing non-
asbestiform tremolite and anthophyllite which have been
studied, one in New York State and one in Norway (Table
6). The best known and best characterised is the industrial
talc in New York. There has been considerable discussion
in the literature concerning whether the tremolite and
anthophyllite present in this talc is asbestiform or non-
asbestiform. However, the evidence is supportive of non-
asbestiform amphiboles (Skinner et al., 1988). Norwegian
talc contains tremolite and anthophyllite said to be in trace
amounts. However, the mineralogy of this talc is less stud-
ied and the cohort of exposed miners/millers is much
smaller.

The health experience (mesothelioma and lung cancer
mortality) of these two cohorts of talc workers exposed
to non-asbestiform amphiboles will be compared to (1)
anthophyllite asbestos miners, (2) to workers exposed to
vermiculite contaminated with tremolite asbestos; and (3)
to workers exposed to talc that is not contaminated with
amphiboles from Vermont, Italy, France and Austria.

12.1. New York talc

The St. Lawrence County, New York talc deposit has
been extensively studied for its mineralogy and presence
of fibers and cleavage fragments. The mineralogy is com-
plex and there has been a long and ongoing debate about
the amphiboles present in the Gouverneur, NY talc, which
is the only mine currently operating in the region. Dement
et al. (1980) concluded that bulk Gouverneur talc samples
contained both amphiboles (4.5–15% anthophyllite and
37–59% tremolite) and serpentines (10–15% lizardite and
antigorite) and less than 2.6% free silica as determined by
X-ray diffraction and petrographic microscope analysis. It
appears that the mineral identified as anthophyllite by
Dement et al. (1980), is, at least in part, a mixed phase min-
eral with talc evolving from the anthophyllite (Kelse and
Thompson, 1989). The talc also contains talc fibers.
Dement et al. (1980) considered the airborne dust ‘fibers’



Table 6
Lung cancer and nonmalignant respiratory disease (NMRD) mortality (SMR) among talc workers

Author Years Lung cancer
SMR

Lung cancer
mine SMR

Lung cancer
mill SMR

NMRD overall SMR NMRD mine
SMR

NMRD mill
SMR

Mesothelioma

NY, Brown
et al. (1979)

1947–1959 Follow-up 1975 19% mortality 9/3.3 = 2.73
(1.25–5.18)

8/2.9 = 2.76 (1.19–5.13) 0

Other 5/1.3 = 3.85 (1.25–8.96)

NY, Lamm
et al. (1988)

1947–1978 >1-year tenure 14.8%
mortality

6/3.1 = 1.93
(0.71–4.20)

7/2.5 = 2.78 (1.11–5.72)

NY, Honda
et al. (2002)

>1 day tenure 1948–1989 31/13 = 2.32
(1.57–3.29)

18/46 = 3.94
(2.33–6.22)

7/5.5 = 1.28
(0.51–2.63)

28/13 = 2.21 (1.47–3.20) 10/4.2 = 2.41
(1.16–4.44)

0

NY, Brown
et al. (1990)

1947–1978; follow-up 1983; 23%
mortality

17/8.2 = 2.07
(1.20–3.31)

17/6.8 = 2.50 (1.46–4.01) 0

P1-year tenure 9/4.7 = 1.91
(0.88–3.64)

11/3.8 = 2.89 (1.45–5.18)

Vermont,
Selevan et al.
(1979)

1940–1975; >1-year tenure before 1970;
23% mortality

6/3.69 = 1.63
(0.60–3.54)

5/1.15 = 4.35
(1.41–10.1)

2/1.96 = 1.02
(0.12–3.68)

11/3.67 = 3.0 (1.50–5.36) 2/1.23 = 1.63
(0.20–5.87)

7/1.72 = 4.07 0

Other = 11/1.79 = 6.15 (3.07–
11)

Other = 2/
0.56 = (0.43–
2.89)

Other = 7/
0.89 = 7.87
(3.15–16.2)

Italy, Coggiola
et al. (2003)

>1 year, 1946–1995 49% mortality 44/
46.9 = 0.94
(0.68–1.26)

33/
30.9 = 1.07
(0.73–1.50)

11/ 16 = 0.69
(0.34–1.23)

127/55.7 = 2.28 (1.9–2.72) 105/34.4 = 3.05
(2.5–3.7)

22/21.3 = 1..04
(0.65–1.57)

France, Wild
et al. (2002)

1945–1995, >1-year; 27.5% mortality 21/17 = 1.23
(0.76–1.89)

26/24.6 = 1.06 (0.69–1.55)
Pneumoconiosis 3/0.5 = 5.56
(1.12–16.2)

Austria, Wild
et al. (2002)

1972–1996, >1-year; 12.4% mortality 7/6.6 = 1.06
(0.43–2.19)

1/3.7 = 0.27 (0.01–1.52) 0

Norway,
Wergeland
et al. (1990)

>1-yr: miners 1944–1972; 28.7% mortality
>2-years millers 1935–1972; 30.5%
mortality

SIR: 6/
6.49 = 0.92
(0.34–2.01)

SIR: 2/
1.27 = 1.57
(0.19–5.69)

SIR: 4/
5.22 = 0.77
(0.21–1.96)

Diseases of Respiratory System
SMR: 3/10.9 = 0.28 (0.06–0.80)

SMR: 1/
2.5 = 0.40
(0.01–2.23)

SMR: 2 /
8.5 = 0.24
(0.03–0.85)

0
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greater than 5 lm long to contain upward of 70% amphi-
bole asbestos. Based on electron microscopy, Dement
and Zumwalde reported that: ‘‘In the mine 38% of all fibers
were anthophyllite. 19% were tremolite and 39% were
unidentified’’. In the mill 45 per cent of all fibers were
anthophyllite, 12 per cent were tremolite and 38 per cent
were unidentified. Three percent of the fibers in the mine
and 2 percent in the mill reportedly gave chrysotile electron
diffraction patterns. According to Thompson (1984) and
Harvey (1979) all the amphibole minerals are cleavage frag-
ments and in the non-asbestiform habit and it has now
been shown that once the talc fibers are recognized, the talc
does not contain asbestiform tremolite or asbestiform
anthophyllite (Kelse and Thompson, 1989; Dunn Geosci-
ence Corp., 1985; Langer and Nolan, 1989; Virta, 1985;
Crane, 1986; Wylie et al., 1987; Wylie et al., 1993; Nolan
et al., 1991).

A survey of the many mortality studies of workers
exposed to St. Lawrence County, NY talc is summarised
in Appendix A. Most of these have been variations of the
original NIOSH cohort study (Brown et al., 1979; Dement
et al., 1980). We will focus on the nested case–control
study, which addressed three of the hypotheses raised
about reasons for the increased lung cancer, namely smok-
ing, other work exposures, and short-term workers (Gam-
ble, 1993). Honda et al. (2002) added six more years update
and estimated quantitative cumulative exposure to talc
dust to address the question of exposure–response
(Oestenstad et al., 2002).

Gamble (1993) conducted a case–control study nested in
the Brown et al. (1990) cohort of NY talc workers. There
were 22 cases and 66 controls matched on date of birth
and date of hire. All cases were either smokers (91%) or
ex-smokers compared to 27% non-smokers, 73% smokers
or exsmokers among controls. Negative trends were consis-
tently observed by years worked after controlling for smok-
ing, 20 or more years latency, and exclusion of short-term
workers. Lifetime work histories suggested no apparent
association with non-talc exposures or non-Gouverneur
talc exposures. The author concluded that ‘‘after adjust-
ment for. . .smoking and the postulated role of very high
exposures of short-term workers, the risk ratio for lung
cancer decreases with increasing tenure’’. The time occur-
rence of lung cancer was consistent with a smoking etiol-
ogy, and was not consistent with a mineral dust
relationship.

Honda et al. (2002) assessed cancer and non-cancer
mortality among white male Gouverneur talc workers.
The cohort analyzed for cancer endpoints consisted of
809 workers employed 1947–1989 and alive in 1950. The
cohort analyzed for non-cancer endpoints consisted of
782 men employed during 1960–1989. The important addi-
tions in this study were 6 more years of follow-up (through
1989) and internal exposure–response analyses with cumu-
lative exposure to talc dust as the exposure variable. Smok-
ing status was not taken into account. The internal
comparisons by cumulative exposure (mg/m3 years)
showed a significant monotonic decrease in lung cancer
risk with increasing exposure. The RR was 0.5 (0.2–1.3)
in the highest exposure category. Mortality from ‘other
NMRD’ and pulmonary fibrosis showed monotonic
increases in risk as exposure increased with 2- and 12-fold
increased risks in the highest exposure categories (Fig. 3).

Honda et al. (2002) concluded that talc dust was unli-
kely to have a carcinogenic potency similar to asbestos
for several reasons. First, there were negative exposure–
response trends. Second, although lung cancer mortality
was increased nearly 4-fold among miners (SMR of 3.94;
95% CI 2.33–6.22, 18 observed (obs)) it was not excessive
among millers (SMR of 1.28; 95% CI 0.51–2.63; 7 obs)
although exposure was similar in both groups (medians
of 739 and 683 mg/m3 years, respectively). Third, the
cumulative exposure was low for lung cancer cases com-
pared to that of other workers. For example, if median
cumulative exposure is set at 1.0 for lung cancer decedents,
the relative median cumulative exposure is 1.1 for ischemic
heart disease, 1.5 for all decedents, 3.5 for NMRD as
underlying or contributory cause of death, and 10.8 for
pulmonary fibrosis.

Honda et al. (2002) conclude that the lung cancer excess
is unlikely to be due to talc dust per se. The reasons for the
excess are unclear. Possible explanations for the excess
include confounding by smoking or other risk factors or
an unidentified constituent in the ore or mine environment
that is poorly correlated with talc dust.
12.2. Norwegian talc

Norwegian talc contains trace amounts of quartz, trem-
olite and anthophyllite; the main minerals are talc and
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magnesite. Small amounts of magnetite, chromite, chlorite,
and antigorite are in the ore, while the surrounding rock
contains small amounts of serpentine, mica, feldspar, cal-
cite, and non-asbestiform amphiboles (hornblende, tremo-
lite). Personal air samples were collected 1982–1984.
Exposures were somewhat higher in the mine with a range
for total dust of 0.94–97.4 mg/m3 and peaks at drilling of
319 mg/m3. The range in the mill was 1.4–54.1 mg/m3 with
peaks in the storehouse of 109 mg/m3. Fibers of tremolite,
anthophyllite and talc with aspect ratios >3:1 by optical
microscopy ranged from 0.2 to 0.9 f/mL (Wergeland
et al., 1990).

The Norwegian male talc cohort consisted of 94 miners
employed at least 1 year in talc-exposed jobs 1944–1972
and 295 millers employed at least 2 years 1935–1972 (Wer-
geland et al., 1990). In contrast to NY talc workers, this is a
generally healthy work population with a significant deficit
in all-cause mortality (SMR of 0.75; 0.62–0.89), which was
below expected in both mine and mill. There were only 6
incident cases of lung cancer and 6.49 expected for an
SIR of 0.92. There was a small positive trend with years
worked because there were zero cases in the low tenure
group but no significant excess (SIR) in the two groups
with longer tenure. There were two lung cancer cases
among miners (1.27 expected) and there were more
expected (5.22) than observed (4) in the mill. There was
no excess of NMRD cases (three cases of pneumonia),
but numbers were too small to make any conclusions.
There were no cases of mesothelioma.

It is unclear why the mortality and incidence of cancer
are so far below expected. There is no excess NMRD mor-
tality and no cases of pneumoconiosis as a cause of death
despite the apparently very high dust exposures. There
were three cases of pneumoconiosis as a contributing cause
of death: two cases with silicosis, one case with talcosis. In
1981, smoking histories were obtained from 63 of 94 min-
ers. A reduced prevalence of smoking is an unlikely cause
of the reduced mortality as only 8% were non-smokers.
In view of the small size of this cohort, interpretation is
difficult.

13. Non-asbestiform amphiboles in South Carolina

vermiculite

There are several small vermiculite pits in South Car-
olina containing nearly 50% tremolite/actinolite but is
believed to be virtually free of fibrous tremolite (McDon-
ald et al., 1988). Mining and the first part of the milling
process are carried out wet. Four types of elongated
fibers were identified in air samples using analytical
transmission EM and energy dispersive X-ray spectros-
copy (EDSX): tremolite–actinolite (48%), vermiculite
fragments (8%), talc/anthophyllite (5%), iron-rich fibers
(23%) and the rest unidentified. Mean fiber size was
1.1 lm diameter and 12.7 lm long. Mean fiber length
seems to be quite large for the airborne fibrous dust
cloud to be totally cleavage fragments. The mean expo-
sure was 0.75 f/mL years. Nolan et al. (1991) found trem-
olite cleavage fragments (some of which were >10:1
aspect ratio), but found no asbestos.

The mortality study comprises a small cohort of 194
men with 6 months or more tenure before 1971 and a min-
imum latency of 15 years. There were 51 total deaths and
an all-cause mortality of 1.17 (0.87–1.51). There were four
deaths from lung cancer and three from NMRD with
SMRs of 1.21 and 1.22, respectively. There were no cases
of mesothelioma and no deaths from pneumoconiosis.
There was a negative exposure–response trend between
cumulative fiber exposure and lung cancer (Fig. 4). Three
of the four cases were in the lowest exposure category of
<1 f/mL years (SMR = 1.71) and the 4th case was in the
medium exposure category of 1–10 f/mL years
(SMR = 0.73). Given the low fiber exposures (mean
0.75 f/mL years) and the small sample size the authors con-
cluded there was inadequate power to detect an adverse
effect in this population (McDonald et al., 1988).

The health experience of workers at this mine would be
of considerable interest for comparison with the miners in
Montana where exposures involve asbestiform ‘‘tremolite’’
and other fibers. Exposure levels were so much higher in
Montana and the study population is so small and expo-
sures so low in South Carolina that comparisons are diffi-
cult. In the longer term, the population is too small for
confident conclusions concerning lack of risk. On the other
hand, the exposure–response trends (Fig. 4) are suggestive
that if tremolite asbestos were present instead of cleavage
fragments there would likely have been an increase in lung
cancer in the highest exposure category (and the work envi-
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ronment would have been more dusty with higher
exposures).

Although the actual percentage of ‘‘non-asbestiform’’
anthophyllite in the airborne dust is not clear in these stud-
ies, we will assume that the airborne dust contains a pro-
portion of non-asbestiform anthophyllite and non-
asbestiform tremolite. In view of this, comparison of the
risk of mesothelioma and lung cancer in the NY and Nor-
wegian talc mining industry will be compared with other
talc studies (negative control) and with asbestos-exposed
workers in anthophyllite mining and workers exposed to
vermiculite contaminated with tremolite asbestos(positive
comparison). South Carolina vermiculite will be compared
with Libby, Montana vermiculite.

14. Other talc deposits

There are several mortality studies of talc where amphi-
bole minerals are reported to be absent and the talc is rel-
atively ‘‘pure’’ talc. These include studies of workers in the
Vermont talc mines (Selevan et al., 1979), Italian talc mines
(Coggiola et al., 2003), French and Austrian talc mines
(Wild et al., 2002) (Table 6). According to Wild et al.
(2002) ‘‘no asbestos contamination has ever been clearly
documented in the talc deposits, at least not in the Euro-
pean sites’’.

15. Lung cancer in New York and Vermont talc miners and

millers

In contrast to the high levels of amphibole cleavage frag-
ments in New York’s St. Lawrence County talcs, geological
studies conducted since the early 1900s have shown no
‘‘asbestos’’ and little quartz in Vermont talc deposits
(Boundy et al., 1979). Analyses of bulk samples collected
in 1975/1976 from mines and mills of the three major Ver-
mont talc companies showed talc and magnesite as major
components (20–100%) and chlorite and/or dolomite as
minor constituents (5–20%). There were trace amounts
(<5%) of dolomite, calcite, quartz, biotite, ankerite, chro-
mite, phlogopite and oligoclase and no asbestos.

Sampling surveys conducted in summer/winter of 1975/
1976 at the three talc mines/mills resulted in respirable geo-
metric mean concentrations in the mines ranging from 0.5
to 5.1 mg/m3 (median = 0.9) and in the mills from 0.5 to
2.9 mg/m3 (median = 1.0). Two methods were used to
count ‘‘fibers’’ with aspect ratios P3:1 and a ‘‘maximum
width and minimum length’’ of 5 lm. Counts using phase
contrast microscopy at a magnification of 437· ranged
from 0 to 60 fibers/mL (median = 4.1). Parallel fibers
counted by SEM at a magnification of 5000· ranged from
0 to 0.8 fibers/mL (median = 0). Cumulative exposures
were not estimated, but past exposure levels commonly
exceeded the MSHA and OSHA standards of 20 mppcf
(Selevan et al., 1979).

The Vermont talc study provides the best comparison
with the New York talc because the original studies were
conducted during the same time period using similar meth-
ods and some of the same investigators, and the mines were
in adjacent US States (although different ore bodies).

The cohort comprised 392 men who had had a chest
radiograph administered by the Vermont Health Depart-
ment since 1937 and had been employed for more than 1
year in the Vermont talc industry between January 1,
1940 and December 31, 1969. Workers were followed
through December 31, 1975. As the inclusion of workers
in the cohort required a radiographic examination, it was
thought that long-term workers were more likely to have
participated than short-term workers. In the 1960s the
Health Department reported that 70% of those missing
from their radiographic surveys had less than 1-year
employment. While the overall effect is not known, the ori-
ginal authors concluded that selection bias could not
explain the observed excess mortality.

There were a total of 90 deaths with an overall SMR of
1.16. There was a six-fold excess mortality (11 obs, 1.79
exp) from NMRD (excluding influenza and pneumonia).
The largest excess was among millers (7 obs,
SMR = 7.87), but mortality was also increased among
miners (2 obs, SMR = 3.6). Radiographic evidence of
pneumoconiosis (80% > category 2/1) taken as part of the
annual radiographic surveillance program of active work-
ers, suggested to the authors that Vermont talc exposure
was the causal agent. There was a non-significant 1.63-fold
overall excess of lung cancer, which was significant among
the miners (5 obs, SMR = 4.35) but not millers (2 obs,
SMR = 1.02). There were no cases of mesothelioma (Sel-
evan et al., 1979).

The most similar cohorts are Brown et al. (1979, 1980)
and Lamm et al. (1988) (Table 6). Lamm et al. (1988) con-
sidered workers with >1 year tenure, which can be com-
pared to Vermont. Brown et al. (1979, 1980) included all
workers irrespective of tenure.

Risks of lung cancer were similar in Vermont and the
NY talc workers with 1 or more year employment (1.63
versus 1.93, respectively) but elevated to 2.7 when all work-
ers are included. The SMR for lung cancer among NY talc
workers with less than 1-year tenure was 3.17 (6 obs)
(Lamm et al., 1988). This supports the conclusion of Lamm
et al. (1988) that the risk of lung cancer in NY talc workers
is concentrated in short-term workers and is most likely
due to risks acquired elsewhere.

Risks of NMRD were increased 3-fold in all three
cohorts. Risk of pneumoconiosis appeared to be higher
in Vermont as non-infectious respiratory disease mortality
(possible surrogate for pneumoconiosis) was increased 6-
fold compared to about 4-fold for both studies of NY talc
workers.

In the Vermont mills the mortality from NMRD was
twice that in the mines. However, the risk of lung cancer
was four times greater in the mine than mill. Exposures
in both mine and mill in Vermont were above the then stan-
dard of 20 mppcf, but cumulative exposures were thought
to be higher in the mill than the mine because mine opera-
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tions were more sporadic. Selevan et al. (1979) concluded
that for NMRD, ‘‘additional etiologic agent(s) either alone
or in combination with talc dust affect mine workers’’
because exposures were higher in the mill than in the mines
yet mortality was higher in the mines. If this same reason-
ing is used for lung cancer, one would also conclude that
other etiological agents were involved since SMRs for lung
cancer were near the null among millers in both Vermont
(Selevan et al., 1979) and the updated NY talc cohort
(Honda et al., 2002) (Table 6).

A clear limitation of the Vermont study is the small
number of deaths; there were only six lung cancer deaths
and 11 deaths from NMRD. Nevertheless, the increased
risk of lung cancer in talc miners in Vermont where there
is no evidence of exposure to asbestos or amphibole cleav-
age fragments is consistent with a conclusion that amphi-
bole cleavage fragments are not responsible for the
increased risk of lung cancer in the New York Talc miners.
On the other hand the increased risk of Non-Malignant
Respiratory Disease (Pneumoconiosis) appears to be
related to both Vermont and NY talc dust exposure. Fur-
ther follow-up and quantitative exposure–response analysis
of the NY talc cohort tested these hypotheses and found
that cumulative exposure to talc dust showed a strong asso-
ciation with pulmonary fibrosis mortality, a moderate asso-
ciation with other NMRD and no association with lung
cancer (Honda et al., 2002; Oestenstad et al., 2002).

It is informative to think about the history of these two
cohorts of similar size and similar risks and hopefully learn
some useful lessons. There has been no further follow-up of
the Vermont talc cohort. The NY cohort has been re-ana-
lyzed several times both with and without further follow-up
(Stille and Tabershaw, 1982; Lamm et al., 1988; Brown
et al., 1990; Gamble, 1993; Oestenstad et al., 2002; Honda
et al., 2002). From the earlier studies has come the common
(and current) perception that talc in the Gouverneur Talc
District contains asbestos and that ‘‘exposures to asbesti-
form tremolite and anthophyllite stand out as the prime
suspected etiologic factors associated with the observed
increase in bronchogenic cancer’’ (Brown et al., 1980).
We offer two possible reasons for this incorrect perception.

First is the difference between including and not includ-
ing short-term employees. The evidence that lung cancer
risk was concentrated in short-term workers appears to
have been outweighed by the known risks associated with
asbestos and the presumption that NY talc workers were
exposed to talc containing asbestos. The excess lung cancer
among Vermont talc miners appears to have been dis-
counted due to ‘‘talc free both of asbestiform minerals
and significant quantities of free silica’’ and the potential
for additional etiologic agents either alone or in combina-
tion with talc dust (e.g., radon).

Second, the most important limitation is with regard to
the asbestos standard for regulating asbestos minerals. The
OSHA–NIOSH definition of asbestos is inadequate for
identifying and regulating non-asbestiform amphiboles.
The crushing of rock containing non-asbestiform amphibo-
les (and other minerals) produces cleavage fragments that
conform to the OSHA–NIOSH definition of asbestos
(e.g., P3:1 aspect ratio, P5 lm length) but are not asbes-
tos fibers.

Using this definition has produced errors regarding
asbestos content of the ores that are the subject of this
review, i.e., taconite tailings dumped into Lake Superior
(see other presentations in this volume), asbestos exposure
of Homestake gold miners (Gilliam et al., 1976) as well as
talc. Other examples of the potential misuse of the federal
fiber definition for asbestos include allegations of asbestos
in play sand (Langer et al., 1991) and in crayons. The
Agency for Toxic Substances and Disease Registry (ATS-
DR) in their Public Health Statement for Asbestos suggest
that talc may contain asbestos. The Australian Govern-
ment National Occupational and Health Commission say
that industrial talc generally contains ‘‘asbestos fibers,
notably tremolite’’. By this standard one might include
all the negative control talc cohorts as positive controls
of workers exposed to asbestiform amphiboles. More
examples are readily available on the internet. While
amphiboles are sometimes present in some talc, asbesti-
form amphiboles occur very rarely as a geological curiosity
and not as far as we are aware using a mineralogical defi-
nition in any commercial or industrial talc.

The reasons for the increased risks of lung cancer in the
New York and Vermont mining areas still remain specula-
tive. Exposure to radon may be one reason as levels were
apparently elevated in the Vermont Mines. The possibility
that miners worked in areas of high asbestiform tremolite
in the past cannot be totally excluded on present evidence
as in one closed mine in Vermont ‘‘cobblestones of serpen-
tine rock which were ‘‘highly tremolitic’’ have been
reported, although workers in the Vermont cohort were
considered unlikely to have had such exposure (Selevan
et al., 1979). Whether this was asbestiform tremolite is
not described although this appears to be inferred.

16. Italian talc

Italian talc is very pure and is used in the pharmaceutical
and cosmetic industries. Miners and millers in this industry
were studied for mortality (Rubino et al., 1976, 1979; Coggi-
ola et al., 2003). Miners were analyzed separately from mill-
ers because of silica exposure in the mine. The silica content
of airborne dust in the mines was as high as 18% in drilling
operations from footwall contact rocks, rock type inclu-
sions, and carbonate, calcite and magnesite inclusions. The
quartz content of the rock strata was inconsistent, ranging
from 10% to 45%. Other minerals in the inclusions included
muscovite, chlorite, garnet, and some carbonate material. A
small amount of (non-asbestiform?) tremolite was detected
in the inclusions but not in the talc samples. Talc samples
were commonly contaminated with chlorite. From 1920 to
1950 there was dry drilling and no forced ventilation so expo-
sures were over 10 times the TLV (which appears to have
been about 25 mppcf at that time) in the mines and a little



J.F. Gamble, G.W. Gibbs / Regulatory Toxicology and Pharmacology 52 (2008) S154–S186 S171
over the TLV in the mills. Wet drilling and forced ventilation
were introduced in about 1950 and dust concentrations
dropped precipitously to about 1 mppcf and well below the
TLV. Concentrations in the mills were reduced slightly and
slowly and after about 1960 were higher than in the mines
(Rubino et al., 1976).

Coggiola et al. (2003) updated the earlier talc studies by
Rubino et al. (1976, 1979). The updated cohort comprised
1795 men with at least 1 year of employment 1946–1995
and national rates were used for comparisons. There were
880 observed deaths with an overall SMR of 1.20 (1.12–
1.28). There were slight deficits in observed lung cancer
and total cancer and there were no mesotheliomas.

The SMR for lung cancer was 1.07 (0.73–1.50) for min-
ers, while there was a deficit of lung cancer with an SMR of
0.69 (0.34–1.23) in millers. There was a 2-fold excess of
NMRD due mainly to silicosis with the excess occurring
among miners with a significant SMR of 3.05 (2.50–3.70)
compared to 1.04 (0.65–1.57) among millers. Exposure–
response was examined using duration of exposure. This
showed that for miners the only lung cancer excess was
in the <10-year exposure group while for NMRD the expo-
sure–response trends were flat with all categories of dura-
tion of exposure showing about a 2-fold excess mortality.

The authors concluded there was no association between
lung cancer or mesothelioma and exposure to talc contain-
ing no asbestos fibers. But there was an association in min-
ers between NMRD (primarily silicosis) and talc
containing quartz.

17. French and Austrian talcs

Wild et al. (2002) conducted cohort studies of talc work-
ers in France and Austria with nested case–control studies
of lung cancer and NMRD. The French ore was a talc
chlorite mixture with quartz contamination ranging from
undetectable to less than 3%. In Austria, three mines were
studied. At one site the ore was a talc–chlorite mixture with
0.5–4% quartz. Rock containing about 25% gneiss was not
milled. A talc–dolomite mixture of 25% medium talc and
<1% quartz in the final product was the product at the sec-
ond mine. The ore at the third site did not contain talc but
was mixture of approximately equal proportions of quartz,
chlorite and mica. Workers were stratified into semi-quan-
titative exposure categories. The non-exposed group con-
sisted of office workers not exposed to talc and personal
dust samples averaged 0.2 mg/m3. The low exposure group
was for workers with no direct contact to talc, such as
maintenance workers, and concentrations were less than
5 mg/m3. The medium exposure category included workers
exposed to concentrations between 5 and 30 mg/m3 for
dustier areas such as bagging or milling and onsite mainte-
nance. Quartz exposures occurred mostly in underground
mining, tunneling and barrage building and milling prod-
ucts at site D. The highest exposure category was reserved
for past production jobs (all before 1980) where concentra-
tions were >30 mg/m3. Some samples produced concentra-
tions >50 mg/m3 and higher. Three samples taken on
workers wearing personal protective equipment were 73,
82 and 159 mg/m3. To calculate cumulative exposures, val-
ues of 2.5, 10 and 40 mg/m3 were assigned to the low, med-
ium and high exposure jobs.

The French cohort consisted of 1070 men with more
than one year tenure between 1945 and 1995, with vital sta-
tus follow-up through 1996. The Austrian cohort consisted
of 542 men with >1-year tenure between 1972 through 1995
and vital status follow-up during this same period. Three
controls per each case of NMRD and lung cancer from
both the French and Austrian cohorts were matched on
age and calendar year of employment.

Overall mortality was below expected. There were 294
deaths in the French cohort in the period 1968–1996 for
an SMR of 0.93 (0.82–1.04). The Austrian cohort was
smaller with 67 deaths and an SMR of 0.75 (0.58–0.95).
In the French cohort SMRs were only slightly elevated
for NMRD and lung cancer (1.06 and 1.23. respectively)
but were increased over five-fold (SMR 5.56 CI 1.12–
16.2) for the three cases with pneumoconiosis. There were
zero mesotheliomas.

The case–control studies combined the French and Aus-
trian cohorts. There were 40 combined deaths from
NMRD: 10 from pneumoconiosis (including silicotubercu-
losis), 10 from chronic obstructive pulmonary disease
(COPD, restricted to chronic bronchitis and airway
obstruction), and 20 deaths from pneumonia and other dis-
eases. When analyzed by exposure categories, the expo-
sure–response trend for NMRD was not monotonic, with
no apparent increased mortality below 400 mg/m3 years
and 2-, and 2.5-fold increased risks in the two highest expo-
sure categories respectively. When analyzed by conditional
logistic regression there was a significant exposure–
response trend with an 8% increased risk per 100 mg/
m3 years exposure. The slope was even higher for pneumo-
coniosis, 1.17 for pneumoconiosis versus 1.08 for NMRD.
The slope was only 1.02 for COPD. Adjustments for covar-
iates in the regression analyses had little effect on these
trends. Smoking prevalences were similar between cases
and controls with about 40% non-smokers (Fig. 5).

There were 30 combined lung cancer cases. There was a
negative exposure–response trend with odds ratios of 0.6
and 0.73 in the two highest exposure categories. The trend
was unchanged when adjustments were made for smoking,
quartz, working underground or when lagging the expo-
sure estimates. Also, there were no trends when analyzed
by maximum dose, latency, or duration of exposure (data
not shown). About 40% of the controls were non-smokers
compared to about 8% (1/19) among cases although smok-
ing classification was unknown on about half of the cases.

Wild et al. (2002) concluded that the small excess of lung
cancer was not due to talc, despite follow-up of over
50 years, high exposures and mean duration of exposure
>20 years.

The pattern of mortality of workers exposed to cleavage
fragments in the New York talc mines and mills (Fig. 3) is
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very similar to that of workers in the French and Austrian
mines and mills where there was no exposure to cleavage
fragments (Fig. 5). A limitation in these comparisons is
the very large differences in cumulative exposures. If they
are comparable, the dust to which the New York miners
and millers are exposed is considerably more potent than
that in the French and Austrian mines and mills from the
standpoint of increasing lung fibrosis/pneumoconiosis.
On the other hand, this ‘‘apparently highly potent pneumo-
coniosis producing dust’’ does not increase lung cancer
risk.

These studies show that ‘‘pure’’ talc does not increase
lung cancer risk. This is consistent with the observations
for the New York millers, exposed to talc as there was
no excess lung cancer in talc millers.
18. Asbestos-exposed cohorts for comparison with talc
workers

There are two ore deposits containing tremolite asbestos
or anthophyllite asbestos potentially suitable for compari-
son with the talc cohorts exposed to non-asbestiform trem-
olite and asbestos. One site is the vermiculite mine located
in Libby, Montana with significant contamination from
tremolite asbestos. The other is an anthophyllite asbestos
mine in Finland.
18.1. Libby, Montana vermiculite mine contaminated with

asbestiform amphibole

Ore fed to the mill in Libby, Montana contains 4-6%
asbestiform amphiboles (about half tremolite asbestos
and the other half a mixture of winchite and richterite in
the tremolitic series, Nolan et al., 1991). The health concern
is the asbestiform amphibole contamination in these ores
and not the vermiculite itself.

The raw ore and vermiculite concentrate from the Libby
mine contain both asbestiform and non-asbestiform tremo-
lite–actinolite and non-fibrous anthophyllite. Atkinson
et al. (1982) found 21-26% fibrous tremolite–actinolite in
the raw ore and 2–6% in the concentrate. Company data
taken several years later indicated 3.5–6.4% at the head
feed of the mill and 0.4–1% in the concentrate (Amandus
et al., 1987a). After removal of coarse rock the ore con-
tained about 20% vermiculite, 21–26% fibrous tremolite–
actinolite and the rest augite, biotite, calcite, diopside,
hornblende, magnetite, quartz, sphene, and apparently
non-fibrous tremolite–actinolite (McDonald et al.,
1986a,b).

Eight airborne samples from the mill and screening
plant examined by phase contrast light microscopy indi-
cated the asbestiform nature of the particles: 96% had
aspect ratios >10, 67% >20 and 16% >50. In addition,
73% of the fibers were longer than 10 lm, 36% >20 lm
and 11% >40 lm and width was <2.5 lm in all instances
(Amandus et al., 1987a).

Two independent mortality studies of the Montana ver-
miculite have been conducted. McDonald et al. (1986a,b)
conducted a radiological survey and a cohort and nested
case–control study of 406 persons employed for at least a
year prior to 1963 with follow-up until 1983. The cohort
study was subsequently updated with follow-up to 1999
(McDonald et al., 2002, 2004). We will primarily focus
on the up-dated analysis. Exposure was estimated from
first exposure (1945) to 1982 when work histories were no
longer available. By this date most of the cohort was no
longer employed and fiber concentrations were about
0.1 f/mL. The plant closed in 1990. Before wet milling pro-
cesses were installed, fiber concentrations were very high
(estimates of >100 f/mL). A wet mill was installed in
1955 and an entirely wet process replaced both wet and
dry mills in 1974 so by 1980 nearly all concentrations were
<1 f/ml. Exposure–response was estimated by both cate-
gorical and linear exposure–response (E–R) Poisson regres-
sion models and excluding those with <10 years latency.
Average and cumulative exposure metrics showed similar
relationships with mortality (Table 7).

The overall all cause SMR was 1.27 (1.13–1.43). SMRs
for lung cancer and NMRD were 2.40 (1.74–3.22) and
3.09 (2.30–4.06), respectively; the PMR for mesothelioma
was 4.2%. Exposure–response trends were not linear, as
risks of lung cancer, NMRD and mesothelioma increased
steeply in the second quartile exposure category and
showed less steep slopes in the third and fourth exposure
quartiles (Fig. 4 and Table 7).

The other Libby cohort study was by NIOSH and pub-
lished in 3 sections that included exposure estimates
(Amandus et al., 1987a), cohort mortality study (Amandus
and Wheeler, 1987b) and a cross-sectional radiographic
study (Amandus et al., 1987c). Amandus and Wheeler



Table 7
Mesothelioma/lung cancer experience—non-asbestiform anthophyllite and anthophyllite asbestos miners and tremolite asbestos

Study population Follow-up period N in cohort (%
deaths)

PMR
(mesothelioma/
total deaths)

Lung cancer SMR (95% confidence
intervals)

Talc workers, NY State, Honda
et al. (2002)

White men actively employed >1 day
between 1948 and 1989 and alive in or
after 1950. Follow-up 1950 thru 1989

809 (27%) Mill = 377
Mine = 311

2/209 = 0.96%a 31/13 = 2.32 (1.57–3.29) Mill: 7/
5.5 = 1.28 (0.51–2.63) Mine: 18/
4.6 = 3.94 (2.33–6.22)

Norwegian talc workers,
Wergeland et al. (1990)

Miners >1 year 1944–1972; Millers
>2 years 1935–1972; Follow-up 1953–
1987

Total (M) 389
(30.1%) 94 miners
(28.7%) 295 millers
(30.5%)

0/117 = 0% 0/
27 = 0% 0/
90 = 0%

Incidence (SIR): 6/6.49 = 0.92
(0.34–2.01) 2/1.27 = 1.57 4/
5.22 = 0.77

Finnish anthophyllite asbestos
miners, Karjalainen et al.
(1994), Meurman et al.
(1994)

>3 months 1953–1967; Follow-up 1953–
1991

999 (59.4%) M = 736
(68.3%) F = 167
(53.9%)

4/593 (0.7%)
M = 4/503
(0.8%) F = 0/90
(0%)

Incidence: SIR M: 76/26.4 = 2.88
(2.27–3.6) Heavy Exp: 3.15 (2.37–
4.09) Mod Exp: 2.35 (1.45–3.58)

Vermiculite miners, Libby,
MN, McDonald et al. (2004)

>1 year before 1963, followed to 1999 406 70.2% mortality 12/285 = 4.2% 44/18.3 = 2.40 (1.74–3.22)

South Carolina Vermiculite,
McDonald et al. (1988)

<6 months 1971–1986, followed to 1986 194 51/194 = 27.8%
(>15 years latency)

0/51 = 0% 4/3.31 = 1.21 (0.33–3.09)

a See text. Cases were not considered to have resulted from work at the talc mine. One case had latency of 15 years and one was a draftsman during
construction only.

Table 8
Dimensions of elongated particles associated with various amphibole exposure industries studied experimentally and/or epidemiologically

Cohort Width (lm) Length (lm) Reference

Libby vermiculite; tremolite asbestos 46%, <0.25 62%, >5 Langer et al. (1974)
Homestake gold mine (CG = cummingtonite–grunerite)

(TA = tremolite–actinolite) (GM = geometric mean)
69% CG: GM = 0.43 15%
TA: GM = 0.27

34%, >5; 32%, >5 Brown et al. (1986)

0%, <0.25 minimum 0.3
mean 1.1

Mean 4.6; Max
17.5

Virta et al. (1983)

Taconite 0%, <0.25 min 0.25 mean
1.2

Mean 5.5; Max
32.4

Wylie (1988)

Vanderbilt tremolitic talc 0%, <0.25 Kelse and Thompson (1989)

Experimental studies

Korean tremolite asbestos >5 lm L 44.7%, <0.25 11.8%, >5 [1.9] Addison (2004), Davis et al.
(1985)

Californian white tremolite asbestos (Davis et al., 1991) 50%, <0.25 14.9%, >5 [3.2] Addison (2004)

Swansea tremolite asbestos (Davis et al., 1991) 8.2%, <0.25 33.6%, >5 [1.0] Addison (2004)

Italian tremolite (Davis et al., 1991) 13.3%, <0.25 9.7%, >5 [0.27] Addison (2004)

Greenland tremolite, Wagner et al. (1982) 0%, <0.25 100%, <10 Wagner and Berry (1969),
Wagner et al. (1982)

Dornie, Scotland tremolite, Davis et al. (1991) 13.7%, <0.25 22.5%, >5 [0.1] Addison (2004)

Shinness tremolite, Davis et al. (1991) 13.8%, <0.25 10.6%, >5 [0] Addison (2004)

Ferro-actinolite asbestos Median: 0.24,
range: 0.03–5.2

Median: 1.50,
range: 0.3–52.5

Coffin et al. (1982)

UICC Amosite Median: 0.22,
range: 0.02–4.1

Median: 1.8,
range: 0.15–378

Coffin et al. (1982)

Figures in [] = % >5 lm and less than 0.25 lm. Addison (2004) provided figures from Davis et al. (1991), calculated from the fiber numbers in the doses
used in the experiments by Davis et al.
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(1987b) also reported positive exposure–response trends
for lung cancer with an almost 7-fold increased SMR in
the high exposure category with more than 20-years
latency. The PMR for mesothelioma was 2.2% considering
only those with 20 years or more latency.
These results are a marked contrast to the decreasing
trend of lung cancer with increasing exposure seen in the
St. Lawrence, NY talc workers. There is little doubt that
the mesothelioma experience of the Montana work force
is considerably worse than that of the talc miners. This is
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in spite of the fact that the New York talc workers are
reported to have been exposed to dusts containing a very
high percentage of non-asbestiform amphibole fibers
(Kelse and Thompson, 1989).

The amphiboles in St. Lawrence, NY talc are non-asbes-
tiform while they are asbestos in the Libby deposit (Kelse
and Thompson, 1989; Langer and Nolan, 1989; Thomp-
son, 1984; Dement et al., 1980).

Risk of pneumoconiosis, lung cancer and mesothelioma
clearly increase as cumulative exposure to asbestiform
tremolite increases (Fig. 4). For the talc workers exposed
to non-asbestiform tremolite, the risk of NMRD and pneu-
moconiosis increase as exposure increases, but the trends
are reversed for lung cancer (inverse trend) and for meso-
thelioma (no cases so there is no trend) (Fig. 3).

18.2. Finnish anthophyllite asbestos miners/ millers

Dement et al. (1980) mentioned the study of Finnish
miners by Meurman et al. (1974) in the belief that both
the NY talc and Finnish anthophyllite asbestos cohorts
were exposed to asbestiform anthophyllite. They recom-
mended that the risk of mesothelioma should be further
studied by further follow-up of the NY talc workers. Both
the NY talc (Honda et al., 2002) and anthophyllite asbestos
cohorts have had further follow-up so the maximum
latency in Finland is now about 40 years (Karjalainen
et al., 1994; Meurman et al., 1994), which is about the same
as for NY talc workers (Honda et al., 2002).

In the updated Finnish study there was a significant 2.9-
fold excess incidence of lung cancer overall with a some-
what higher risk in the heavily exposed males (SIR 3.15)
than in moderately exposed (SIR 2.35). There were four
mesothelioma cases for a significant 46-fold increased
SIR (95% CI = 12.2–115) overall (or a PMR of 0.7%,
4/593). All of the cases were in the heavy exposure group
where there was a 67-fold excess (95% CI = 18.3–172)
and all four had asbestosis. Asbestosis was mentioned on
20% of all death certificates (Karjalainen et al., 1994;
Meurman et al., 1994).

18.3. Mesothelioma comparison

In the NY talc cohort, Honda et al. (2002) reported two
deaths from mesothelioma. One was coded as benign neo-
plasm of the respiratory system and the other as malignant
neoplasm of the lung and bronchus, unspecified. One man
worked for 15 years and died 15 years after starting work
at the talc facility. He had been a carpenter and millwright
for 16 years, 8 years as a lead miner and 5 years as a repair-
man in a milk plant. The other man worked briefly at the
facility as a draftsman during mill construction in 1947–
8. He would have had minimal talc exposure. He had been
employed on the construction of a previous talc mine, and
then installed oil burning heating systems. Honda et al.
(2002) concluded it is unlikely that either of these cases
occurred as a result of talc exposure in the mine or mill.
In essence, there are no mesothelioma cases that are plau-
sibly related to occupational exposure to Gouverneur talc.

Vianna et al. (1981) reported a mesothelioma rate in Jef-
ferson County twice that of New York State based on an
incidence study of histologically confirmed mesothelioma
cases. A total of six cases, four male and two female cases
diagnosed between 1973 and 1978 were reported to have
occurred in talc miners. Enterline and Henderson (1987)
reported an excess mesothelioma incidence in Jefferson
County from 1968 to 1981 with 4 female (0.6 expected)
cases and 7 male (1.4 expected) cases for risk ratios of
6.7 and 5.0, respectively. These latter rates were the second
and sixth highest in the USA and occur in the county next
to the one where the talc mines are located.

Hull et al. (2002) drew attention to these elevated
rates, added ‘‘five new mesothelioma cases,’’ and con-
cluded that New York talc exposure was associated with
an increased risk of mesothelioma. This conclusion is
inconsistent with the limited available data as outlined
in the following:

• The entire work histories of the ‘‘talc miners’’ with
mesothelioma are apparently not known. Exposure to
asbestos in other jobs is likely given the diagnosis of
asbestosis and the smaller widths of the fibers in lung
tissue.

• Hull et al. (2002) attempt to interpret the results of their
tissue analyses based on only two mesothelioma cases.
This sample is too limited to reach any reliable conclu-
sions. Available data do not support a talc etiology.

• Fiber dimensions are consistent with asbestos exposure
as the mean fiber widths in the two mesothelioma cases
examined are less than 0.25 lm, which are the dimen-
sions characteristic of asbestos.

• The source of the fibers in the lungs is unlikely to be NY
talc mines. The average width of the fibers in the meso-
thelioma lungs was 0.15 lm, which is considerably less
than the average width of 1.3 lm of anthophyllite and
tremolite in milled talc samples (Siegrist and Wylie,
1980). Kelse and Thompson (1989) reported that 0%
of the fibers in NY talc samples had widths less than
0.25 lm.

• Asbestos-related employment occurs among residents of
both St. Lawrence and Jefferson counties. Fitzgerald
et al. (1991) reported that 39% of workers with radio-
graphic abnormalities of parenchyma and pleura had
been employed for a year or more in asbestos-related
industries (e.g., shipyard, construction, pipe and furnace
insulation).

• Two of the five cases had worked only 4 and 2 years in
occupations likely to be linked to the mining industry.
One of these persons died at age 72 and the other at
age 53. There was no information concerning their
employment during the rest of their lives.

• A non-talc etiology for mesothelioma is plausible. As
noted above, females in the talc mining counties have
a greater risk of mesothelioma than males (Enterline
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and Henderson, 1987). On the other hand, the cohort
data on talc workers is based on men because less than
5% of those hired in the talc industry were women
(Honda et al., 2002; Brown et al., 1990; Lamm et al.,
1988).

• In the cohorts, the worker populations and exposures
are well defined and no association is observed between
talc or non-asbestiform amphibole exposure and meso-
thelioma in the absence of possible asbestos exposure.
The cohort studies provide a more reliable estimate of
risk than a small case report with limited information
on exposure.

• Hull et al. (2002) indicate the ‘‘increased pleural meso-
thelioma mortality [is] in Jefferson County’’. Jefferson
County stopped producing talc about 100 years ago
and all talc over the past century has been mined in
St. Lawrence County.

• In the Libby cohort there were twelve mesothelioma
cases. The PMR was 4.2 %. Exposure to tremolite asbes-
tos in the Libby vermiculite clearly increased the risk of
mesothelioma significantly (McDonald et al., 2004). The
risk of mesothelioma among anthophyllite asbestos
workers was less than the risk among crocidolite miners
but almost as great as among amosite miners (Meurman
et al., 1994). These comparisons show a clear excess inci-
dence of mesothelioma for workers exposed to asbesti-
form tremolite and anthophyllite, but no
mesothelioma attributable to exposure to non-asbesti-
form tremolite/actinolite or anthophyllite. These com-
parisons are graphically displayed in Fig. 6.
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18.4. Lung cancer comparison

There was an overall 2-fold increased rate of lung cancer
in the Gouverneur talc miners and millers compared to the
surrounding counties in which the mine was located. This
excess of lung cancer was not associated with dust exposure
but was concentrated in miners with an SMR of 3.94 (CI
3.33–6.22) while millers had only a small increased risk
with an SMR of 1.28 (CI 0.51–2.63). In contrast, non-
malignant respiratory disease mortality was associated
with dust exposure as it was increased in both miners
(SMR 2.41, CI 1.16–4.44) and in millers (SMR 2.27 CI
1.13–4.07) to almost the same extent. Smoking was clearly
a confounding exposure as 100% of cases were smokers or
ex-smokers but only 73% among controls. When exposure–
response relationships were examined, the rate ratio for the
highest respirable dust exposed workers to the lowest respi-
rable dust exposed workers was 0.5 (0.2-1.3) for lung can-
cer and 11.8 (3.1-44.9) for pulmonary fibrosis (Fig. 3). One
would expect that a respirable dust exposure index would
reflect the respirable fractions of dust regardless of compo-
sition. Thus, the results indicate that the lung cancer excess
in this industry is largely due to smoking and unlikely to be
the result of exposure to the respirable fraction of dust
(which would include talc and cleavage fragments of the
various amphibole minerals). However the data suggest
that the respirable dust did increase the risk of fibrosis.

In asbestos producing or using industries where midget
impinger measurements were used as a basis for exposure
estimates (Liddell et al., 1997), the risk of lung cancer
increased with increasing levels of exposure. This illustrates
the validity of exposure indices based on midget impinger
measurements for assessing fiber-related risks, at least
when exposures are high. However, in this talc mine, expo-
sure estimates derived from midget impinger measurements
(Oestenstad et al., 2002), showed no such relationship. If
cleavage fragments were responsible for the lung cancer
excess, an exposure–response relationship would have been
anticipated.

To date a satisfactory explanation for the observation of
an overall excess of lung cancer and for the concentration
of the excess in miners rather than millers has not been
found for workers exposed to either NY or Vermont talc,
although at least part of the excess among NY talc workers
is due to smoking (Gamble, 1993; Honda et al., 2002). If
the airborne dust contained over 70% amphibole asbestos
fibers as reported by Dement et al. (1980), there should
an overall increased risk of lung cancer, which there is.
But there should also be a logical increasing risk of lung
cancer with increasing dust exposure, with a very high risk
of lung cancer in highly exposed workers. This is clearly
not the case.

In Finland where the incidence of cancer has been stud-
ied in anthophyllite miners, it was found that among heav-
ily exposed male workers, the standardized incidence ratio
(SIR) for lung cancer was 5.54 (CI = 3.90–7.63) and among
moderately exposed workers it was 1.63 (0.20–5.89). The
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heavily exposed were those who worked in the mine or mill
and the moderately exposed included all other personnel
(Meurman et al., 1994). This exposure–response pattern
is quite the opposite of that in the New York talc mines
and mills.

There were consistent positive exposure–response
trends for lung cancer risk as occurred with the increased
asbestiform amphibole exposure in the Libby cohort. The
slope of the exposure–response curve was steeper for lung
cancer than for pneumoconiosis and for mesothelioma
(Fig. 4).

The clear exposure–response trends for lung cancer to
increase with increasing exposure to asbestiform tremolite
and anthophyllite is in marked contrast to the negative
exposure–response trend for lung cancer risk to decrease
with increasing exposure to non-asbestiform tremolite
and anthophyllite present in industrial talc. The pattern
of increasing risk of fibrosis is consistent with exposure
to mineral dust with or without the presence of tremolite
asbestos. These lung cancer comparisons are graphically
displayed in Fig. 6.

19. Biological plausibility

Biological plausibility is not a necessary prerequisite to
establishing a causal association, but it is considered ‘‘help-
ful’’ (Hill, 1965). Experimental evidence is available to con-
sider whether or not cleavage fragments are more or less
carcinogenic than asbestos fibers. These issues have been
independently evaluated by Addison and McConnell and
Mossman, elsewhere in this volume.

Experimental studies have the potential advantage of
precisely defining the characteristics of the minerals and
amount of exposure. However there are also difficulties
that affect the studies and their interpretation. Hence it is
important to examine the overall pattern of biological
responses to asbestos fibers and cleavage fragments rather
than the results of single studies. Feeding studies have been
considered elsewhere (Wilson et al., 2008).

Many experiments in animals have been used to assess
the potential of fibers to produce mesothelioma-type neo-
plasms. For example, Stanton et al. (1981) counted as a
positive response, pleural sarcomas that resembled the mes-
enchymal mesothelioma of man. The observed response is
a measure of potential hazard rather than risk. Neverthe-
less such studies have been helpful in suggesting the mor-
phological characteristics of particles in relation to
‘‘mesothelioma’’ producing potency. ‘‘Index particles’’
have been derived from these experiments. For example,
based on the work of Stanton and colleagues the index par-
ticle is >8 lm long and <0.25 lm wide and is the best pre-
dictor of tumors without regard to the chemical
composition of the particle. As far as we were able to ascer-
tain, few if any cleavage fragments have the combination of
diameter less than 0.25 lm and length greater than 8 lm.
This would suggest that cleavage fragments are not the
most potent particles for the production of mesothelioma.
Different exposure techniques have been used, but most
have not involved the inhalation route of exposure applica-
ble to humans. Most experiments have involved placing
fibers onto the pleural or into the peritoneal cavity or injec-
tions intratracheally, routes of exposure which are artifi-
cial. The incidence of tumors is therefore higher and the
tests are likely to be more sensitive than by inhalation.
However, these experiments ignore the factors which limit
fiber passage to these sites and also the alterations to the
particles during their passage to these sites if they get there
at all. Nevertheless, these data are useful in hazard assess-
ment, as the absence of ‘‘mesothelioma’’ occurrence when
fibers are placed directly on the pleura or peritoneum in
sufficient numbers, is strong evidence that human inhala-
tion exposure is unlikely to be hazardous.

Samples used in experimental studies are not always
related to the minerals to which workers are exposed.
For example, no experimental studies of the Homestake
gold ore were found. On the other hand, there are several
studies of tremolitic talc samples from the Gouverneur
mine in New York State (talc samples 6 and 7 used by
Stanton et al. (1981); FD-14 used by Smith et al. (1979)
and FD-275 (non-asbestiform tremolite) used by Smith
et al. (1979) and by McConnell et al. (1983)) in feeding
studies. Wylie et al. (1997) used in-vitro cell studies to com-
pare the effects of asbestos fibers to talc fibers and transi-
tional fibers in NY talc.

Fig. 7 shows the results of rat injection studies of asbes-
tiform and non-asbestiform varieties of amphiboles, pri-
marily tremolite. These data show a consistent pattern of
high incidence of mesothelioma tumors with exposure to
tremolite asbestos from South Korea, California, Swansea
and Italy (Davis et al., 1985; Wagner and Berry, 1969;
Wagner et al., 1982; Stanton et al., 1981). The mesotheli-
oma incidence of both controls and samples was around
10%. The two Scottish tremolites studied contained rela-
tively few asbestiform fibers and there was little difference
between the control and exposed rats irrespective of
whether the tremolite was asbestiform or not. Davis et al.
(1991) noted that the intraperitoneal injection test used in
their experiments is extremely sensitive so that any dust
that produces fewer than 10% tumors is unlikely to show
evidence of carcinogenicity by inhalation. Thus the non-
asbestiform Scottish tremolite from Shinness was consid-
ered to pose no hazard.

The Scottish tremolite from Dornie was considered to be
probably harmless as well. The latter sample was described
as containing mostly cleavage fragments but also some very
long, thin fibers, with a possible small asbestiform subpop-
ulation. These results should be contrasted with those of
asbestiform tremolite from Italy, California, Swansea and
South Korea, which showed incidences of 70-100%. The
Italian tremolite was described as a needle-like (byssolite)
tremolite fiber but later shown to have an asbestiform com-
ponent. For this fiber, the induction of tumors was much
later than for the three asbestos types from California,
Swansea and Korea. This is a normal response to a small
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dose of amphibole asbestos. Incidence was reduced to near
zero for samples of non-asbestiform tremolite and talc
fibers (Wagner et al., 1982; Stanton et al., 1981). Smith
et al. (1979) assessed the incidence of tumors after injection
of NY tremolitic talc and tremolite asbestos at two differ-
ent doses. There were clear exposure–response trends for
the asbestiform tremolite but no effect of non-asbestiform
tremolite at either 10 or 25 mg exposures (Fig. 8).
20. Statistical analysis of potency by size, shape and

mineralogy

Berman et al. (1995) conducted a statistical reanalysis of
inhalation studies using data from studies of AF/HAN rats
exposed to different types of asbestos to identify the expo-
sure metrics that best predicted the incidence of lung cancer
or mesothelioma. New exposure metrics were first gener-
ated from samples of the original dust because of limita-
tions in the original characterizations. This analysis
provided more detailed information on mineralogy [i.e.,
chrysotile, grunerite (amosite) asbestos, riebeckite (crocid-
olite), tremolite asbestos)], type of structure (i.e., fiber, bun-
dle, cluster, matrix), size (length, width) and complexity
(i.e., number of identifiable components). In particular,
transmission electron microscopy (TEM) was added to
the descriptions so that asbestos structures less than
0.2 lm could be detected and identified and used in the sta-
tistical analysis of size distributions to evaluate combined
effects of length and width.

Implantation and injection studies generally indicate
long, thin fibers are most likely to induce mesothelioma.
However, Berman et al. (1995) considered inhalation stud-
ies more relevant for assessing human risk because lung
retention and transport from the lungs are likely to be
important variables in potency but are bypassed in the
implantation/injection studies. Also the exposure metrics
from these studies are unable to satisfactorily predict
tumor incidence (for example see Oehlert, 1991).

The analysis by Berman et al. (1995) indicated that par-
ticles contributing to lung tumor risk are long (>5 lm) thin
(<0.4 lm) fibers or bundles with the potency increasing as
length increases. For example, thin fibers longer than
40 lm are about 500 times more potent than thin fibers
5-40 lm in length. Long and very thick particles (>5 lm)
may pose some risk, but these appear to be complex struc-
tures rather than fibers. It is hypothesized that these struc-
tures with large widths may break down and release
additional long thin fibers or bundles. Short particles less
than 5 lm in length do not appear to pose any lung cancer
risk in this database. Thus in rats a particle length of 5 lm
or less (or as Berman et al. suggest, 5-10 lm or less)
appears to have zero potency.

The only other available data set for quantitatively
assessing particle size is that of Stanton et al. (1981). The
Berman et al. (1995) data set is considered more relevant
because

1. It is based on an inhalation rather than implantation
route of exposure;

2. It includes a range of representative samples of both
asbestos fiber-types and particle sizes;
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3. There is a more detailed characterization of long parti-
cles and complex structures than any other experimental
study; and

4. The statistical analysis is more appropriate.

The analysis by Berman et al. (1995) is more appropriate
as logarithms were not used, which avoided the problem of
zero exposures in some size ranges and 0 tumors at some
exposures. Also, an optimum exposure index was deter-
mined that provides a statistically adequate fit to the data.
The models used by Stanton et al. (1981) do not fit the data
well and therefore do not adequately describe the ranking
of particle size potency.

In a statistical reanalysis of the Stanton et al. (1981)
data, Oehlert (1991) confirmed the Stanton hypothesis that
the primary ability of mineral particles to cause tumors are
their dimensional properties, namely index particles that
are long and thin (>8 lm long and <0.25 lm wide). Using
improved models that fit the data better, Oehlert (1991)
reinforced the idea that very long, very thin particles were
the best predictors for tumors and that particles with
dimensions outside the index class did not contribute to
carcinogenicity. This is also in agreement with Berman
et al. (1995) that non-index particles have essentially zero
potency.

Oehlert (1991) disagreed with the Stanton hypothesis
that dimensions alone determine carcinogenic potency.
Model fit was significantly improved by assessing each min-
eral type separately, which indicates mineral type is also
important. This disagreement was unfounded, as in fact,
Stanton, himself noted that the solubility of the fiber was
also important, a parameter that would be incorporated
in any analysis by considering fiber type. Dimensions are
necessary but are not alone sufficient to classify a substance
as capable of inducing tumors. It is now well established
that factors such as particle solubility and perhaps surface
properties are also important. For example, fibrous talc
from the Gouverneur talc deposit in New York is not
equivalent (0% tumor probability) to grunerite (amosite)
asbestos (93% tumor probability) in tumor producing
potential although the dimensions are similar (Stanton
et al., 1981).

In sum, the Oehlert (1991) reanalysis of the Stanton
et al. (1981) data is consistent with Berman et al. (1995)
that particles of certain dimensions are important predic-
tors of tumor incidence. Long and thin particles are the sig-
nificant dimensions. Also, the minerals comprising
sufficient particles in these size ranges to produce tumors
included asbestos (crocidolite, amosite, and tremolite
asbestos) but not the non-asbestiform amphibole mineral
(tremolitic talc).

Given the importance of width and length from these
experimental data, it is useful to summarize available data
on dimensions of amphiboles in the epidemiological studies
summarized in previous sections (Table 8).

This analysis indicates the low amounts or absence of
long, thin particles in the size ranges that predict lung
tumors or mesothelioma in the three ore bodies containing
non-asbestiform amphiboles (NY talc, taconite and
Homestake). A primary interest in studying these workers
is the fact that they were exposed to non-asbestiform
amphiboles. Steenland and Brown (1995) expressed the
interest as follows: ‘‘Non-asbestiform amphibole fibers
have not been shown to cause lung cancer, but are suspect

because of their similarity to asbestiform fibers (emphasis
added)’’. The data in Table 8 and noted above suggest that
the similarity is applicable only to chemistry since there is
no similarity in the occurrence of index particles. The long
thin elongated particles (fibers) capable of inducing tumors
are common in asbestiform amphiboles and absent in non-
asbestiform amphiboles.

The absence of long thin particles in the size ranges iden-
tified by Stanton et al. (1981) and by Berman et al. (1995)
as responsible for lung cancer and mesothelioma experi-
mentally from ores containing non-asbestiform amphiboles
detracts from the hypothesis that non-asbestiform particles
have a carcinogenic potency similar to asbestos fibers. The
other parameter which is now recognized as being impor-
tant is biopersistence. As the cleavage fragments are in gen-
eral shorter than the asbestos fibers they are likely to be
more readily removed by macrophages than the asbestos.
On the other hand, the solubility difference between cleav-
age fragments and fibers is not known, although Ilgren
(2004) suggests greater solubility of cleavage fragments.
However, it is possible that fibers, because they could split
apart, would have greater surface areas and might be more
soluble than cleavage fragments of the same dimensions.
This would mean that they would have greater lung biop-
ersistence than fibers. On this basis, long cleavage frag-
ments would have the potential to pose a lung cancer/
mesothelioma risk if cleavage fragments had the same bio-
logical potency as asbestos fibers of the same length.

In fact, this is not a real problem because the biopersis-
tence of the amphibole fibers is known to be very high.
Even if there were long cleavage fragments, their large
diameters would reduce the risk compared to asbestos
and their retention would be highly unlikely to render them
more hazardous than the asbestos fibers. In this regard, it
should be noted that the sample FD14 from the NY
deposit did contain elongated particles that ranged up to
50 lm in length (Griegner and McCrone, 1972) and did
not produce mesothelioma.

Conclusions about cleavage fragments from some of the
other experiments are somewhat limited because, for exam-
ple, the sample of Greenland non-asbestiform tremolite
studied by Wagner et al. (1982) had no fibers greater than
10 lm in length and less than 0.25 lm in width. The sample
FD 275-1 did not contain any particles longer than 10 lm
in length and no particles with a width less than 1 lm.
Stanton (1973) showed that riebeckite (crocidolite) asbes-
tos, pulverized to the state where 80% of the mass of fibres
was in the size range less than 10 lm in length, produced a
‘‘negligible incidence’’ of mesotheliomas in pleural implan-
tation studies.



J.F. Gamble, G.W. Gibbs / Regulatory Toxicology and Pharmacology 52 (2008) S154–S186 S179
While it is reassuring that none of the samples of non-
asbestiform tremolite have produced elevated rates of
mesothelioma in experimental animals, it is unfortunate
that systematic studies have not been done to determine
whether cleavage fragments of the same lengths as asbestos
fibers produce the same risks as doses have generally been
measured on a mass basis and not on the basis of number
of fibers or cleavage fragments of particular lengths. An
obvious problem with cleavage fragment studies is that in
order to achieve similar numbers of long thin fibers to
the tremolite asbestos in the dose, there would have had
to be a very much larger mass of cleavage fragments
injected, and that alone would have produced difficulties
in animal survival. There do not appear to be cleavage
fragment-related increases in lung cancer or mesothelioma
risk in the studies. The lack of risk may be related to the
fact that workers in those industries are not exposed to
high concentrations of long cleavage fragments and the fact
that because of their diameters such fragments would carry
a much lower carcinogenic potency than their equivalent
asbestiform mineral.

Our review of the experimental literature did not
reveal any findings which would indicate that cleavage
fragments have the same or greater carcinogenic poten-
tial than asbestos. In fact, they indicated that amphibole
cleavage fragments have a much lower carcinogenic
potential than their asbestiform counterparts by many
orders of magnitude. In conclusion, there are still many
unanswered questions relating to the extent to which
the asbestiform habit of a mineral influences its biologi-
cal behavior relative to that of a cleavage fragment (size
for size). But the experimental data do provide strong
support for the epidemiological findings that the risks
of lung cancer and mesothelioma are considerably less
[or absent] for persons exposed to amphibole cleavage
fragments when compared to persons exposed to amphi-
bole asbestos fibers.

21. Other amphiboles and other minerals

A search of the literature for studies containing both
health outcomes and descriptions of exposure to cleavage
fragments failed to identify additional studies that would
be of immediate assistance in examining the health risks
associated with cleavage fragments. The review did identify
studies such as that in Finland where the percentages of
asbestiform tremolite and cleavage fragments and fibrous
wollastonite and cleavage fragments of wollastonite were
characterised in metamorphic limestone and dolomite
mines (Junttila et al., 1996). However, epidemiological
studies to relate to the environmental studies do not appear
to be available. The exposure to ‘‘Federal fibers’’ in quar-
rying industries and coal mines with their large workforces
would be of interest. There were experimental studies and
health evaluations of arfvedsonite asbestos in Russia
(Kogan et al., 1970; Pylev and Iankova, 1975). There were
well described studies of crocidolite-exposed populations,
but no health studies of workers exposed to non-asbesti-
form riebeckite have been identified.

There are potentially other populations of workers
exposed to the hundreds of other minerals (e.g., erionite;
fluoroedenite), which can occur with a fibrous morphology.
There is some information on mesothelioma risks for some
of these minerals, but no studies were found of populations
exposed to the non-asbestiform fibers of these same
minerals.

A chronic intraperitoneal injection study administered
doses of asbestiform silicon carbide (SiC) whiskers and
SiC cleavage fragments to rats. The purpose of the study
was to compare potency by particle size. Cleavage frag-
ments were defined as longer than 5 lm, narrower than
3 lm and aspect ratios greater than 3:1. Only 3.3% of cleav-
age fragments had aspect ratios greater than 10:1 com-
pared to 96% for whiskers; lengths greater than 10 lm
were 0% for cleavage fragments and 44% and 30% for
low and high doses of asbestiform whiskers. Tumor rates
for cleavage fragments were 0.8% and 0% for low and high
doses respectively; 20% and 43% tumors rates were
expected if cleavage fragments had the same potency as
asbestiform whiskers (Rodelsperger and Bruckel, 2006).
These data are consistent with the amphibole experimental
data showing that cleavage fragments (or even federal
fibers) ‘‘have a much lower carcinogenic potency than
whiskers, if any at all.’’

While the gaps in knowledge concerning the US stud-
ies need to be filled, a broader base of information
would be helpful. In the absence of well defined occupa-
tional groups exposed to well-characterised cleavage frag-
ments with well studied health outcomes, it may be
useful to consider non-occupational settings. In some of
these areas, there are definite concentrations of pleural
calcification and definite areas of elevated rates of malig-
nant mesothelioma. Perhaps mapping the geographical
distribution of mesothelioma in various countries such
as Southern Europe, New Caledonia and the Mediterra-
nean region might identify clusters of cases which might
be investigated for asbestiform amphibole exposure and
non-asbestiform amphibole exposure in for example,
case-comparison studies.
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Appendix A

There is some overlap between this appendix and the
main text in order to maintain the historical development
of knowledge concerning the NY talc deposit.

A.1. New York State talc

A.1.1. Early NY talc studies

Kleinfeld et al. (1967) conducted a PMR mortality
study among 220 talc miners/millers with 15 or more
years of exposure in 1940, with follow-up to 1965. There
were 28 deaths (31%) attributed to pneumoconiosis and
complications and a PMR of 3.44 for 9 deaths from lung
cancer and 1 from fibrosarcoma of the pleura. Kleinfeld
et al. (1967) also reported that in a small group of asbes-
tos insulation workers with similar years of exposure, the
asbestos workers had about twice the proportion of lung
cancer deaths (24% vs 11%) and the significant excess was
in both the 40–59 and 60–79 year age groups. This is ‘‘at
variance’’ with the talc workers where the excess was only
in the 60–79 year age group (PMR = 4.36) and a deficit
(PMR = 0.96) in the 40–59 year age group. Overall, lung
cancer mortality among the asbestos insulators was 2.5
times higher than among the talc workers, 8.43 versus
3.44.

Kleinfeld et al. (1974) added 4 more years of follow-up
(to 1969), 40 more workers in the cohort (for a total of
260), 17 more total deaths (for a total of 108) and three
more respiratory cancers (for a total of 13). Similar results
to the 1967 study were obtained with the only significant
excess of respiratory cancers in the 60–79 age range
(PMR = 4.61) and not in the 40–59 year age group
(PMR = 1.63). The authors thought it was noteworthy that
the significant excess respiratory cancer mortality was in
the years 1945–1959 (PMR = 3.37) and not in the years
1960–1969 (PMR = 1.35) when dust counts were apprecia-
bly reduced but fiber counts (fibers/mL >5 lm) remained
high. Ten of the 13 respiratory cancer deaths occurred in
workers exposed 15–24 years (and about the same latency).
The authors suggested a more susceptible group develops
cancer between 15 and 24 years leaving a less susceptible
group in spite of more years of exposure. The size of the
cohort is too small to confirm this hypothesis. There was
one case of peritoneal mesothelioma but no information
regarding latency or other work exposures.

Exposure was characterized as predominantly talc
admixed with silicates such as serpentine, tremolite, car-
bonates and a small amount of free silica. Exposures were
quite high before 1945 when both pneumoconiosis and
lung cancer cases began working. Wet drilling began after
1945, which reduced mine levels from 818 to 5 mppcf.
Exposures were lower in the mill than the mine prior to
1945, but after 1945 were not reduced as much as in the
mine and were now 5 times (or more) higher than in the
mine. Workers with lung disease had initial exposures prior
to 1945 before wet drilling began and when average dust
counts in the mine were 818 (83–2800) mppcf for drilling
and 120 (2–475) for mucking. In the mill, averages were
180, 69, 92 and 151 mppcf for crushing, screening, milling
and bagging. After 1945 (1946–1965) average dust counts
were reduced to about 5 mppcf in these jobs in the mine
and in the mill averages were generally below 50 mppcf.

Kleinfeld et al. (1973) studied 39 workers exposed to
commercial talc dust where tremolite and anthophyllite
were the major fibrous components. They also examined
16 talc samples from different mining and milling opera-
tions as well as finished products from NY State. Analyses
included polarized LM, TEM with selected area diffraction,
X-ray diffraction and electron microprobe analysis. No
data are provided on distribution by fiber sizes. The point
is made that there was no correlation between fiber count
(fibers >5 um) and mean dust counts (mppcf). Particles
observed included ‘‘true talc, talc fibers, serpentine miner-
als and after fragments, and amphibole fibers and frag-
ments’’. Fiber counts ‘‘may not provide a true picture of
exposure to asbestiform minerals because the fiber counts
include talc fibers but exclude many small asbestos fibers
and ‘aggregate fibers’ which may contain substantial
amounts of asbestiform minerals’’. The electron micro-
graphs of amphibole fibers present in talc suggested amphi-
bole cleavage fragments.

A.1.1.1. NY Tremolitic talc. Brown et al. (1980) reported
the dimensions of fibers determined by electron micros-
copy. Only 3% of tremolite fibers and 8–10% of anthophyl-
lite fibers were longer than 5 lm; median lengths were
about 1.5 lm. Median aspect ratios of 7.5 and 9.5 were
reported for all fiber lengths of tremolite and anthophyllite.
Data were not provided on aspect ratios for fibers >5 lm
counted using phase contrast microscopy.

There then began a series of mortality studies of workers
at the Gouveneur talc mine and mill in NY state (GTC)
(Brown et al., 1979, 1980, Brown et al., 1990; Stille and
Tabershaw, 1982; Lamm et al., 1988; Gamble, 1993;
Honda et al., 2002; Oestenstad et al., 2002). The extensive
literature on GTC talc centers on three major issues that
started with the first NIOSH mortality and industrial
hygiene study of GTC workers.

Is the reported excess SMR for lung cancer due to the

alleged asbestiform amphiboles in the talc or due to con-

founding? Confounding factors could include other work

exposure (primarily in the surrounding mines/mills), from

life-style factors such as smoking or short-term employees.

Is the tremolite and anthophyllite content of the talc non-

asbestiform cleavage fragments or is the talc contaminated

with tremolite asbestos and anthophyllite asbestos?
Is there biological plausibility that the tremolitic talc acts

like asbestos producing asbestos-like effects in animal

studies?
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A.2. Epidemiology of health effects of GTC talc

Brown et al. (1979, 1980) studied 398 white males first
employed 1947–1959 with vital status determined as of
1975. There was a 2.73-fold excess risk of lung cancer. Risk
increased with increasing latency with SMRs of 2.00 and
4.62 at 10–19 and 20–28 years latency, which was said to
be ‘‘consistent with an occupational etiology’’. There was
no analysis by years worked although 4/9 cases had worked
less than 1 year. Smoking was considered unlikely to
account for all the increased risk by Brown et al. (1979,
1980). Exposures in surrounding mines and mills were
higher but all were said to involve exposures to ‘‘asbesti-
form amphiboles’’. Exposures to ‘‘asbestiform tremolite
and anthophyllite stand out as the prime etiologic factors
associated with the observed increase in bronchogenic
cancer’’.

Stille and Tabershaw (1982) studied 655 white males
employed 1948–1977 with vital status determined at the
end of 1978. Lung cancer was only significantly elevated
among employees with any prior employment history.
There was no analysis by years worked and latency was
not taken into account.

Because of these conflicting findings, Lamm et al. (1988)
reanalyzed these data. They studied 725 male talc workers
who had ever worked at Vanderbilt since the plant opened
in 1947 through the end of 1977 with follow-up through
1978. Previous employment obtained from job applications
were classified as posing a prior risk, no prior risk or
unclassifiable (no indication of prior work history) with
regard to risk of lung cancer. Among those with more than
1-year employment the SMRs for lung cancer and non-
infectious, non-neoplastic respiratory diseases were 1.93
and 3.70, respectively, compared to 3.00 and 0 for those
with less than 1-year duration. Adding prior exposure his-
tory to the analysis showed that lung cancer risk appeared
to be related to prior employment. The SMRs were similar
for all job risk categories, although the number of cases
was too small to be definitive. Mean latency was 20.8 years
(12–25) and all those with less than 20 years latency since
being hired at GTC had worked elsewhere. Five of the 12
cases had 3 months or less employment. The authors con-
clude the increased risk of lung cancer in this cohort of talc
workers is concentrated in short-term workers, probably
due to prior employment, smoking or other differences in
behavioral characteristics.

At the request of RT Vanderbilt and Company, NIOSH
conducted a health hazard evaluation (HHE) of the GTC
cohort (Brown et al., 1990). Eight years of follow-up
(through 1983) and an analysis by latency and tenure were
added to the retrospective cohort study. Nearly a third
(27%) of the cohort had died, with 161 total deaths and
17 lung cancer deaths with an overall SMR of 2.07. About
50% of the cohort had worked less than 1 year. Among the
13 lung cancer cases with 20 or more years latency, there
was a 3.6-fold excess in the eight cases with less than a year
tenure Vs. a nonsignificant SMR of 1.79 among the five
cases with >1-year tenure. There were also 17 NMRD
deaths with an overall SMR of 2.50 (1.46–4.01). Six of
the cases had worked for less than 1 year with an SMR
of 1.94 (0.72–4.28). There was a 3-fold excess (SMR 2.89;
1.45–5.18) among those with more than 1-year tenure. This
pattern for NMRD is ‘‘more consistently associated with
an occupational exposure at GTC’’. Principal limitations
in this study were small size (especially those with long ten-
ure), inability to precisely characterize past occupational
exposures at GTC or elsewhere, and lack of reliable smok-
ing history. The authors concluded it is unlikely these
potential confounders alone could account for the
observed excess risks.

Gamble (1993) conducted a case control nested in the
Brown et al. (1990) cohort. Information was collected on
smoking, time exposed to talc plus a risk ranking on
non-talc exposure. There were 22 cases and 66 controls
matched on date of birth and date of hire. There were zero
non-smokers among the cases (91% smokers and 9% ex-
smokers) compared to 27% non-smokers, 73% smokers
or ex-smokers among controls. Inverse trends were consis-
tently observed by years worked for different subsets of the
study population; e.g., all cases and controls, smokers only,
those with >20-years latency, total tremolitic talc years.
The author concluded that ‘‘after adjustment for. . .smok-
ing and the postulated role of very high exposures of
short-term workers, the risk ratio for lung cancer decreases
with increasing tenure’’. The time occurrence of lung can-
cer was consistent with a smoking etiology, and was not
consistent with an occupational relationship.

Finally, Honda et al. (2002) assessed cancer and non-
cancer mortality among white male GTC talc workers.
The cohort analyzed for cancer mortality consisted of
809 workers employed 1947–1989 and alive in 1950. The
cohort analyzed for non-cancer mortality consisted of
782 men employed during 1960–1989. The important addi-
tions in this study were 6 more years of follow-up (through
1989) and internal exposure–response analyses with cumu-
lative exposure to talc dust as the exposure variable. Over-
all mortality continued to remain elevated at 1.31 ((209/
160) due largely to 2.32-fold excess from lung cancer (31/
13) and 2.21-fold excess in NMRD (28/13). The patterns
are consistent with previous results, in particular with the
inverse lung cancer trends from the nested case–control
study (Gamble, 1993) and the inverse relationships for
NMRD and lung cancer reported by Lamm et al. (1988).
Honda et al. (2002) reported that among workers with
>20-years latency, there was a 3.3-fold excess lung cancer
for <5-years tenure and 1. Ninefold excess for >5-years
tenure. For other NMRD (COPD + pneumoconiosis and
excluding pneumonia, influenza, asthma, emphysema and
bronchitis) the SMRs were 2.71 and 3.02, respectively.
The internal comparisons by cumulative exposure (mg/
m3 years) and adjusted for age and latency, showed a sig-
nificant monotonic decrease in lung cancer risk with
increasing exposure with a RR of 0.5 (0.2–1.3) in the high-
est exposure category. Mortality from ‘other NMRD’ and



Table A1
Exposure differences between cases of lung cancer, Other NMRD and
Fibrosis in NY talc workers (Honda et al., 2002)

Lung
cancer

Other
NMRD

Fibrosis

Median years worked 1.0 8.3 11.8
Median cumulative exposure (mg/

m3 days)
347 1199 3759
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pulmonary fibrosis showed monotonic increases in risk as
exposure increase. Risks were increased 2- and 12-fold
increased risks in the highest exposure categories (Fig. 3).

There were two cases of mesothelioma, but because of
too short latency in one case and minimal exposure for a
Table A2
Summary of results for lung cancer and mesothelioma from studies of NY ta

Reference Study characteristics Lung c

Kleinfeld et al.
(1967)

220 NY Talc Miners P15 years tenure in 1940;
1965 follow-up, 91 total deaths, PMR

PMR =

Kleinfeld et al.
(1974)

260 NY Talc Workers P15 years in 1940 or
between 1940 and 1969; 108 total deaths, PMR,
follow-up of Kleinfeld et al. (1967)

PMR r
cancer,

Brown et al.
(1979, 1980)

398 WM employed GTC 1947–1959, follow-up
1975; 18% <1 month, 24% 1–6 months, 50% <1
year; 44% <1950;

9/3.3 =
tenure

Stille and
Tabershaw
(1982)

655 WM employed GTC 1948–1978, vital status
1978;

10/6.4 =

Prior e
No prio

Lamm et al.
(1988)

705 men employed GTC 1947-end 1977, vital
status 1978

12/5 =

>1 year
6/3.1 =
<1 year
6/1.9 =
(3/0.9)

Brown et al.
(1990)

710 WM employed at GTC 1947–1978 with vital
status 1983;

17/8.2 =

Not reported,
<1-year
1–9 yea
10–19 y
20–36 y

Gamble (1993) 22 lung cancer cases at GTC 1947–1978 matched
3:1 on data of birth and date of hire.

OR lun

Tenure
<5 year
5–15 ye
15–36 y

Honda et al.
(2002)

809 WM talc workers employed GTC 1948–1989
follow-up

mg/m3

<95 1.0
Cancer: 1950–1989 <987 0
Non-cancer mortality = 1960–1989

987 + 0
Hired:
SMR 2
Hired >
SMR: 0

All but two of the studies (Kleinfeld et al., 1967, 1974) were the same cohort
Pn, pneumoconiosis.
short time, Honda et al. (2002) considered it unlikely that
exposure to talc ore was the cause.

Because of too short latency, Honda et al. (2002) con-
cluded that the cause of the increased lung cancer mortality
in the cohort is unclear, but speculated that it could be due
in part to smoking or ‘‘other unidentified risk factors’’.
They suggest it is unlikely to be related to talc ore dust
per se. Other NMRD (and in particular fibrosis) were con-
sidered causally related to talc ore dust, other dusts in other
work environments and smoking. This conclusion is sup-
ported by the differences in years worked and median
cumulative exposures among decedents with these three
causes of death and the inverse E-R trend for lung cancer
(Table A1).
lc workers

ancer Mesothelioma

3.44 (1.65–6.3) (11 deaths) 1 peritoneal mesothelioma
(1.1%)

esp cancer = 3.24 (1.72–5.54) (12 lung
1 fibrosarcoma of pleura)

1 peritoneal mesothelioma
(0.93%)

2.73 (1.25–5.18) (p < 0.05); 4 <1-year 1/74 = 1.4% (16-year talc tenure,
11 years construction)

1.57 (10 obs)

mployment = 2.14 (8 obs)
r work = 0.76 (2 obs)

2.40 (1.24–4.19) 1 electrician 15-year latency;
20-years prior

1.93 (0.71–4.20) prior risk = 3.08 (6/2) As miner, miller, construction

3.16 (0.16-6.88) prior risk = 3.33

2.07 (1.20–3.31)

= 3.64 (1.54–7.04)
rs = 0.83 (0.02–4.57)
ears = 4.0 (0.54–16.1)
ears = 1.82 (0.21–6.36)
g cancer

smokers >20-year latency
1.0

ars 0.63
ears 0.42
days RR (n) Two cases not considered causal

due to short latency,
(11)

.8 (9)

.5 (9) Case 1 & Very low
<1955 exposure, Case 2
.86 (0.9–4.1) (3.7%)
1955
. (0.2–2.4)

of GTC workers.
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These results are not at all consistent with the dust caus-
ing fibrosis being responsible for the lung cancer excess.

A.3. Summary of results from studies of NY talc workers

The cohorts studied before 1979 by Kleinfeld and col-
leagues worked in talc mines in St. Lawrence County,
NY. After 1978 the cohorts were comprised of workers at
the Gouverneur mine and mill, some of whom had previ-
ous employment in other mines in St. Lawrence County,
NY (Table A2).

The authors of the two NIOSH studies of GTC talc
(Brown et al., 1979, 1980; Brown et al., 1990) concluded
that the tremolite and anthophyllite were the most likely
etiological agents. This conclusion is based on the follow-
ing logic.

The excess risk of lung cancer and NMRD were consis-

tent with the findings of Kleinfeld et al. (1967, 1973) among

NY talc workers and Meurman et al. (1974, 1979) among

anthophyllite asbestos miners. The etiological agents were

considered to be ‘‘asbestiform tremolite and anthophyllite,’’

which were said to be in both talc ores at concentrations well

above standards. Smoking could not account for the excess
lung cancer risk. Short-term workers may have had ‘‘very

high exposures, especially in the early years of the mining

operation,’’ which might account for their excess risk (Brown
et al., 1990). There was an increased risk of developing pleu-

ral changes (including pleural thickening and pleural calcifi-

cation), and the prevalence is higher when there is exposure

to anthophyllite (Dement et al., 1980).
The lack of an association with years worked could be due

to a combination of factors above plus work in other talc

operations and/or other work-related exposure to lung

carcinogens.

Many of these arguments have been contradicted by fur-
ther analyses.

Kleinfeld et al. (1967) compared lung cancer risk patterns

of talc workers with (apparently) their own data for a similar

group of asbestos insulation workers. The asbestos PMRs
were 2–3 times higher among the asbestos workers for lung

cancer and GI cancers. Kleinfeld et al. commented that a

major difference was the increased risk of lung cancer in

age groups of 40–59 and 60–79 among asbestos workers,

but excesses for talc workers were among only the 60–79

age group. In addition, longevity of talc miners was longer

than the national average. Age at death among the talc lung

cancer cases was 3 years greater than the average of all
deaths and 10 years greater than the U.S. average. The talc

lung cancer cases occurred in persons exposed before wet

drilling was introduced. Wet drilling reduced mean exposures

164-fold from an average of 818 mppcf to 5. Kleinfeld et al.
(1967) suggested part of the reason for the earlier deaths of

asbestos cases compared to talc cases ‘‘may be partly due to

the greater carcinogenicity of asbestos dust or to an

increased level of exposure to asbestos or both’’.
There was excess mortality among the NY talc workers,

but considerably less than the risk of asbestos workers
exposed in the same time period. It is not possible to
directly compare risks from the Kleinfeld et al. (1974)
cohort with that of the GTC cohort. The Kleinfeld et al.
cohort et al is older, had worked decades earlier than the
GTC cohort, and consisted of workers with more than
15 years tenure. Vanderbilt workers included many short-
term workers with 26 years as the maximum possible years
worked and no analysis by years-worked (Brown et al.,
1979, 1980). In addition, overall mortality was over twice
as great in the Kleinfeld et al cohort, i.e., 42% vs. 19%.
When stratified by years worked in subsequent follow-ups

there were two cases with >20 years tenure (SMR = 1.82)
and five cases with >10-years tenure (SMR = 2.17) (Brown
et al., 1990). Gamble (1993) reported risk ratios less than
1.0 for lung cancer cases with >15-years tenure and adjusted

for smoking. These data are suggestive of a different mortal-

ity pattern of GTC talc workers compared to the Kleinfeld

talc cohort.

Smoking. Further updates of the GTC cohort revealed

that all of the lung cancer cases were either smokers or for-

mer smokers, while only 73% of controls had ever smoked.

Smoking latencies for GTC cases were consistent with laten-
cies from studies of smokers. This is particularly true for

short-term workers where the risk of lung cancer was highest

and talc exposure too short to be plausible. Lung cancer risk

among workers with more than 1-year exposure was

increased about 2-fold compared to the US population. This

degree of increased risk is in large part plausibly attributable

to smoking (Gamble, 1993).
High exposure of short-term workers. Gamble (1993)

matched on date of hire in the nested case control study of

lung cancer. Thus, cases and controls had equivalent oppor-

tunities for very high exposures. Six of the lung cancer cases

had less than 3-months tenure, several with only a few days,

so there were very few opportunities for excessive cumulative

exposure. Honda et al. (2002) showed that lung cancer cases

had lower exposures than other subgroups. For example,

median cumulative exposure of lung cancer decedents was
347 mg/m3 days, which was less than all decedents (520),
ischaemic heart disease decedents (376), all NMRD dece-

dents (888), other NMRD decedents, pulmonary fibrosis

decedents (3759). Thus there is no evidence to support the

speculation that excessively high exposure in short-term

workers could explain their increased risk.

Pleural changes. Gamble et al. (1979a,b, 1982) showed

that the prevalence of pleural changes in GTC talc workers
was essentially the same among other workers exposed to

talc containing no measurable quantities of amphiboles. Thus

it would appear that the pleural thickening observed in NY

talc workers and other talc workers is likely due to factors

other than exposure to amphiboles.

Exposure–response (E–R). The inverse exposure–

response trends with duration of exposure were present when

adjustments were made for other talc exposures and potential
exposure to other work-related carcinogens (Gamble, 1993).
The inverse E-R trends for lung cancer and cumulative expo-

sure are strong arguments against attributing increased risk
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of lung cancer to talc exposure. This argument is further

strengthened by the very strong exposure–response relation-

ship between fibrosis and cumulative talc exposure as well

as the higher exposure of NMRD and fibrosis cases com-

pared to lung cancer cases (Honda et al., 2002).
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